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Abstract—The wavenumber-resolved radar backscattering diagnostics in the upper hybrid resonance (UHR)
region was used to study low-frequency short-scale turbulence in the FT-1 tokamak. The scattered spectrawere
measured for different delay times of the scattered signals. It is shown that the width of the spectrum of
enhanced scattering by spontaneous fluctuationsis proportional to the delay time. Possible mechanismsfor the
formation of the scattered spectra are proposed and discussed. The results of simulations and additional exper-
iments were used to determine the dominant mechanisms governing the formation of the scattered spectrain
the FT-1 tokamak. These mechanisms are related to the effect of multiple small-angle scattering of both the
probing wave and the waves backscattered in the UHR region by long-scal e density fluctuations and to the Dop-
pler effect caused by the entrainment of short-scal e fluctuations by the long-scale turbulent flow. © 2004 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

The problem of anomalous heat and particle trans-
port in tokamaks has stimulated great interest in devel-
oping new methods for local measurements of plasma
turbulence. An advanced method for loca measure-
ments of short-scale density fluctuations is microwave
scattering diagnostics in the upper hybrid resonance
(UHR) region [1-3]. With this method, it is possible to
study lower hybrid, ion Bernstein, and ion-acoustic
waves, as well as electron-temperature-gradient (ETG)
driven drift modes and the short-scal e component of the
ion-temperature-gradient (ITG) driven turbulence and
trapped-electron-mode (TEM) turbulence. In UHR
scattering diagnostics, the probing extraordinary wave
is launched from the high-field side and detectors
receive the radiation backscattered by low-frequency
electron density fluctuations in the UHR region. The
position R of the UHR region in the equatorial plane
is defined by the relation

‘*)iz = wie(RUH) +w;2)e(RUH)1 (1)

where w, is the probing frequency and w, and w,, are
the electron cyclotron and electron plasma frequencies,
respectively. In the UHR region, the projection of the
wave vector of the probing wave onto the gradient of

the plasmapermittivity € = 1 — W /(@ — wg,) sharply
increases to values far exceeding its vacuum value k, =
w/c. This makes it possible to measure small-scale
fluctuations. The amplitudes of the probing and back-

scattered waves also increase as the UHR region is
approached; as aresult, the backscattered signal is con-
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siderably enhanced. Since the effect of enhanced scat-
tering takes place in the narrow UHR region, the diag-
nostics provides high spatial resolution. An important
advantage of this method is that the same antenna can
be used both to launch the probing wave and to receive
the scattered radiation. The scanning of the plasmavol-
ume is performed by shifting the UHR region through
varying the probing frequency or the magnetic field.

Since the wavenumbers of the probing and scattered
waves (kg and kg, respectively) vary strongly in the
vicinity of the resonance point Ry, the Bragg condi-
tion for backscattering by the low-frequency fluctua-
tions, kig(Ry — k(R = 2kig(Ry) = —Qg, is satisfied over
awiderange of fluctuation wavenumbers ggr. Asaresult,
all of these fluctuations contribute to the scattered sig-
nal; thissignificantly simplifiesthe diagnostics, since, in
this case, a smaller amount of prior information about
the turbulence under study is needed. On the other hand,
because of the poor resolution in wavenumbers caused
by the integral contribution from fluctuations with dif-
ferent spatial scales to the scattered signal in the UHR
region, information on density fluctuations in the plas-
mas of linear devicesor high-temperature tokamak plas-
mas [3] has long remained only qualitative.

In [4], it was pointed out that this drawback of
enhanced-scattering diagnostics can be overcome by
employing the effect of the slowing down of extraordi-
nary waves in the UHR region. It was shown in [4, 5]
that the delay time of the backscattered signal in the
UHR region depends on the wavenumber g, of the scat-
tering fluctuations:
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wheret,, isthe delay time related to the propagation of
the probing wave through the waveguide transmission
lines and through the plasma far from the UHR region.
Expression (2) was derived under the assumption € ~
(R- Ryy), which isvalid in the immediate vicinity of
the UHR point for fluctuations satisfying the condition

2k, < O < p;i, where p.. is the electron cyclotron
radius. For fluctuations satisfying the condition

Keory < O S Pow (Where Ky, = Ky /C/V 1, i the wave-
number corresponding to the point of linear conversion
of the probing wave into a slow electron Bernstein
wave), linear dependence (2) breaks down. The reason
is that, under the latter condition, the scattering point
gradually shiftsaway from the UHR point. Wetook this
effect into consideration by numerically calculating the
delay timewith allowancefor thermal correctionsto the
dispersion relation for extraordinary waves. Depen-
dence (2) was verified in model experiments[6-8], and
the time-of -flight modification of the enhanced-scatter-
ing diagnostics was used to study short-wavelength
ion-acoustic oscillations and lower hybrid wavesin lin-
ear plasma devices [9] and to investigate the propaga-
tion of lower hybrid waves in the plasma of the FT-1
tokamak [10]. In this paper, we present the results from
experimental studies of the short-scale component of
spontaneous turbulence in the FT-1 tokamak with the
use of the above diagnostics.

2. EXPERIMENTS ON ENHANCED
RADAR SCATTERING

The experiments were carried out in the FT-1 toka-
mak [11] with amagjor radius of R, = 62.5 cm and minor
radius of a = 15 cm. The operating parameters in the
guasisteady phase of a discharge were as follows: the
toroidal magnetic field at the chamber axiswasB;= 1T,
the plasma current was |, = 30 kA, the electron density
was n,(0) = 10'3 cm~3, and the central electron temper-
ature was T40) = 400 eV.

In measurements, we used the radar scheme [12—
14], which alowed us to determine the fluctuation
wavenumber gg from the delay time of the scattered
pulserelative to the probing pulse. The probing wave at
a frequency of 28 GHz was amplitude-modulated by a
sequence of short pulses with afull width at half-max-
imum of 3.5 ns and a repetition period of up to 70 ns.
The probing wave was launched into the plasma
through a horn antenna. When the modulation was
switched off, the output power of the antenna was no
higher than 20 W. The component corresponding to a
certain delay time could be separated from the scattered
signal by gating the received radiation by a similar
sequence of pulses. The delay time was determined
from the shift between the modulation and gate pulses;
this shift was set at zero when the scheme was cali-
brated in the absence of a plasma in order to compen-
sate for the delay time t,, related to the propagation of
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the probing wave far from the UHR region. After super-
heterodyne reception and amplification, we studied the
frequency spectra of the separated spectral component
with the help of a spectrum analyzer with an analyzing
time of 2 ms.

The probing wave was launched and the scattered
radiation was received with identical horns placed
alongside each other on the high-field side in the equa-
torial plane of the tokamak. The fraction of ordinary-
polarized waves in the emitted and received extraordi-
nary radiation was less than 1%. The antenna beam
width at a level of 3 dB in the vertical direction was
16° (+8°).

The noise level in our experiments was determined
by electron cyclotron radiation.

When the scheme was calibrated in the absence of a
plasma, the frequency of the received signal, which was
reflected from the tokamak wall, was equal to the prob-
ing frequency. The difference-frequency spectrum of
thereceived signal contained one narrow line at the fre-
guency fs—f; = 0, where f; and f, are the frequencies of
the probing and scattered waves, respectively. In the
presence of a plasma, the spectrum of the received sig-
nal was broadened due to scattering by low-frequency
plasma fluctuations.

Curve 1in Fig. 1ashowsthe spectrum of abackscat-
tered signal received without resolution in wavenum-
bers (continuous reception) at By =1 T (ryy = Ryy —
R, = 13 cm). The central narrow line at a frequency of
f, — f; = O corresponds to the direct coupling of the
launching and receiving antennas. The scattered spec-
trumitself consists of wide wings extending from 0.3 to
4 MHz on both sides. When studying the spectrum with
the delay-time resolution method, it turned out that the
wings were very narrow at t; = 0 ns (Fig. 1a, curve 2).
At ty=5ns(curve 3), the wings became broader, while
the amplitude of the central line decreased substan-
tially. The central line, which remained unsuppressed at
ty > 5 ns, corresponds to the continuous incident radia-
tion attenuated by 20 dB by the gating modulator. For a
delay time of t;= 10 ns(Fig. 1b, curve 4), the spectrum
width increased and the intensity of the wings grew to
amaximal level. Here, by the spectrum width we mean
the full width of its wings at a certain fixed level (e.g.,
at —3 dB) relative to the peak of the scattered spectrum.
Note that the peak of the spectrum isusually masked by
the central line at the probing frequency; the maximum
spectral intensity of the scattered signal can be found by
extrapolating the wings of the spectrum to their inter-
section at the probing frequency. It can be seen from
curve 5, which correspondsto t, = 20 ns, that, at longer
delay times, the scattered signal decreases. In this case,
the central part of the spectrum is substantially lowered,
so its width increases even more.

From the measured frequency spectra, we deduced
the dependence of the intensity of the signal backscat-
tered in the UHR region on the delay time (or, accord-
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Fig. 1. (a, b) Spectra of enhanced radar scattering (/) at continuous reception and with gating at (2) 0, (3) 5, (4) 10, and (5) 20 ns,
(c) the scattering efficiency (in arbitrary units) vs. wavenumber of scattering fluctuations (curve 6) and the time dependences of the
spectral components of the scattered signal: (7) 330 kHz, (8) 600 kHz, (9) 1 MHz, (10) 1.5 MHz, and (/1) 3 MHz.

ing to formula (2), on the radial wavenumber of the
scattering fluctuations). This dependence is shown in
Fig. 1c for different frequencies f, — f, within the range
from 0.3 (curve 7) to 3.0 MHz (curve 11). For wave-
numbers of up to gz = 100 cm!, the signal amplitude
rapidly increases by more than 10 dB. For larger wave-
numbers, the intensity of the scattered signal gradually
decreases. The presence of the maximum in the inten-
sity of the scattered signal as a function of the fluctua-
tion wavenumber can be explained by the theoretically
predicted dependence of the scattering efficiency
Pe«(dr) ON the radial wavenumber [3] (Fig. 1c, curveo).
This dependence has a maximum at gg = 2Ky, in this
case, the backscattering occurs near the point of linear
conversion, where a dow “warm” mode is generated
[3]. For the measured value of the electron temperature
T«(ryn) = 70 eV, we easily find the wavenumber corre-

sponding to linear conversion, 2k, = 96 cm!; this
PLASMA PHYSICS REPORTS  Vol. 30
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value is in good agreement with the wavenumber gg =

104 cm!, corresponding to the maximum intensity of
the scattered signa at ty = 10 ns. Hence, to determine
the wavenumber spectrum of short-wavel ength fluctua-
tions by the datafrom Fig. 1c, it is necessary to make a
correction for the wavenumber dependence of the scat-
tering efficiency pggQgr). Note that there is no need to
do thiswhen determining the frequency spectra of fluc-
tuations with a given wavenumber gg from Fig. 1a,
because, for the observed small frequency shifts, the
frequency dependence of the scattering cross section
canbeignored [3]. Notethat the spectrain Fig. ladiffer
substantialy from the backscattered spectra observed
previously with the time-of-flight technique in linear
devices [6]: they do not demonstrate any appreciable
dispersion. Thus, as the delay time increases and,
according to formula (2), the radia wavenumber of
fluctuations aso increases, the frequency shift of the
scattered spectrum varies insignificantly. This shift
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Fig. 2. (a) Reflectometic spectraat delay timesof (/) 20 and
(2) 30 nsand (b) the time dependences of the spectral com-
ponents of the scattered signal: (3) 330 kHz, (4) 600 kHz,
(%) 1 MHz, and (6) 1.5 MHz.

always remains much less than the spectrum width,
which increases with wavenumber. Possible mecha-
nisms for such behavior of the scattered spectrum with
increasing fluctuation wavenumber are discussed
below in Section 3.

At a lower magnetic field (B = 0.69 T), the UHR
region (ryy = —13.9 cm) is screened by the cutoff sur-
face (r. =-14.9 cm) and is inaccessible to the probing
wave. In this case, the observed signal is caused by the
reflectometric backscattering by density fluctuations. A
specific feature of this experiment isthat the cutoff sur-
face is located very close to the antenna. The intensity
of the scattered signal in this case was higher by 10 dB
than for the UHR scattering. Figure 2a showsthe reflec-
tometric spectra for measurement delay times of
20 (curve 1) and 30 ns (curve 2). It can be seen that the
spectradiffer slightly from one another and are consid-
erably narrower than those in Fig. 1. The dependences
of the intensity of the scattered signal on the delay time
for f,— f; from 0.3 (curve 3) to 1.5 MHz (curve 6) aso
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differ strongly from the case of backscattering in the
UHR region. When the diagnostics operated as areflec-
tometer, the intensity of the signal gradually decreased
with increasing delay time (Fig. 2b). At frequency
shiftsof f,—f; > 0.3 MHz, the response from the probing
wave was observed for 40 ns, which was more than two
orders of magnitude longer than the time required for
the wave to propagate once from the antennato the cut-
off surface and back. This means that, in this case, the
probing and scattered waves pass multiply between the
cutoff and the antenna horn (as is in a high-Q cavity)
and the scattered signa is formed over a quite long
time.

3. SSIMULATIONS OF ENHANCED-SCATTERING
SPECTRA

The key feature of the frequency spectra of the sig-
nal s backscattered from the UHR region isthat they are
rather broad and that their width increases with wave-
number g. In afirst approximation, the spectrum width
is proportional to gg; as a result, different spectra
become similar to one another after scaling the abscissa
by afactor equal to theratio of the corresponding delay
times or wavenumbers.

To explain the revealed features of the spectra, we
performed simulations of the signal backscattered from
the UHR region. In accordance with the aforesaid, we
assumed that the intensity of the observed signal is pro-
portional to the product of the three factors: pgg ~

PO S r)F(Q/0r), Where pgg(gr) is the enhanced-
scattering efficiency (Fig. 1c, curve 6); the factor S(gg)
describes the radial-wavenumber spectrum of short-
scale fluctuations; and the factor F(Q/gg) (where Q =
211 f, — f;)) describes the observed features of the fre-
guency spectrum of the signal. The wavenumber spec-
trum of short-scale fluctuations was taken as a power

function S(gg) = 1/gr With an exponent o that is not

known apriori and should be found by fitting the mea-
sured spectra by amodel dependence. Several physical
mechanisms were proposed to describe the frequency
dependence F(Q/0R).

The first mechanism for the broadening of the fre-
guency spectrum is related to the Doppler shift caused
by the motion of short-scale density fluctuationsin the
poloidal direction in the course of plasmarotation: Q =
JsVe, Where q is the poloidal component of the wave
vector of the scattering fluctuationsand Vg isthe plasma
poloidal rotation velocity. Since the antennas oriented
along the equator have finite beam widths, the sign of
g is different on the different sides from the equatorial
plane. The spectrum contains both positive and nega-
tive frequencies Q, and its width depends on the spot
size of the antenna beam on the UHR surface. The mis-
alignment of the antenna patternsrelative to the equato-
rial plane should result in ashift of the frequency spec-
trum asawhole.
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The second mechanism is similar to the first but
takes into account the poloidal motion of fluctuations
(rather than the plasmarotation) with the phase vel ocity
determined by the dispersion of drift waves. Q = ggV,,
where V; is the dectron diamagnetic drift velocity. A
specific feature of the second mechanism is that the
measured frequencies are interpreted as the eigenfre-
guencies of the drift turbulence, which is responsible
for scattering.

In both cases, the increase in the spectrum width
with increasing gg can be attributed to the increase in
the poloidal component of the wave vector of the prob-
ing wave ki in the UHR region [13, 14]. Such an
increase is typical of toroidal systems, in which the
UHR surface does not coincide with amagnetic surface
because the magnetic field is nonuniform aong the
major radius (Fig. 3a). In these systems, the projection
of the wave vector onto the gradient of the permittivity
tensor component € = 1 — wh /(0 — W) increases
sharply in the vicinity of the resonance; as a result, the
wave vector of the probing waveis oriented almost per-
pendicular to the UHR surface (Fig. 3a, curve 7). The
projection of the wave vector onto the magnetic surface
(curve 8) also increases considerably. Figure 3b shows
the ray trajectories for an extraordinary wave launched
from the high-field side in the equatorial plane at differ-
ent angles 6: from 4° to 20° (curves /-5) and from —4°
to —20° (curves /'-5"). These tragjectories were calcu-
lated for an equilibrium configuration of atoroidal dis-
charge (in particular, with allowance for the Shafranov
shift of the magnetic surfaces). The positions of the
UHR surface and the limiter are shown by curves 7 and
6, respectively. The angles £8° for rays 2 and 2' corre-
spond to adecreasein the antennadirectional pattern by
3 dB. Solid lines in Fig. 3c show the dependences
kig(k,) calculated by ray tracing for the same launching
angles. Far from the UHR region, the absolute value of
the radial wavenumber does not exceed its vacuum
value k, = 6 cm! and the poloida wavenumber
increases toward the discharge axis to a value of about
k, and then decreases. The poloidal wavenumber
increases again near the UHR surface; simultaneously,
the radial wavenumber k;, increases sharply. It can be
seen from Fig. 3c that the dependence kig(k;,) is amost
linear for different initial values of kg, and is described
by the following analytic expression for the projection
of the resonance component of the wavenumber on the
normal to the UHR surface:

@:(@ )o _ y
ki (B x—rR(00%)/(200%)| s

3)

where x and y are the coordinates of the intersection
point of the ray tragjectory with the UHR surface, R =

X+ Ry, 12 =X + Y2, and (05,); = 0wy, /r. The depen-

dences calculated by expression (3) (dashed lines) and
by ray tracing (solid lines) coincide not only qualita-
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Fig. 3. (8) Scheme of projecting the wave vector of the prob-

ing wave in the UHR region on the poloidal direction;

curves 7 and 8 show the positions of the UHR region and
magnetic surface, respectively. (b) Ray trajectories for

launching angles of (1, 1') +4°, (2, 2') £8°, (3, 3) £12°,

(4, 4) £16°, and (5, 5') £20°; curve 6 shows the position of
the limiter. (c) The poloidal wavenumber as a function of
the radial wavenumber for the same launching angles; the
solid lines show the ray tracing trajectories, and the dashed

lines correspond to calculations by formula (3).
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Fig. 4. Approximation of the measured spectrum for adelay
time of 10 ns (circles) by the (/) poloidal and (2) radial
models.

tively, but also quantitatively. The ordinate of the inter-
section point of the UHR surface with a ray launched
from the equatorial plane a a small angle is a linear
function of the launching angle; as a result, according
to formula (3), the poloidal wavenumber of the probing
wave in the UHR region is proportional to both the
radial wavenumber and thisangle, kg ~ Bkig8. Sincethe
Bragg scattering conditions gz = —2kig and gy = —2kig
are satisfied, one can expect that the spectrum of the
scattered signal with allowance for the Doppler broad-
ening will be determined by the directional patterns
pi(8) of the launching and receiving antennas, which
are assumed to be identical, and the backscattered sig-
nal will be proportional to

pBS(qR)p_ZD Q 0
Q@ (BarVd

Using this expression and taking into account the
actual antennadirectional pattern, we approximated the
spectra measured for different magnetic fields (for xyy
from 12.0 to 14.8 cm). The approximation procedure
consisted of choosing the parameters Vy and a at which
model dependence (4) best fitted the measured spectra
(Figs. 1a, 1b). The approximation quality can be judged
from Fig. 4, in which one of the measured spectra (for
ty = 10 ns) is shown by circles and the dependence cal-
culated by expression (4) is shown by curve /. The val-
ues of the poloidal velocities required to adequately
describe the spectra lie within the range from Vg =
(2.2£0.5) x 10° cm/s (at x = 12 cm) to Vg = (4.5 £ 0.5) x
10 cm/s (at x = 14.8 cm). These values are substantially
larger than the plasma poloidal rotation velocity V,, =

Pes U 4)
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(1-2) x 10° cm/s, which was measured previously by
the spectroscopy of impurities in the FT-1 tokamak
under similar discharge conditions [15]. This might
seem an important argument in favor of the assumption
that the observed frequencies are the fluctuation eigen-
frequencies. However, the velocity V, also exceeds the
electron diamagnetic drift velocity [Vl = |cTJ[Vne X

B1/(NeB%)|umr Which varies from 3 x 10° (for x =

12 cm) to 3 x 10% cm/s (for x = 14.8 cm) under the FT-1
conditions. Of course, short-scale density fluctuations
propagating in the radial direction (it is these fluctua-
tions to which the enhanced-scattering diagnostics is
sensitive) do not necessarily satisfy the simple linear
dispersion relation Q = ggVe, Which holds for large-
scale drift fluctuations. In particular, the dispersion
relation for small-scale fluctuations can be modified
due to the presence of instabilities related to the elec-
tron and ion temperature gradients [16]: these instabil-
ities can increase the poloidal phase velocity of fluctu-
ations. On the other hand, such abnormally high poloi-
dal velocities can be evidence of an additiona
mechanism for spectrum broadening.

The third mechanism for the formation of the
observed frequency spectrum [17] is related to the fact
that the scattering occursin alayer with developed tur-
bulence. The signal backscattered from the UHR region
is caused by the short-scal e turbulent component with a
wavelength of ~0.05 cm, whereas the tokamak turbu-
lence primarily consists of intense large-scal e perturba-
tions with typical wavenumbers of gy ~ 0.3p,, corre-
sponding to centimeter wavelengths (here, p; istheion
cyclotron radius). Plasma motion caused by these
large-scale perturbations results in the Doppler broad-
ening of the signal scattered by small-scale fluctuations
that are entrained by the long-scale turbulent flow: Q =
OrVr, Where V isthe equatorial projection of the turbu-
lent flow velocity inthe UHR region. Thevelocity Vyis
arandom quantity; this allows usinvoke the concept of
the velocity distribution function of the turbulent flow
f(Vg). The fact that, in this model, the spectrum width
increases with increasing measurement delay time fol-
lows naturally from the proportionality between thefre-
guency shift and the wavenumber g, whereasthe shape
of the spectrum is determined by the distribution func-
tion of the turbulent flow over radial velocities, f(Vg) =
f(Q/gr). In this case, we used an approximation proce-
dure similar to that described above. In particular, the
following expression for the enhanced-scattering signal
was used:

pes 0229 £ 0/,

Or

&)

In simulations, we considered different types of distri-
bution functions. An example of the best fit of the spec-
trum (for ty = 10 ns) with the use of an exponentialy
decaying (on the linear scale) function f(Q/gg) isillus-
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trated in Fig. 4 (curve 2). The r.m.s. velocity that pro-
vided the required broadening of the spectra increased

from ,/OV20= (1.5 + 0.5) x 10* cm/sto ,/OVZ 0= (3 +
0.5) x 10* cm/s as the magnetic field B; was increased
so that the UHR region shifted to the plasma periphery.
Unfortunately, it wasimpossibleto perform direct mea-
surements (say, with probes) of the radial-velocity dis-
tribution function of the turbulent flow at the plasma
periphery in this experiment. A comparison of the

quantity ,/ D/Q]at the plasma periphery with the devi-
ation of the velocity V,,,, from its mean value measured
with the help of probes located behind the limiter edge
in an ohmically heated plasma in the FT-2 tokamak
[18], which is similar to the FT-1 in many parameters,
shows that the former quantity exceeds the latter by a

factor of 2t0 3: ./ (V2= 2.5V

The fourth mechanism for the formation of back-
scattered spectrais related to the broadening of the fre-
guency spectrum due to the multiple small-angle scat-
tering of the probing and backscattered waves by long-
scale fluctuations before and after scattering by short-
scalefluctuationsin the UHR region. In[19, 20], it was
shown that small-angle scattering, as well as backscat-
tering, is enhanced in the UHR region. For this reason,
small-angle scattering switches to the regime of multi-
ple scattering first of all in the vicinity of the UHR sur-
face, where long-scale plasma density fluctuations
causing the slow motion of the UHR surface and the
distortion of its shape result in the deep phase modula-
tion of the probing and backscattered waves; in the
broadening of their spectra; and, eventually, in the
broadening of the backscattered spectrum. It is worth
noting that, as for the mechanisms discussed above, the
broadening of the signal backscattered from the UHR
region turns out to be proportiona to the wavenumber
of the short-scale scattering fluctuations:

0 0
Pes(Tr) ;= )"
Pes ] BSG R eXp% 5(2 ) o, (6)
Or 09N 077122
U nn

where the quantities pggr) and a were defined previ-
ously, on? is the mean sguare of density perturbations,

J [isthe spectral width of turbulent density pertur-
bations at alevel of -3 dB, and | isthe scale of plasma
inhomogeneity in the UHR region. The physical reason
for the width of the scattered spectrum depending lin-
early on the wavenumber of backscattering fluctuations
is that the residence time of the probing and backscat-
tered waves in the UHR region increases linearly with
wavenumber. A comparison of formula (6) with the

experimental data shows that, for /[0 = 200 kHz
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(an estimate for the spectral width of long-scale turbu-
lence obtained from the results of reflectometric mea-
surements; see Fig. 2a), relative density perturbations
of dn/nyy = 4 x 102 are sufficient to explain the
observed spectral width of the signal backscattered
from the UHR region. This level of turbulent density
perturbations is typical of the core plasmain tokamak
discharges [21]. An argument in favor of this mecha-
nism is also that the measured spectral width of the
backscattered signal increases substantialy (almost
twofold) when the UHR region shifts to the plasma
periphery, where the level of long-scale turbulence is
usually higher [22] and reaches avalue of on/n;, = 107",

As the UHR region shifts outward, the second
approximation parameter decreases (irrespective of the
model used) froma =305 (@x=12cm)toa =2+
0.5 (at x = 14.8 cm). This can be interpreted as an
increasein the fraction of short-scale fluctuationsin the
edge plasma. Such behavior can be explained by a
decrease in the temperature toward the plasma periph-
ery and by therelated decrease in the characteristic spa-
tial scales (say, the Larmor radius). Extrapolating the

dependence 1/ qé to large scales and assuming that the

turbulence is isotropic in a plane perpendicular to the
magnetic field, we obtain arough estimate for the rela-
tive level of density fluctuations, dn/n;, = 102, which
is appropriate for explaining the characteristic features
of the backscattered spectrum by the action of the
above mechanism of multiple small-angle scattering.

Another interesting feature of the measured spectra
(Figs. 1a, 1b) istheir slight asymmetry. Theleft wing of
the spectrum is always higher than the right wing; this
can beinterpreted as a leftward shift of the spectrum as
a whole. This feature can be explained in different
way's, depending on the adopted mechanism for the for-
mation of the backscattered spectrum.

In the frameworks of the first and second models,
the small shift of the spectrum toward negative differ-
ence frequencies fs — f; can be explained by the mis-
alignment of the antenna directional pattern relative to
the equatoria plane. The misalignment angle of ¢ =
1.5° = 1°, which was determined from the measured
spectra, turned out to be less than the error in the posi-
tioning of the antennas in the tokamak chamber; i.e.,
this misalignment is quite redlistic.

When explaining the asymmetry of the spectra by
invoking the third mechanism, it is necessary to assume
that the turbulent flux has a nonzero average velocity
Vg = (1.5 £ 0.5) x 10* cm/s. In our case, the velocity
V,r isdirected from the center to the edge of the plasma
column; this gives a small red frequency shift of the
spectrum.

It followsfrom the results of our simulationsthat the
first and second mechanisms for the formation of the
backscattered spectrum, which are related to the poloi-
dal rotation of fluctuations, lead to more problems in
interpreting the characteristic features of the scattered
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Fig. 5. Enhanced-scattering spectra for opposite minor
cross sections of the tokamak for two antenna beam widths:
(2) £8° and (2) +15°.
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Fig. 6. Scheme of an experiment with the off-equatorial
launching of the probing wave: (1) the central ray trajectory
and (3) the position of the UHR region for By = 1 T and

ng(0) = 10'3 cm™ and (2) the central ray trajectory and
(4) the position of the UHR region for By = 0.85 T and
ng(0) =2 x 1013 cm3.

spectra observed in the FT-1 tokamak; hence, it is
unlikely that these mechanisms are dominant. This is
also confirmed by observing backscattered spectrawith
the help of horns positioned in the opposite (along the
torus) minor cross section and having a twice as wide
directional patterns. The operating conditions were
chosen such that they were very similar to those in the
first cross section. Figure 5 shows the spectra (unre-
solved in gg) obtained in these two cross sections. The
spectrum for antennas with wide directiona patterns

GURCHENKO et al.

are shown by the dashed line (curve 2), and the spec-
trum for antennas with ahalf as wide patternsis shown
by the solid line (curve 1). It can be seen that the spectra
are very similar to one another; this allows us to con-
clude that the mechanisms related to the poloidal rota-
tion do not play a governing role in the broadening of
the backscattered spectrum in the FT-1 tokamak.

At the same time, these mechanisms can be used to
interpret the asymmetry of the backscattered spectra, as
was shown by an additional experiment in which the
same antennawas used to both launch the probing wave
and receive the scattered radiation. The antenna was
displaced by 45° in the poloidal direction relative to the
equatoria plane (Fig. 6). For the parameters typical of
our experiments, the central ray of the directiona pat-
tern reached the UHR region (surface 3) in the equato-
rial plane (trajectory 7). In asense, thisis equivalent to
the conventional scheme of equatorial probing. At a
lower magnetic field (B; = 0.85 T) and a higher density
(ns(0) =2 x 103 cm3), astronger refraction resulted in
the displacement of the central ray upward from the
equatorial plane (trgjectory 2). In these experiments,
the scattered spectra unresolved in wavenumbers gy
(i.e., with continuous probing and reception) were mea-
sured. For probing, we used a standard 20-mW oscilla-
tor; for thisreason, thevalid-signal rangein the spectral
intensity at |f — f;| > 0.3 MHz was only two orders of
magnitude (Fig. 7). For typical experimental parame-
ters, the scattered spectrum (curve 1) was similar to that
for the case of equatorial probing. Since aferrite circu-
lator was used for reception and the signal was received
by the same antenna, the received signal at the probing
frequency was much higher (in comparison to that in
Fig. 1). For this reason, the spectrain Fig. 7 contain a
highlineat -0.3 < f,—f; < 0.3 MHz, which iscut by the
upper frame of thefigure at alevel of =30 dB. In exper-
iments with a higher density, the left wing of the spec-
trum grew substantially, whereas the right wing shrank
somewhat (curve 2).

If the formation of the spectrum were governed by
first two mechanisms considered in the previous sec-
tion, then, in view of such ahigh skewness of the direc-
tional pattern, one could expect a substantial frequency
shift of the scattered spectrum. In the presence of an
intense line at —0.3 < f; — f; < 0.3 MHz, it difficult to
identify the maximum of the scattered spectrum; how-
ever, the strong transformation of itswings can beinter-
preted as a frequency shift. The direction of the shift
should depend on the direction of the poloidal velocity
Vg. Taking into account the direction of the toroidal
magnetic field, we can conclude that, in our case, the
directions of the diamagnetic drift velocity V, (Fig. 5)
and velocity Vg coincide, which results in a red fre-
guency shift.
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Fig. 7. Enhanced-scattering spectra measured in an experi-
ment with the off-equatorial launching of the probing wave

for (I) Br=1T and ng0) = 103 cm™ and (2) By = 0.85 T
and ng(0) =2 x 10'3 cm™.

4. CONCLUSIONS

Time-of-flight enhanced-scattering wavenumber-
resolved radar diagnostics has been used to perform
local measurements of low-frequency short-scale tur-
bulencein the FT-1 tokamak. It has been shown that the
width of the scattered spectrum increases with increas-
ing radia wavenumber of the scattering fluctuations.
Several possible mechanisms for the formation of such
spectra have been proposed. The results of numerical
simulations of the scattered signals and the data from
additional experiments have been used to revea the
dominant mechanisms for the spectral broadening
under the FT-1 experimental conditions. These mecha-
nisms are related to the effect of multiple small-angle
scattering of both the probing wave and the waves
backscattered in the UHR region by long-scale density
fluctuations and to the Doppler effect caused by the
entrainment of short-scale fluctuations by the long-
scale turbulent flow. The analysis of these two mecha
nisms makesit possible to obtain information about the
amplitude of long-scale turbulent density fluctuations
and to estimate the vel ocity distribution function of this
turbulence, which is one of the most important prob-
lems of plasma turbulence diagnostics.
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Abstract—This paper completes a series of reviews devoted to the physics of complex plasmas, in which one
of the components (dust) isin a crystalline or liquid state, while the others (electron, ions, and neutral atoms)
are in a gaseous state. This review is devoted to the theoretical approaches used to describe complex plasmas
so far. The main theoretical developments have been concentrated in the gaseous and weakly nonideal states of
complex plasmas. Here, we describe the achievements in the new kinetic and new hydrodynamic approaches
to complex plasmas. At present, only generalizations of the van der Waal s approach for complex plasmas have
been used to describe phase transitions and plasma condensation in complex plasmas. Here, criteriafor transi-
tions are described and compared with the existing experimental observations. Theoretical and numerical
results for nonlinear structures, such as dust layers, dust voids, dust sheaths, and dust convective vortices,
obtained by solving the stationary balance equations, are also discussed and compared with state-of-the-art
experiments. At present, experimentsin thisfield are progressing very fast, while theory is not advancing at the
samerrate of development. To further develop new theoretical models, one can use the elementary physical pro-
cesses in complex plasmas described in the previous parts of the review. However, the detailed comparison of
theory and experiments also needs more detailed experimental diagnostics of the phenomena observed. In the
concluding part of our review, thetrendsin experiment and theory, aswell as some existing applications, includ-
ing industrial, environmental, and astrophysical ones, are described. © 2004 MAIK “ Nauka/Interperiodica” .

1. THEORETICAL APPROACHES
IN COMPLEX PLASMAS

1.1. Introduction

In the previous parts of our review, we described in
detail the processes of dust charging in complex plas-
mas [1]; the elementary processes in complex plasmas
[2], including the external forcesthat act on dust grains
and dust—dust interactions; and state-of-the-art experi-
ments [3].

We recall here the notation used in the previous
parts of our review and used in this part as well. The
quantity P = nygZy/ny; is the so-called Havnes parameter,
showing the relative number of charges on the dust
grains (here, ny isthe dust density, n; istheion density,
and Z, isthe dust charge in units of elementary charge).
In state-of-the-art experiments, the parameter P (which
is always less than unity) is on the order of unity (the
minimum value of P in state-of-the-art experiments is
0.5 x 102. The dimensionlession and el ectron densities
aredenoted asn=n;/n; , and n, — ne/n; o (N o isacer-
tain characteristic ion density, either the density far
from the structures or the density corresponding the
basic state, the parameters of which are determined by

L This article was submitted by the authorsin English.

both the charge and power balance (see[2])). The small
parameter T = T;/T, is on the order of 102 in state-of-
the-art experiments. The sharpness of a dust structure
boundary is determined by another (much smaller)

parameter T, = Tdez/Tiza (where aisthe dust size and
Ty is the dust temperature). In state-of-the-art experi-
ments, T4 is no larger than 2 x 103, but it isusually on
the order of 10-. The ion Debye radius is determined

by the expression Ap; = |/ T,/4Tm, o€”.

To estimate the contributions from the various pro-
cesses, we used in [3] expressions for the elementary
processesin complex plasmasgivenin[2]. For simplic-
ity, these processes were described by some average
guantities, such as the electron, ion, and dust densities;
the temperatures, and the ion drift velocity. The
description of elementary processesin thisformisvery
useful in applications. However, even in such adescrip-
tion, some processes are determined by the particle
velocity distributions. For example, this is true for the
charging currents [1], the ion drag force, and the dust—
dust interactions [2], which depend strongly on the ion
velocity distribution. For simplicity and to be able to
perform some estimates, we have aready given (see
[2]) the results for the case of thermal distributions of
electrons and ions. More general is a kinetic approach

1063-780X/04/3010-0816$26.00 © 2004 MAIK “Nauka/ Interperiodica’
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using velacity distribution functions for all of the com-
ponents. Thisrequiresthe use of akinetic description of
complex plasmas. A general kinetic theory of complex
plasma should be more sophisticated than the standard
plasma kinetic theory because of the openness of the
system and the dust charge variability (see [4-8]). In
general, even the foundations of the kinetic approach
should be changed in complex plasmas [4]. We start
here with showing the necessity of kinetic description
using ssimple estimates for the thermalization time of
the particle distributions, and will show that the kinetic
description is indeed dictated by the parameters of the
state-of-the-art experiments. We shall then recall briefly
how the kinetic description is formulated in ordinary
plasmas and emphasize the important role of fluctua-
tions in such a description. It becomes obvious that, to
formulate a basic description in the kinetic theory of
complex plasmas, it is necessary to develop a more
complicated description of fluctuations in complex
plasmas as compared to that in ordinary plasmas. In
particular, these fluctuations should take into account
the variability of dust charges, the openness of the sys-
tem, and the presence of external sources. The basic
kinetic description in ordinary plasma theory is based
on deriving equations containing collision integrals.
The same needs to be performed for complex plasmas;
aboveall, generalized collision integrals must be found.
Thus, the ordinary kinetic approach cannot be used for
complex plasmas and new kinetic equations must be
found as the basic equations for the kinetic description
of complex plasmas. Thisis one of the major problems
in the theory of complex plasmas; the solving of this
problem will lay the foundation for other methods for
describing complex plasmas. If we take the velocity
momenta of these equations, a hydrodynamic equation
should be found. The hydrodynamic description of
complex plasma will thus be based on a new set of
equations. These, in turn, can be used for other theoret-
ical models and for the numerical simulation of dust
structures. The first steps toward the foundations of the
new Kinetic description of complex plasmas with sev-
eral simplifying assumptions (see below) were madein
[4-8], and the first hydrodynamic description with the
elementary processes in complex plasmas taken into
account was madein [9]. In[9], the new hydrodynamic
equations were not derived from the general kinetic
equations. Thiswas performedin[8] and led both to the
generalization of the coefficients used in [9] and to the
description of new effects related to heat transport.

1.2. The Kinetic Approach in Complex Plasmas

1.2.1. Estimatesfor thethermalization of ion and
electron distributions. Before discussing the first
results of the theoretical approach to the Kinetic
description of complex plasmas, let us make some sim-
ple estimates of the thermalization processes for the
parameters of the existing laboratory experiments and
try to answer the following questions:
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(i) Is changing the foundations of the kinetic theory
only asuperficial exercisein which one can use simple
considerationsfor practical applications, or isan appro-
priate theoretical consideration dictated by the experi-
ments?

(i) Is it indeed necessary to reformulate the basic
kinetic approach?

The first question can be reformulated as follows:
Are the plasma particle distributions indeed thermal in
state-of-the-art experiments, or can they be nonther-
mal? Isit possible to answer the question as to whether
the particles are able to form a thermal distribution
under experimental conditions when direct measure-
ments are not performed? If the distributions are not
thermal, then all of the coefficients describing the ele-
mentary processes should be modified and their value
for the thermal distribution can serve only as a very
rough estimate. The need for the development of the
kinetic approach in complex plasmas then becomes
obvious.

At thispoint, it should be remembered that complex
plasmas have several components: electrons, ions, neu-
tral atoms, and dust. Estimates will be different for dif-
ferent components. We can expect that the dust compo-
nent should more often be found to be therma due to
strong dust interactions. For Coulomb dust—dust colli-
sions, thisis, in acertain sense, unimportant. Generally,
however, when screening and collectiveinteractionsare
taken into account, the theoretical problems of whether
the dust can be distributed as thermal and what is the
time scale of dust thermalization should be resolved. In
some expressions for the processes in complex plas-
mas, there areintegrals over the vel ocity of the electron
and ion distribution functions and these integrals are
typicaly only slightly sensitive to the details of these
distribution functions (for example, the numerical coef-
ficients change by afactor on the order of unity). How-
ever, we have examples[2] where, in some cases, these
integrals can be very sensitive to the ion distribution
function (as is the case with the presence of ion drift).
If the particle distribution is not thermal, the estimates
of the criteria of transition to a strongly coupled state
using thermal distributions can be considered only as a
rough first approach to get some intuitive conclusions
for the processes determining this transition. In princi-
ple, the kinetic approach provides not only a detailed
description of the transition to a strongly correlated
state but can be checked experimentally on the kinetic
level, since any dust grain motion can be detected dur-
ing the transition. Such a full kinetic description that
includesthetransition to astrongly correlated state of a
complex plasma does not as yet exist.

Thefirst steps toward the description of the gaseous
states of complex systems were made in [4-8] and in
[10, 11]. The gaseous states will have many unusual
kinetic features that can precede the conversion into a
strongly correlated state. These can beinvestigated very
simply on the kinetic level. The approaches of [4-8]
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and [10, 11] aredifferent, and the final equations, while
formally similar, are also different. The differenceisthe
starting points of the theory in [4-8] and [10, 11]. The
authors of [4-8] use two-step averaging, where the first
step deals with averaging with respect to the discreet-
ness of the plasma components (electrons, ions, and
neutrals) and the second step deal s with averaging with
respect to the dust component discreetness. Thereisno
obejection to this two-step averaging; it can be used as
a starting point in deriving the averaging kinetic equa-
tions describing the change in the distributions of elec-
trons, ions and neutrals in the course of the charging
process by introducing the corresponding cross sec-
tions for charging. The approach of [10, 11] introduces
the charging process into the equations where all of the
components are discreet. This is possible in principle,
but difficulties are encountered in describing the charg-
ing process self-consistently. Therefore, it seems that
the results of [10, 11] can be applied to the further the-
oretical treatments only for the cases where they coin-
cidewith theresults of [4-8]. This coincidence does not
aways exist. For example, in both cases, the dust
charge enters into the kinetic equations as a new vari-
able, which leads to collision integrals that also
describe diffusion with respect to dust charges, but the
diffusion coefficients are different. The authors of [4-8]
consider the average charge as changing self-consis-
tently over time as the average distribution function
varies over time. These equations are similar to quasi-
linear equations, and only the deviations from the regu-
lar change in the dust charge are considered as fluctua-
tions. In the approach of [10, 11], such adivision is not
made and the equilibrium charge is not varying. It
seems that it is not possible to exclude the division of
the dust charge variation into the regular part and fluc-
tuations, which is obvious from the approach of [4-8]
and is not done in [10, 11]. Therefore, when speaking
about fluctuations, the two approaches deal with differ-
ent values. It is reasonable here to devote our attention
primarily to the results obtained in [4-8].

We start with giving some theoretical estimates to
help the reader understand whether we can expect the
electron and ion distributions in complex plasmas can
or will be nonthermal. This estimate is easy to perform
using the approach of [4-8]. As was mentioned in the
previous parts of this review, complex plasma systems
with energy input into the system and with theinjection
of particles having nonthermal distributions are open
systems. In particular, ionization by an RF field always
creates nonthermal distributions of electrons and ions.
Therefore, the question as to whether the plasma parti-
cles are distributed thermally or not is related to the
guestion of the rate of the mechanism making the dis-
tributions thermal. It is well known from ordinary
plasmatreatment that, in plasmas, binary particle colli-
sions can indeed thermalize the particle distributions.
In complex plasmas, there are not only binary collisions
between charged particles but also their collisions with
neutrals and dust grains. We need to estimate the rates
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of both kinds of collisionsto find whether they can ther-
malize the electron and ion distributions. It is obvious
that electrons and ions are created in the ionization pro-
cess with nonthermal distributions. Indeed, we men-
tioned that the plasma particle distributions are usually
formed under conditions of a balance between ioniza-
tion (ion—electron pair creation) and the absorption of
electrons and ions by the dust grains. When discussing
the elementary processes in complex plasmas [2], we
wrote the corresponding two terms for ionization and
losses in the continuity equation for the ion density.
These terms describe an effect integral with respect to
the particle distribution in velocities. To describe these
effects kinetically, we should write the corresponding
term in the equation for the particle distribution func-
tion. It will contain cross sectionsfor ionization that are
velocity dependent. We should multiply these cross
sections by the electron distribution function instead of
the electron density, aswas donein [2]. Thus, el ectron—
ion pairs with different velocities are created with dif-
ferent efficiencies and, therefore, the source does not
create thermal electron and ion distributions. The pro-
cess of the absorption of electrons and ions by dust is
also selectivein velocities: the fast electrons are mainly
absorbed becausethe low-energy electronsare reflected
by the dust grains. Since the cross section for absorp-
tion increases with decreasing ion velocity, the low-
energy ions are mainly absorbed. As aresult, the distri-
butions of the ions and electrons that remain unab-
sorbed by the dust turn out to be nonthermal [6, 11].
The question arises as to whether electron—€lectron,
ion—electron, or ion—-on collisions can thermalize the
particle distributions. In estimating the effect of the
thermalization of electrons and ions by ion-ion and
electron—on collisions, it is necessary to consider in
more detail the values of the impact parameters in
ion/electron—dust collisions. Asin [2], wewill consider
only singly ionized ions. The electron—ion collision fre-
guency v, and the electron—electron collision fre-
guency V.. are of the same order of magnitude. We give
an exact expression for the former and an approximate
estimate that follows from elementary considerations:

_ 4 /me’A 2 _é
Vei = W:nevwnrwh Mo =7 (D

where A\ = In(p,,../Pmin) 1S the so-called “ Coulomb log-
arithm” and p,,,, and p,,;, are the maximum and the
minimum impact parameters in Coulomb collisions.
The exact expression given by the present theory and
the approximate result (1) differ by the numerical factor
on the order of unity in the expression for the Coulomb
Logarithm. For estimates, we will use expression (1)
with the Coulomb logarithm in its standard form. In
date-of-the-art low-temperature experiments with a
complex plasma, the Coulomb logarithm is not large and
is on the order of 2-3, and approximate expression (1)
PLASMA PHYSICS REPORTS  Vol. 30
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gives areasonabl e estimate. The exact and approximate
expressions for the ion—on collision frequency are

4
v, = 2——-———-——A/ﬁni(-:‘/\~n VU2, Toy = ¢
i~ 32 eV Te!lcols col — T -
3,/m.T; T

The collision frequencies v, Vg, and v;; determine
the rate at which electrons and ions are thermalized.
Theion—dust and el ectron—dust collisions were consid-
ered in [2] by taking into account the dust charge factor

Z§ in Coulomb interactions and using the Coulomb

logarithm with the maximum impact parameter equal
to Ap; (the value of the minimum impact parameter was
not specified). In this case, the Coulomb logarithm can
differ from the standard one and needs a more detailed
consideration. As afirst step, we will consider the Cou-
lomb logarithm for electron/ion—dust collisions to be
on the same order of magnitude asthat for electron/ion—
electron/ion collisions. We will then consider in detail
the difference between these Coulomb logarithms. Let
us compare the elementary expression for the ion—dust
collision frequency with the ion-ion collison fre-

guency. Notethat it will contain the factor Z§ ny instead
of n;; thus, we have [2]

)

Vig = PZyv;;. (3)
Therefore, ion—dust collisions are dominant for
1
> =
P>, @)

which is satisfied in al of the state-of-the-art experi-
ments for the gaseous state of complex plasma and for
the transition to a strongly coupled state. Thus, ion—-ion
collisions are not able to restore the thermal ion distri-
bution. The same is true for the thermalization of the
electron distribution. Inequality (4) wasfirst derived in
[12] and further used in [4, 13].

We should also consider the difference between
Coulomb logarithms in ion/electron—dust collisions
and in ion/electron-ion/electron collisions. Note that
ion/electron—dust collisions are somewhat more com-
plicated, since one must also determine the smallest
value of the impact parameter in the Coulomb loga-
rithm. As was mentioned in [1, 2], in describing the
orbit limited (OL) approach, there can be significant
(depending on the particle energy) absorption on the
grains or elastic Coulomb scattering by the grains.
Thus, the smallest impact parameter can be related to
absorption on the grains. However, thereisalso the pos-
sibility of small-angle and large-angle (say 17/2) scatter-
ing. Usually, large-angle scattering makes the greatest
contribution to the scattering process, and the Coulomb
logarithm contains a minimum impact parameter corre-
sponding to the scattering by the angle 1/2. The ques-
tion is whether there is a “ space” between the impact
parameter for scattering by the angle 172 and the impact
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parameter for absorption. The electron absorption cross
section averaged over the thermal distribution (see OL

cross sections in [1]) is m@Zexp(-2) = T[p: s =

TB’Z/ T (With [l = M/my) OF Pe b, = Aexp(-2/2) =
a./z/(T)'#, while for the ion absorption, we have

Di. abs = a./z/1. Theimpact parameters corresponding to
the scattering by 172 can be estimated from the condi-
tion that the kinetic particle energy ison the order of the
grain electrostatic energy: Pemin = Z¢€/Te = az
P min = Zg€/T, = az/t. Therefore, for electrons, thereis

large-angle scattering only when ./z > pt'# (which is
usually not the case), while there is large-angl e scatter-

ing for ionswhen fzﬁ <p< 1. Thus, we need be con-
cerned with the problem of large-angle scattering only
for ions. Theion—dust collision frequency for scattering

by the angle 172 is viq = ndT[Z,ivTiIZTi2 and can be
found from the frequency of multiple scattering by sub-

stituting 9./7U8 for InA. The effect of charging on
electron scattering by grains can be considered as scat-
tering by the enhanced ion density in the vicinity of a
grain (this effect should be classified as a nonlinear
effect related to the influence of nonlinear screening on
collisions). One may consider the el ectron scattering as
being caused by the excess of ions in the Debye cloud.
The excess of the ion density can be estimated as on, =

32(,/411)\3i , and the mean size of the Debye cloud is

JTtA,; . The collision frequency related to the multiple

Coulomb scattering during the passage of an electron
through many such Debye clouds is vg4 4 =

3TP2NgVZ€Y T2 = (8/9TL/2P )y, therefore, these
additional nonlinear ion—€lectron collisions can exceed

the usual onesonly for P > 8/91./2 = 0.2. SinceP < 1
and since, for P on the order of unity, condition (4) is
satisfied with a large margin, ion—dust collisions are
dominant under the conditions of state-of-the-art exper-
iments.

Thus, neither large-angle scattering nor nonlinear
scattering can change the important estimate (4), show-
ing that, for P on the order of unity, ion—on collisions
cannot provide sufficiently fast thermalization and the
ions must be nonthermal in complex plasmas.

We can worry that ion—neutral collisions can proba-
bly serve as a mechanism for the restoration of theion
thermal distribution since the neutral atoms come into
contact with the walls and, therefore, have a thermal
distribution with atemperature closeto the wall (cham-
ber) temperature. We write the condition for the ion—
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dust collision frequency to be larger than the ion—neu-
tral collision frequency:

—P)\,n > 1.
)\D,r

&)

Let usrecall that, in comparing the friction force due
toion—dust collisionswith the friction force dueto ion—
neutral conditions, one should use Ap;/t asthe effective
collision length, not because the real collision lengthin
ion—neutral collisionsislarger by T but because the real
length in ion—dust collisions have an additional factor,
Z/1. For the existing experimental data and P on the
order of unity, ion—dust collisions are dominant at a >
0.003 pm, which is aso satisfied in experiments on
strong correlation in which larger dust grains usually
have alarger dust charge and stronger dust—dust inter-
actions. Thus, there are no efficient mechanisms that
restore the thermal distributions of electrons and ions.
The kinetic description can aso be important for
describing in a more exact way the conditions for the
conversion of the system to astrongly coupled state.

1.2.2. Role of fluctuationsin the general kinetic
approach. Before starting to outline the kinetic
description of processes in complex plasmas, we must
recall the description of kinetic processes on ordinary
plasmas. Let us briefly describe the derivation of colli-
sion integrals in ordinary plasmas and point out the
important role of fluctuations. Several aspects of the
procedure often used to obtain the kinetic description of
various systems are important. The general approachin
plasmas is to start from the Klimontovich approach
[14], which in fact is to use a microscopic description
of each particle moving along the trajectories changed
by the fields produced by all other particles. Here, we
will illustrate therole of fluctuationsusing asimpler but
equivalent approach [15]. The evolution of the micro-
scopic distribution, which depends on the momenta and
coordinates of all the particles of the system, is deter-
mined by the Liouville theorem. Integration of the
microscopic distribution over the momenta and coordi-
nates of all particles except for one yields an equation

for the one-particle distribution fr“, pt (€ach plasma
component is marked by the superscript a):

af i ng“ _
n *VGDZTGWE 0. - 0.

Thisequationisnot very informative, sincethe elec-
tricfield dependson all of the other particlesand agreat
deal of information islost after integration with respect
to other particles. Nevertheless, at relatively low colli-
sion frequencies (in fact, the collision frequency should
be much less than the corresponding plasma fre-
guency), we can consider the influence of the other par-
ticles asfluctuations and can prove that the fluctuations

(6)
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are weak. We then introduce the averaged distribution
[f *Jand the fluctuating part of the distribution of®
£ = OFO+8 £°. (7

By averaging Eqg. (6) in the absence of an averaged
field (the generalization for the case in which the latter

is present is unimportant), we get the equation for the
averaged distribution, which we write in the form

|j2 D 6fu _ Icol
opa/

The right-hand side can be expressed through the
averaged particle distribution using the first linear
approximation for fluctuations. The linear approxima-
tions for these are proven to be the first approximations

in 1/Np, where Ny = (4rm§, )/3 is the total number of
particlesin the Debye sphere. The equation for fluctua-
tionsisobtained by substituting Eg. (8) into Eq. (6), and
the fluctuating part of the distribution is assumed to
consist of the independent particle fluctuations &f % ©
and the induced part 6f % "4, For the independent parti-
cle fluctuations, standard averaging is used:

ODf O, @)

10510 o
= CDSESu,Bé(p —p)o(w—k O7)d(w+ d)o(k +k'),
and the field-induced part is given by a simple expres-

sion

e k CDp
—k[kaaa OBy o

St o = — (10)

The independent particle fluctuations were dis-
cussed in [2] in connection with dust charge fluctua-
tions, and the fluctuations induced by the electric field
created by the independent particle fluctuations (see
[15]) are determined by the fluctuating electrostatic
field and the electrostatic dielectric function ¢, , The

col

right-hand side of Eq. (8), I, , is called the Landau—

Balescu collision integral. This integral describes the
particle collisions and leads to the exact expressionsfor
the electron—€electron, ion—electron, and ion—ion colli-
sion frequencies. The most important properties of this
integral is that, for thermal distributions, the collision
integral is exactly zero and that the deviations from the
thermal distributions relax to thermal distributionswith
rates equal to the above frequencies. We here recall al
of these moments (which are well known in general
plasma theory) to demonstrate the fundamental role of
fluctuations, and to describe the role of the new effects
that appear in complex plasmas as compared to ordi-
nary plasmas.
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For compl eteness, we write out the L andau—Bal escu
collision integral:

gol _ apa J’ZIIJ (V
(11)

x 51 D—<Df O CF D—Df TV,

a, j 0Py, |
where
14 = 2e§e§f dkkik, S8(K (Vg — V)
€k (k B/)| (12)
= 2TTIA 1 % o Vi~ a',i)(va,j_va‘,j)ﬂ,
Vo = Vgl T Vg =Vl s

A is the Coulomb logarithm, and ¢, , is the plasma
dielectric constant describing the response to electro-
static perturbations. After averaging over the fluctua-
tions, kinetic equation (8) contains only the average
distribution function. This equation is used to describe
the evolution of the averaged distribution function (it is
this function that is usually detected); the price of this
simplification isthe appearance of collision integralsin
the right-hand side of the equations. Averaging over
fluctuationsis sometimes called averaging over the dis-
creetness of the correspondent component.

Note that kinetic equations (8) with collision inte-
gral (11) is the foundation of the present theoretical
description of ordinary plasmas. Taking the momenta
of these equations with respect to velocitiesleadsto the
present hydrodynamic equations of ordinary plasmas.
Thus, to develop a basis for describing complex plas-
mas, one must not only generalize this approach for all
of the components, but also consider the new effects
related to the openness of complex plasmas and the
charging process [1] and take into account the esti-
mates of the new elementary processes in complex
plasmas [2].

1.2.3. New effectsin collision integralsin complex
plasmas. To generalize the above averaging procedure
to complex plasmas, it is necessary to focus on several
specific aspects of the problem. Wewill list several new
physical points that are important for the procedure of
averaging used in obtaining collision integrals in com-
plex plasmas [4-8]:

(i) In general, the starting equations should take into
account the discreteness of all of the components, and
the averaged equation obtained should describethe sys-
tem interms of continuous functions (aswas mentioned
above, the averaging can be considered as averaging
with respect to the discreetness of each component).

(ii) The discreetness of the dust component is the
largest. This circumstance can be used to construct a
simplified kinetic approach [4] in which dust discreet-
ness is taken into account, while the other components
are described by continuous distribution functions. In
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fact, this procedure uses a two-step averaging, the first
step being the averaging over the electron and ion dis-
creetnesses (leaving dust to be treated dynamically),
with the second step being the averaging over the dust
discreetness.

(iii) The complete averaging procedure has not been
performed so far because of complications related to
the need for a detailed description of the dust charging,
which ultimately turns out to be more sophisticated
than in the simplified models discussed in [1].

(iv) In thefirst stage, averaging should lead to some
equations for electrons and ionswith collision integrals
describing the charging process. A constructive
approach to the averaging procedure is to use in these
equationsthe charging models described in[1], namely,
the OL, radia drift (RD), or diffusion limited (DL)
models, and, in the second stage, to perform averaging
only over the dust discreetness.

(v) Fluctuations caused by dust discreetness will
play amajor part in the consideration of collision inte-
grals, and the averaged description of all of the compo-
nents of a complex plasma will contain the collision
integral modified by the charging processes [4].

(vi) This procedure of averaging over dust discreet-
ness has been performed so far only for the OL model
for agaseous state. It resulted in anew type of collision
integrals for complex plasmas [4-8]. We will describe
only the main new qualitative features of these:

(vii) Up to now, an experimental check of the first
stage of the averaging procedure for ordinary plasmas
has not been performed because of thevery small scales
on which the discreetness of electrons and ions is
important.

(viii) In complex plasmas, the discreteness of the
dust component can be directly measured (one can
observe each single dust grain); hence, any averaging
procedure for the dust component can be checked
experimentally.

(ix) In the dust component, not only the fluctuations
of the positions and momenta of particles but also the
fluctuations of dust charge are important; they can
induce fluctuations of the electric field and, therefore,
can lead to additional fluctuations of electronsand ions.

(x) Fluctuations related to dust discreetness have
much lower frequencies than fluctuations related to
electrons or ions; therefore, two-stage averaging can be
justified by the presence of a physically simple small
parameter: theratio of the two characteristic time scales
of fluctuations.

1.2.4. A new type of dust distribution function.
For dust grains, it is useful to introduce new Kinetic
variables such as the dust charge Q, the dust angular
momentum €, and the dust surface temperature T,
These new kinetic variables describe the “inner” degree
of freedom of the dust grains which, in other aspects,
behave like point charges (if, asisusual, the dust sizea
is much less than the screening length A.). The dust
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distribution function should depend not only on the
trandational variables (such as the position and
momentum of the dust grain), but also on the inner
degrees of freedom. The angular momentum of dust
spinning plays an important role in the kinetic descrip-
tion of complex plasmasin a strong magnetic field, and
the dust surface temperature plays an important role in
the case of an inhomogeneous plasmaflux onto the dust
particles and in the case where thermophoretic forces
are important. There are also certain cases where the
variablesrelated to the inner degrees of freedom are not
so important. However, one of these—the dust charge
Q—isaways important. For ssimplicity, we restrict our
consideration by introducing only one new variable
into the distribution function for dust grains, namely,
the dust charge. The microscopic distribution function

of dust grainswill then be the function fg‘ ry pyt » Where

the dust charge Q should be treated as a new indepen-
dent variable. The equation for the total (not averaged)
distribution function should take into account the
charging process

af +vdEQ—— QE[%IB—+——If 0,

where | = I, + |, is the total current on a dust grain
(which can include the photoeffect current, secondary
emission current, etc.). In averaging this equation, the
fluctuations of the charges are important. In the
approach of [4-8], only the dust discreteness was taken
into account, whilethe electrons and ionswere described
by the average distribution function ® ; (v, r, t). Inthis
case, the interaction with dust grains was taken into
account by the collision integral related to the OL
charging process, and the binary electron—electron, ion-
ion, and electron—on collision integrals were ignored
in accordance with relation (4). The dust discreteness
creates dust fluctuationsthat, in turn, create fluctuations
in the electron and ion distributions. In the first approx-
imation, these induced fluctuations are proportional to
the dust density. All of these fluctuations contribute to
the effects averaged over the fluctuations, and their
influence is described by collision integrals on the
right-hand sides of the equations for electrons, ions,
and dust. These collision integrals, found in [4-8],
serve as one basis of the kinetic theory of complex plas-
mas. Only the gaseous state of complex plasma was
treated in [4-8]. In deriving collision integral s, an addi-
tional small parameter 1/Z; << 1 (apart of other param-
eters already mentioned above) was used.

1.25. Main features and results of the new
kinetic theory of complex plasmas. Here, we list the
main results of such akinetic approach [4-8]:

(13)

(i) The free particle fluctuations in the presence of
charging are described by expressions more compli-
cated than Eq. (9). They contain singular functionsthat,
in some cases, are not simple to treat; however, in al

TSYTOVICH et al.

cases, the values averaged over charges can be found
explicitly [4].

(ii) The fluctuations and the callision integral are
determined not only by the plasma dielectric response

function, which is proportional to eé for each species,

but also by other response functions containing the par-
ticle charge e, and either the cross section of charging

o (Q) or itsderivativeswith respect to the dust charge.

This result seems to be natural since the change in the
dust charge influences the electric fields in complex
plasmas [4]. This effect was noticed for thefirst timein
[12]. In the simplest case, this means that collisions
depend not only on the screening length (such as the
Debye length) but aso on the charging length, whichis
shown in [2] to be longer than the screening length by
approximately Ap;/a.

(iii) The coallision integrals for electrons and ions
with dust are changed due to the inelasticity of colli-
sions and the possible transfer of energy and momen-
tum to the dust grains [4, 6]. Along with the averaged
charging equation, they present a self-consi stent system
of equations for the spatiotempora evolution of the
dust charge and the electron and ion distribution func-
tions. This system of equationsis similar to the known
quasilinear equations in ordinary plasmas, which
describe the excitation of waves and their inverse effect
on the particle distribution. In the equations of [4, 6],
the dust charge is considered instead of waves and,
simultaneously, the particle distribution is changes due
to the charging process. The numerical solution of these
equations [6] shows how the charging process reduces
the low-energy part of theion distribution and the high-
energy part of the electron distribution, which, in turn,
changes the rate of charging.

(iv) The ion/electron—dust collision integra
describes the influence of the charging process on elec-
tron—electron, electron—on and ion—on collisions. Itis
found that the charging frequency (as well as the Cou-
lomb logarithm, which is important for elastic colli-
sions) is “renormalized” (modified). These values start
to be dependent on the dust size, the dust charge, and
the frequencies related to dust charging ion—dust colli-
sions [4]. The equation for the distribution function

averaged over fluctuations, @, = Cf {0 (a = g, i), is

%) 9 a, o0
%t“’ D—ECD SV @y 15, (14)
where vy o = [V 0,(Q)P4(Q, py)dQdpy/(210)° is the

electron/ion—dust collision frequency without allow-

ancefor collectiveeffectsand |’ ! isthe electronfion—

dust collision integral, which accounts not only for dif-
fusion in momentum space but also for the collective
PLASMA PHYSICS REPORTS  Vol. 30

No. 10 2004



COMPLEX PLASMAS IV: THEORETICAL APPROACHES TO COMPLEX PLASMAS

renormalization of the electron/ion absorption rate [4]
and can be symbolically written as

a,col _ 6 udaq) 6
s 6p.D" ap; +6pi

The renormalized frequency of electron/ion absorption

. fl . .
ISV g = Vg o — Vo - Therenormalization of the Cou-

lomb logarithm is described by the part of the diffusion
coefficient (the first term of the right-hand side of Eq.
(15)) that correspondsto elastic el ectron/ions—dust col-
lisions. The table for the changesin the Coulomb loga
rithmisgivenin [5].

(v) Inthekinetic theory [4-8] for electrong/ions, the
terms describing absorption on dust and ionization are
present but separate from the collision integrals. Con-
sideration of these effects together with collisions
proves the statement that electron and ion distributions
in complex plasmas should be nonthermal.

(vi) The dust charge distribution has a sharp maxi-
mum close the average dust charge Z,, and the fluctua-
tions around this value, as was mentioned in [7] (see
also [2]), are determined by the dust density (in the
experiments performed so far, they have exceeded the
fluctuations due to electron/ion discreteness).

(vii) The equation for the average dust charge found
in [4] contains the averaged distribution functions of
electrons and ions, for which equations with collision
integrals taking into account the charging process are
derived [6].

(viii) The dust—dust collision integrals obtained
depend on the average distribution containing the
charge variable and describe diffusion not only in
velocity (momentum) space but also in charge space.
These dust—dust collision integrals contain all of the
collective attraction effects described qualitatively in
[2]. The symbolical form of the dust—dust collision

integral for [(T4(Q, p)D: D4(Q, p)is[4]

Folds +vg @5, (15)

15(P0.Q) = 50-DI5T=4(p. Q)

ad pp PQ
+55:Fd,iq)d(plQ)+_p—d"'iDi anDd(p Q) (16)
0
+ 360 "5 ~(p. Q) + + 3750% 9 %50u(p. Q).

(ix) It follows from Eq. (16) that the distribution
functions diffuses not only in momentum space but also
in charge space. This is due to the change of the dust
charge in each dust—dust collision event. In principle,
this effect is natural, since the dust charge is not fixed
and, as was mentioned in [2], its value changes when
two dust grains approach one another. Therefore, after
their interaction, the grain charges can differ from their
values before the interaction. They can even gain or
lose their kinetic energy, taking the difference from the
energy of interaction during the collisions. This means
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that dust grains can be accelerated or decelerated dur-
ing collisions. On aqualitative level, this effect wasfirst
mentioned in [16]. It is described by Eq. (16) and, in
particular, by the terms that have derivatives with
respect to both momentum and dust charge. This new
qualitative effect needs further investigation. It seems
obviousthat, in the case of deceleration or acceleration
during collisions, the dust distribution function cannot
be a product of two distributions, one in the dust
charges only and another in the momenta of dust grains
only.

(x) One can find equations for the distribution func-
tion integrated over dust charges

Dy(p) = Iq)d(pv Q)dQ.

Theresult obtained in [7] isthat, in the equation for
this distribution function, the collision integral on the
right-hand side describes diffusion and friction in
momentum space. In the first approximation in vy,
this integral contains &k - (v4— Vy)) as in the usual
expression (12). As in Eq. (12), this & function
describes energy conservation in the course of a colli-
sion event between two dust grains. This is natura
since, after we integrate over all of the possibilities of
changes in charges for given changes of momenta, the
dust particles exchange only energy. In the next approx-
imation in 1/vy, there appear terms describing varia-
tions in the kinetic energy caused by the change of the
grain charge due to collisions.

(xi) The most important point is that the effective
dielectric constant entering in the collision integrals
describes the full complex plasma response, taking into
account all of the charging processes, i.e., all of the
responses, including the charging cross sections and
their derivatives. These responses lead to collective
dust—dust interactions and to the collective dust attrac-
tion discussed in [2, 17].

(xii) In the model used in [4], the ionization source
was assumed to be independent of the electron distribu-
tion. The difference between [7] and [2, 17] is that, in
[2, 17], a case where the ionization rate is proportional
to the electron density was considered, whilein [7], the
ionization rate was assumed to be independent of the
electron distribution. The case considered in [2, 17] is
closer to the experimental conditions. It should be
emphasized that collective attraction was first derived
in [7]. The collective attraction found in [17] is greater
than that found in [5]; therefore, the dependence of the
ionization rate on the electron density is rather impor-
tant. As was mentioned above, the model of [17] is
closer to the state-of-the-art experiments than the
model of [7]; however, both of them illustrate the pres-
ence of similar cosinusoidal terms in the collective
attraction potential. Undoubtedly, if the ionization term
in the model of [4-8] istaken to be proportional to the
electron density, it will lead to a more detailed descrip-

(17)
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tion of the effect found in [17]. This is left to future
research.

(xiii) Animportant point isthat the coll ective attrac-
tion isincluded in the dust—dust collision integrals.

(xiv) Another important point is that the dust—dust
collision integral is zero for thermal dust distributions.
This result includes collective interactions (attraction)
and the nonthermal electron and ion distributions,
which, after integrating over ion/electron velocities,
enter into the coefficientsin front of this integral. This
means that, even starting from a nonthermal distribu-
tion, the dust distribution will relax to a thermal one,
independently of whether the ion/electron distributions
are thermal or not. Only the characteristic time of
relaxation to a thermal distribution will depend on the
electron and ion distributions; this dependence is not
strong, however, since these distributions are integrated
over the electron/ion velocities.

(xv) The kinetic treatment depends strongly on the
type of source existing in an open complex plasma sys-
tem and on the charging model used.

(xvi) The kinetic theory was developed only for a
gaseous state. A great deal of research remains to be
doneintherest of thefield, particularly on fluctuations
and dust pair correlationsin transitions to strongly cor-
related states.

1.3. The New Hydrodynamics and Thermodynamics
of Complex Plasmas

1.3.1. Hydrodynamic equations derived from
kinetic equations. The usua procedure for deriving
hydrodynamic equations from kinetic ones is to con-
sider the values averaged over particle velocities (or
momenta), i.e., to integrate the kinetic equation over
particle momenta with certain weights. For complex
plasmas, this procedure is modified since a hew vari-
able—the dust charge—is present in the kinetic
description. On the other hand, the electrons and ions
usually have nonthermal distributions. Therefore, this
integration over particle momenta should be performed
for distributions satisfying the initial balance of ioniza-
tion and absorption on dust grains, as was described in
detail in [1, 2]. The new hydrodynamic equations for
complex plasmas with allowance for elementary pro-
cesses in complex plasmas described in [2] were first
obtained in [9]. They can serve as the first approxima-
tion [18] to a self-consistent description of complex
plasmas, since they use thermal distributions for all of
the components of a complex plasma. In particular, it
was shown in [18] that the boundary between the dust
region and the dust-free region should be sharp with a
jump in the dust density. The first kinetic proof that
sharp boundaries can be present in complex plasmawas
made in [19]. However, it was not clear from [19]
whether this is a general phenomenon in complex
plasma, since in [19] a particular particle distribution
was used. |n acertain sense, the hydrodynamic proof of
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the presence of sharp boundaries made in [18] is more
general, since it is independent of the distribution and
uses only the continuity equations and Poisson’s equa
tion. We will return to this problem when discussing the
problems of dust voids.

In complex plasmas, the deviation of the equilib-
rium distribution from a thermal one does not in fact
create many complications if the hydrodynamic equa-
tions have the form of aclosed set of equations contain-
ing only the values integrated over the particle
momenta. For plasma particles (electronsand ions), the
usual weights should be used: 1, p, and (d3p)>=(p—p )*;
i.e., the number density (the factor (21)* determinesthe
normalization of the distribution functions) is

Ne: = J’CDe’idp/(ZTI)g, (18)

the hydrodynamic velocity is

1
me, i ne, i

Uei = e [P @ dpI200°, (19)

and the internal energy is

uei=(1/my;) j(ap)iicbe"dpuznf.

Note that all of these quantities contain the distribu-
tion functions ® averaged over the fluctuations; i.e.,
they are described by equations with the collision inte-
gral on the right-hand sides. The kinetic equations for
electrons and ions contain terms in their right-hand
sides (see Egs. (14), (15)) that describe ionization and
absorption on dust grains due to the charging process
[4]. For average distributions, collision integrals
appear. For the electron/ion density (see Eq. (18)), we
obtain a continuity equation with two terms on the
right-hand side: the ionization rate averaged over the
distribution and the effective absorption on dust grains,
which is reduced due to the collective effects (the first
two termsin Eq. (15) do not contribute to the continuity
eguation, since they contain the derivative with respect
the momentum and because they conserve the number
of particles). The equation for the directed electron/ion
velocity will have the standard form of aforce balance
equation in which the term on the left-hand side
describes the dust inertia with the so-called ram pres-
sureterm (u - V)u and, on the right-hand side, the elec-
tric field force and the force related to friction on dust
with the renormalized Coulomb logarithm appear (in
[18], a simple estimate of the Coulomb logarithm as
In(Ap/a) was used). In the equation for the interna
energy (the equation for heat transfer), the contribution
from inelastic electron/ion collisions isimportant.

The distribution function of the dust grains contains
new variable Q, over which moments must also be

taken. Besides the aready mentioned integral fng :
it is necessary to calculate the moment containing the
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additional factor Q. The dust density is defined by the
relationship

Ny = J’CDddde/(ZTt)3, (20)
which contains the integration of the distribution func-
tion over charges. The dust continuity equation has the
standard form, since the number of dust grainsis con-
served in collisions. Besidesthis equation, the hydrody-
namic equation for the dust average charge

2, = [QW(p. Qdpd/(2m)", (@D

appears thus:
azd Zd _ qren ren
H‘*‘Vd[’aa—r = Ie _Ii , (22)

where I is the renormalized values of the elec-

tron/ion currents on the dust grain in units of the elec-
tron charge (being negative) per unit time. The equation
for the dust averaged velocity

Uy = F%nd [Pa®’(p, QdpdQ/(21)’

contains the usual convective dust inertia term on the
left-hand side (in most cases, itissmall) and the electric
force, the ion drag force, the thermophoretic force (in
the presence of temperature gradients), and the force
dueto friction on neutrals on the right-hand side. When
thefriction on neutralsis much larger than the dust iner-
tiaterm, the right-hand side describes the force balance
equation for dust grains [2].

The next averaging momenta, apart from (v4 — ug)?,
enter into the heat transfer equations, but in complex
plasmas, there exist two additional equations. The first
of these describesthe transfer of fluctuations of the dust

charge, [(Q + eZy*4py, Q)dQ (in experiments, Q is
usually negative and Z is positive). Moreover, in com-
plex plasmas, there is a new average quantity contain-
ing the dust charge fluctuations and the vel ocity fluctu-

ations, such as [(Q + €Zy)(v4 — uy)dQdpy/(2T)°. It

should be emphasized that, in most cases, the dust dis-
tribution can be thermal, which simplifiesthe averaging
procedure. Thus, in a certain approximation, some sort
of “thermodynamics’ can be introduced for the dust
component, but it cannot be introduced for the electron
and ion components, which are, as arule, nonthermal.

The kinetic and hydrodynamic descriptions also
depend strongly on the source. The new hydrodynamics
not only operates with new renormalized coefficients, it
operates with new averaged quantities such as the aver-
aged product of dust and velocity fluctuations. In a
rough approximation, the new hydrodynamic equation
in complex plasmas (without heat and fluctuation trans-
fer taken into account) was first found in [9].

(23)
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1.3.2. Hydrodynamic equation for the casewhere
theion—dust collisonsdominate and heat transfer is
ignored. It is useful to write the hydrodynamic equa
tionsin the dimensionless units[18]:

n
] ne = n_:1 (24)

The ion—dust mean free path is )\Si /aP; therefore

the electric field strength E and the distance r will be
normalized as follows;

Eer:;
r=—, EE?D', (25)
)\Di e

where a is the size of the dust grains, which are

assumed to be spherical; A3, = T,/4Tn,€ is the ion
Debye length for ahomogeneous system in the absence
of hydrodynamic motions; and T, and T, are the elec-
tron and ion temperatures, respectively (in energy
units). The reason for the normalization of the distance
and electric field isthat the nonlinear equationsin these
units will not have any free parameters except for

T Ui
u

-?e’ '\/évTi’

where vy = /T;/m is the ion thermal velocity. The

normalization of the electric field has a simple mean-
ing: the electric field unit correspondsto aconstant field
in which an electron acquires the energy T, over adis-
tance determined by the unit of distance given by the
first expression in Egs. (24). The electron and ion tem-
peratureswill be considered constant in the plasmavol-
ume, and the heat transfer effect will beignored.

T (26)

We also introduce the quantity z as a dimensionless
characteristic of the dust charge

Z, e
aT,’

z

(27)

We start with the hydrodynamic equation for the
dust component. Ignoring the terms with the dust pres-
sure and dust inertia (which can easily be restored), we
obtain the force balance equation for the dust grains
(here, u; > uy):

P(E -agznu) = 0, (28)
where 0, is the renormalized drag coefficient (see [2]
and the discussion in the previous section). The force
balance E — a4,znu = 0 takes place only in the regions

where the dust exists P # 0. The condition for ignoring
the dust pressureis Zy > Ty/T..
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The force balance equation for electrons contains
only the electric field force and electron pressure force,

10n,

N, Or 29

In theion force balance equation, theion inertiaand
ion pressure forces are relatively small because they
have the additional factor T < 1. Ignoring them and, as
well, the friction on neutrals, we obtain another simple
equation (we used Eg. (29) to exclude the electric
field):

10n
_a_re+ Puzay = 0.

e

(30)

Assuming that the ionization is proportional to the
electron density, we find the ion continuity equation in
the form

on  dnu 1

—_—t — = —_—
ot ar et PN,
where a, isthe renormalized charging coefficient (see
[1, 2] and the discussion in the previous section).

The charging timeisusualy very small compared to
the hydrodynamic times, so that we can use the local
charging equation containing the same charging coeffi-
cient asin Eqg. (31). In the OL approach, we have

(1)

Ne
nJTp

In solving the hydrodynamic equations, it is useful
to find the dust charge at a certain point and differenti-
ate Eq. (32) to follow the charge evolution in time and
space using this equation. Finally, Poisson’s equation
closes the whole system (no quasineutrality is assumed
ad hoc):

exp(-2) = z04,24/T (32)

a7 2 (n—=n.—P).

(33)

We will usethis set of equationsto describe the dust
structures with sizes much less than the ion—neutral
mean free path A;,.

1.3.3. Hydrodynamic equation for the casewhere
the ion—neutral collisions dominate and heat trans-
fer isignored. Here, the distance will be normalized to
the ion—neutral mean free path A, divided by T and,
accordingly, the electric field will be normalized to the
value at which an ion acquires the energy T, over the
distance equal to the ion—neutral mean free path:

rt eEA,
}\n, a Ti .

The drift velocity will be normalized in the same
way as in the previous section, but the densities n and

ne and the parameter P will be normalized to the quan-
tity ny which differs from n,, by a factor equal to the

r (34)
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ratio of the ion—dust mean free path to the ion—neutral
mean free path:

N o0 5N
ne_n*' n_n*, P= Nk '’ (35)
where
2
_ T
Nk [em ™) = 2; = 0.4416
4
e'Aa 36)

« 10°0LT Tle[eVigg 001 0o 1 [
[o.o2J U 2 OO\, [em]UMA [um]”

The second equality is written in units often used in
state-of-the-art experiments. In these units, the equa-
tion of force balance for dust can bewritten in the same
form as in the previous section (see Eq. (28)), but aso
including for a more general description the thermo-
phoretic force F '

E = ag(u)nuz+T1F'. (37)
The small parameter 1 is intentionally introduced in
Eqg. (37) to illustrate that, for FT on the order of unity,
the thermophoretic force can be ignored. For the ther-

moforetic force, we have the equation (for simplicity, it
iswritten here in one-dimensional form) [20]

.
W) < g +q, 38)
This equation represents a simple neutral temperature
conduction and depends on the boundary conditions
(for example, different temperatures of the electrodesin
the experimental setup). The right-hand side of the
equation contains internal sources of heat related toion
drift, g;, and a heat source related to the absorption of
energy by dust grains and its transfer to neutrals via
dust—neutral collisions, g4

g = nu (F"/4./2m,

(39)
Qo = PNn(z+2)/2./mog,

where F* is the force describing the friction of ions by
neutral gas. As was mentioned above, the thermo-
phoretic force created by the sources ¢ and g in the
absence of external temperature gradients is relatively
weak. The friction force arising due to ion—neutral col-
lisions has the form [20]

fr

F' = u(2+aglul), (40)
where the coefficient oy, is on the order of unity and
depends weakly on the sort of gas and other complex-

plasma parameters.
PLASMA PHYSICS REPORTS  Vol. 30
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The force balance equation for electrons survivesin
the sameform as Eq. (29), but the force balancefor ions
takesthe form

E = u(2+aglul) + Puzagu. 41)

As before, the ion continuity equation will contain
the ionization and absorption on dust, but the total par-
ticle flux W consists of the convection flux nu and the
diffusion flux, which is proportional to the density gra-
dient:

on_ 0¥ _ Ne
Tl T % Acn(U)Pn, (42)
Y = nu—wdifg—?, (43)

where a; is related to the diffusion coefficient and is
on the order of unity.
Poisson’s equation takes the form

GE _ )\in
- a(n—ne—P).

This set of equationsis used below to construct the the-
ory of dust structures.

1.3.4. Role of heat transfer. Heat transfer can play
animportant rolein the formation of dust structuresand
can serve as a force acting together with the gravity
force or substituting for the gravity force [21]. Thether-
mophoretic force can play an important role at highion
drift velocities even in the absence of temperature gra-
dients in the neutral gas. An important point is that, in
the presence of a temperature gradient, the fluxes of
energy and momentum onto a dust grain are different
on opposite sides of the grain [22, 23]. The heating of
the dust surface by the heat flux wasinvestigated in [ 24,
25], where it was shown that the difference between the
temperatures of the neutral gas and the dust surface
temperature is rather small (the relative difference is
103-1072. The difference in the temperatures at the
opposite sides of adust grain caused by the anisotropy
of the heat flux is on the same order of magnitude. It
was proved in [22, 23] that this anisotropy, as well as
the difference in the absorbed momentum, can increase
in the case of large dust charges. This can lead to an
additional force acting on dust grains. This effect was
first treated in [22, 23]. On the whole, the problem of
heat transfer in acomplex plasmais still far from being
resolved from the theoretical point of view because, as
was mentioned above, the corresponding heat transfer
equations should be found explicitly for al of the com-
ponentsinteracting with one another. The equations for
the transfer of dust charge fluctuations and the equa-
tions for the mixed product of the velocity and charge
fluctuations have not yet been investigated (approaches
to this problem were discussed above). Moreover, as
was mentioned in [22], the heating of the dust surface
can lead to secondary electron emission. Also, the ultra-
violet radiation present in some gas-discharge experi-

(44)
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ments can influence the type of structures that can be
created in complex plasmas [26]. This radiation can
also heat the dust surface and take part in heat transfer.

1.4. Theory of Dust Structures

1.4.1. General remarks on structuresin complex
plasmas. The formation of structuresis one of the most
general phenomena in complex plasmas. Ordinary
plasmas are very unstable in many experiments, due to
the low rate of binary collisions. Long-term investiga-
tions of ordinary plasmas have shown that, as a rule,
only binary particle collisions lead to the thermaliza-
tion of particle distributions (if contacts with certain
thermal surfaces are not important). In ordinary plas-
mas, even small deviations in the particle distributions
from the thermal onesresult in instabilities. A complex
plasmaisavery dissipative system that, however, needs
a constant supply of energy and particles, which opens
the door for universal instability related to the forma-
tion of structures and self-organization processes [27].
One of the puzzling observations in a complex plasma
is that not only different structures are formed quite
often, but also that the boundary between the dust-con-
taining region and the dust-free region is very sharp.
The regions where the dust is completely absent are
referred to as dust voids. At the void surface (where the
dust density changes abruptly), all of the other plasma
parameters (such as the electron and ion densities and
temperatures) are continuous. Therefore, the virtual
dust chargeis also continuous at the void boundary. By
the term virtual dust charge, we mean the charge that a
dust grain acquires when one puts this grain onto the
surface separating the dust-containing region and the
dust-free region. These surfaces can exist only for cer-
tain distributions of the electric field and the degree of
ionization and are realy virtual surfaces for dust
grains. On these surfaces, the force balance equations
for a single grain should be satisfied independently of
whether this grain exists on this surface or does not
exist. Thisvirtual balance depends on thevirtual charge
of avirtual grain. This meansthat, if we put only one or
several grains onto these surface, then they will stay on
these surfaces, because the force balance for the grains
is satisfied at this surface. We note that the force bal-
anceissatisfied for asinglegrain, and thisisenough for
it to stay at this surface. Thisisageneral statement that
has been verified experimentally. Such surfaces often
arisein the presence of ionization, and their appearance
in complex plasma systems was first confirmed by
numerical computations [18]. One usually finds that a
finite plasma flux created by ionization is present on
these surfaces. Thus, for such surfacesto exist in adis-
charge, one does not need many grains be present on
each side of the surface. Let us consider now a case
where there are many grains on, say, the right side of
thissurface and no grains on theleft side of this surface.
Thedistribution of the grainsto theright of this surface
will be determined by the equations that describe vari-
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ations in the plasma flux, dust charge and density,
plasma particle densities, and other parameters of a
complex plasma. If the parameters at the surface are
known, then the stationary distributionsin the structure
are determined by the balance equation. If there are no
dust grains on the other side of this surface, we call this
structure a virtual dust void structure. The distribution
of dust on the dust side of the surface can be different
and depends on the boundary conditions far from the
virtual surface. For free boundary conditions and plain
geometry, we call this structure a dust layer. In the case
of a spherical geometry, when natural conditions at the
center of adust cloud (such as the absence of fluxes, an
electric field, and drift velocities) are satisfied, we call
this structure a spherical dust cloud or, for astrophysi-
cal purposes, a dust star. In the case where the surfaces
are plane and the dust-free region is surrounded by two
dust layers, the structure is called a plain void, and, in
the case of a spherical dust-free region, it is caled a
spherical void. In cases where the dust is in contact
with awall and the boundary conditions at the wall can
be satisfied, we call this structure a dust sheath (plane
or spherical, respectively). The structures can also be
classified intermsof theratio of the structure sizeto the
mean free paths. When the size of the structureison the
order of or lessthan the ion—dust mean free path and is
less than the ion—neutral mean free path, we cal it a
collisionless structure (although dust—ion collisions are
important). When the size of the structure islarger than
the ion—neutral mean free path, we call it a collision-
dominated structure. This terminology was taken from
the theory of plasma sheaths, which are referred to as
collisionless sheaths when the sheath size is less than
the ion—neutral mean free path and are called collision-
dominated plasma sheaths when the size of the plasma
sheath is larger than the ion—neutral mean free path.
The above structures were investigated by numerically
solving the set of balance equationsfor the electron and
ion densities, theion drift velocity, the dust density, and
the dust charge. Obviously, the surface separating the
dust-containing region and the dust free-region can be
more complicated than a ssimple spherical or plane sur-
face; however, simple numerical solutions for rather
complicated balance equations are available only for
the 1D case. These solutions can, nevertheless, be used
to demonstrate the possible types of structures.

1.4.2. Sharpness of the void boundary. Before
dust voids were discovered experimentally, first in [28]
and then under microgravity conditions in [29] (these
experiments were discussed in the previous part of this
review [3]), oneimportant feature was predicted in [18,
19]: In the case of 1D geometry (plane or spherical), it
is possible to find an exact solution to Poisson’s equa:
tion inside the dust-containing region. Thiswas already
mentionedin[1, 2], but we can now show thisexplicitly
by using the hydrodynamic equations written in the
previous section. In a steady-state case, the above bal-
ance equations alow one to obtain expressions for the
spatia derivatives of the density, the drift velocity, the
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charge, etc. On other hand, the ion balance equation
expresses the electric field through these quantities.
Formally, substituting the derivatives of the mentioned
guantities into Poisson’s equation, we obtain an alge-
braic equation relating the parameter P in the dust
region to the charge density, the drift velocity, etc. If
these quantities are known on the above surface, the
parameter P can be calculated to the right of this sur-
face. The balance equation are also satisfied at P = 0.
This solution should be valid to the left of the surface,
while to the right of the surface, P is nonzero. Thus, a
jump in the parameter P should occur at this surface.
Poisson’s equation does not allow any other solutions
without such a jump. Since the dust charge is continu-
ous at this virtual surface, the jump in the dust density
should be present. Thus, the boundaries of the struc-
tures should be very sharp. This conclusion was made
in [18] before sharp dust surfaces were discovered
experimentally, just as a general consequence of solu-
tions to Poisson’s equation in complex plasmas.

The conclusion about the sharpness of the surface
was drawn only for stationary structures. Only station-
ary structures were investigated numericaly with the
dust pressure effect ignored, because estimates showed
the smallness of the latter. Nevertheless, further inves-
tigation of the role of the dust pressure has shown that
it determines the thickness of the boundary and that the
relative thickness dx/x,, (the ratio of the surface thick-
ness to the size of the structure) is on the order of (see
[30, 31])

o Ts
Xstr TeZd .

(45)

In state-of-the-art experiments, the right-hand side
of Eq. (45) isindeed very small and the observed thick-
ness of the boundary should be very sharp.

Another important finding in investigations of the
structures is that, in many cases, the parameters at the
boundary can be found with the help of the integrals of
motion in the dust-free region by expressing the elec-
tron density through the ion density from the balance
equation and representing the first integral of Poisson’s
equation as the sum of the electron and ion pressures,
the ram pressure of the ion flux, and the electric stress
pressure. One needs to define certain parameters far
from the boundary, for example, the value of the ion
flux velocity, which is usualy directed either to the
region occupied by the dust or to the boundary surface.
Having found the parameter values at the surface from
the conditions of the el ectric-field and dust-charge con-
tinuity at the surface, one can then numerically find the
distance from the surface at which the required value of
the plasma drift velocity is reached. The answer is
unusual: it is reached at rather short distances as com-
pared to the size of the structure. The conclusion isthat
the structures are aways surrounded by voids of finite
and rather small size.

No. 10
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Fig. 1. Structures observed in the PK E-Nefedov experiment.

After these introductory comments, we show in
Fig. 1 an actual complicated structure with void layers
and vorticesthat was observed in the recent PKE-Nefe-
dov experiment on board the International Space Sta-
tion [32].

All of the structures that can be seen in Fig. 1 were
obtained when dust grains with two sizes were injected
into the discharge, one with a size of a = 9.6 pm and
another one with asize twice smaller, a= 4.8 um. One
can see the central void with a sharp boundary, a sharp
boundary between the regions occupied by grains with
different sizes, thin void regions between these regions,
aplasmacrystal at the bottom (seeaso Fig. 62 givenin
[3], where this part is enlarged), and dust vortices at the
side edges. Dust convection creating dust vortices on
both sides of the observed structureis clearly seen. We
note that the formation of structures is the main prop-
erty of complex plasmas and that the first microgravity
experiments fully confirm this statement. Dust convec-
tion in the structures also seems to be a general phe-
nomenon, as was pointed out in [33] (the threshold for
convection will be discussed below). We will also dis-
cuss 1D numerical solutions to the set of the above
hydrodynamic equations that describe these structures
in the collisionless and collision-dominated cases. We
will present only several examples of such numerical
calculations (for more details, see the literature cited
below).

No. 10
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1.4.3. Dust plasma layers. Flat dust layers were
previously investigated numerically both in the colli-
sionless case [18] and the collision-dominated case
[34]. In generadl, in the absence of ionization, any struc-
ture of grains should create a plasma flux toward the
structure. Thisis a ssimple consequence of plasma par-
ticle (electron and ion) absorption on each dust grain[1,
2]. Thecollection of grainsin acertain domain of space
will, therefore, form a collective plasma flux toward it.
In fact, it does not matter how this flux is produced far
from the structure. The simplest model is the presence
far from the structure of a localized ionization source
creating the necessary number of electrons and ions
that further will be absorbed by the collection of grains.
However, a plasma flux far from the structure can be
created in any other manner. The simplest possibility
for a dust structure to be created isionization at large
distances from the structure, but there could also exist
more complicated conditions such that the ionization
exists close to the structure or is homogeneous and
operates inside the structure. Different virtual bound-
aries of structures have been found. Investigations into
the collision-dominated case include ion-neutral and
neutral—dust collisions. We will consider here only the
case of stationary structures, when the all of the elec-
tron/ion pairscreated in agiven volume are absorbed by
the grainsin the structure [18, 30].
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Fig. 2. Dependence of the parameters at the surface of a collisionless dust layer on the temperatureratio T (0.02 < T < 1) and on the
Mach number M, (0.005 < M < 0.03) for a/Ap; = 0.1: (a) theion density n(0), (b) the dust charge z,, (c) theion drift velocity u(0),

and (d) the jump in P(0).

In the absence of ionization inside the structure, the

drift velocity u, = M,+/2T far from the structure deter-
mines the flux toward the structure (in the collisionless
case, M, isegual to the Mach number of theion flow far
from the structure) [18]. This flux is not dissipated in
the collisionless case, where ion—neutral collisions are
absent. The plasmaparametersat the virtual boundaries
(the electron and the ion densities, the virtual dust
charge, and the ion drift velocities) can be found using
only the conservation laws and the boundary conditions
at the virtual boundaries (the continuity of the electric
field and the dust virtual charge). Generally [8, 18], all
of the structures have sharp boundaries with the dust
density jump depending on M,,. The flux at the surface
produces ram pressure, so that the structure can self-
confine dust grains. The number of dust grainsthat can
be confined in the structure is finite (for flat structures,
it is the number of grains per unit surface area and, for
spherical structures or finite-volume structures with
other shapes, it isthetotal number of grainsin the struc-
ture). In fact, it is possible to invert this statement and

say that the number of particlesin the structure defines
completely theflux and therefore theinitial value of M,,.
The structures can be amost quasineutral with a small
dust jump at the surface or can be charged when this
jump islarge. Figure 2 shows the dust density n(0), the
dust charge z(0), the ion drift velocity u(0), and the
jump in the parameter P(0) at the surface of the struc-
ture as functions of the parameters M, (in the range
0.005 < M, < 0.05) and T (in the range 0.02 < T < 1).
These dependences where found by numerically solv-
ing equations obtained from the conservation laws in
the dust-free region, namely, the conservation of flux
nu = u, (the ion density is normalized to its value out-
side the structure, so that n, = 1) and the conservation
of pressure

E’a’” 2
> —Ne—TN(1+2u”) = const
2T\, (46)
= —1-1(1+2u).
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These equations, together with the solution to the elec-
tron density equation in the dust-free region,

1 21l .M
-

N, = = exp D—ruo Ehz
and the dust force balance equation E = a,huz, lead to
the following two relationships that must be satisfied at
the virtual dust boundary:

(47)

Upa’2(0) a0 _ 1
“ n(O)' epui— -1
(0)
@8)
-1+er—1+2u§57(10—)—1EH
and
1+1
ep(-2(0)) = —"L (j(DO)l”) 49)

T

The dependences presented in Fig. 2 were found by
numerically solving these equations. It can be seen
from Fig. 2d that the jump in the parameter P at the sur-
face of the structure can be rather large for certain val-
ues of M, and 1. The virtual boundary becomes a real
boundary of the structure if the solutions in the dust
region can be found by numerically solving the set of
hydrodynamic equations in the dust-containing region
and if the boundary conditions can then be satisfied. It
was found in [18] that, in al cases, the distributions are
symmetrical about the point at which the drift velocity
changes its sign (this point can be called the center of
the structure) and can reach the other surface where all
of the plasma parameters are the same as those at the
initial surface, but the direction of the drift velocity is
opposite. If we also assume that, at the other side far
from the structure, there exists an equal and oppositely
directed plasma flux, then the whole structure will be
symmetric. It has been found that such symmetric

structures can exist for u < u,, = 1/./2. An example of
the distribution of the parameters in the structure
(wherethedrop of the potential (= eqy/T,isalso shown)
isgiven for the whole structure in Fig. 3 for ahydrogen
plasmafor conditions far from critical (Fig. 3a) and for
half of the structure for conditions rather close to criti-
cal (Fig. 3b). The drop of the potential is seen to be
much larger in the second case [18].

In [18], one can find a detailed discussion of sym-
metric structures, the conditions of their quasineutral-
ity, the influence of ion—neutra collisions, the struc-
tures with large jumps in the parameter P(0) at the sur-
face (these structures can be charged and can be both of

mexthuoEh o
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Fig. 3. Spatial distributions of the parameters in collision-
less hydrogen structures: (a) the distribution of the parame-
ters in a dust layer located between two dust-free regions
(1=0.1,8/Ap;=0.1, uy = 0.2, the total number of dust grains

per unit surface areais Ny = 0.493) and (b) the distribution

of the parameters in half of the structure (from the center
x =0 up to the surface) for parameters often encountered
under astrophysical conditions: the external plasma flux is

closeto the critical flux, T = 1, and a/Ap; = 107,

the soliton type and of the antisoliton type with a
decrease in the density toward the center), etc. The
symmetry is lost if the plasma flux at one side of the
structureis not opposite in direction and is not equal in
magnitude to the plasma flux at the other side of the
structure. The difference appears on the other side of
the structureif there existsawall that is under the float-
ing potential; in this case, however, the problem con-
vertsinto the dust sheath problem. This means that the
ionization sources far from the structure can be differ-
ent. The difference is also present when an ionization
source operates inside the structure and, especialy,
when it is inhomogeneous. New void regions can then
appear inside the structure. Qualitatively, similar distri-
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Fig. 4. Size of a collisionless void x,, as a function of the
coefficient of ionization a; = 1/1; for different values of t.

butions have been found in the collision-dominated
case [34] for asingle sheath between the electrode and
the structure, but again they were a combination of
voids and sheaths. We will restrict ourselves here only
to some simplest examples.

1.4.4, Dust voids. Dust voids were first observed in
laboratory experiments using small-size dust grains
[28], then in microgravity short-time experiments in
parabolic flights [29], and recently in space station
PKE—Nefedov experiments [32]. All of these structures
had rather sharp boundaries with an almost 100%
absence of dust inside the void (see Fig. 1), and the
voids corresponded to the collision-dominated struc-
turesin all cases, since the sizes of the observed voids
were larger than the ion-neutral mean free paths. The
theory of voids was first developed for collisionless
voids [35] and then for collision-dominated voids [36].
In both [35, 36], only virtual surfaces were found. In
void creation, an important role is played by ionization
processes. Let us assume that, in some region, which
we shall call the central region, the ionization rate is
sufficiently high. The produced ion-electron pairs
propagate from this central region and create anion flux
(ions are the most important element for momentum
transfer, and the ion drift velocity enters into the equa-
tion for the void surface). We assume that thereinitialy
existsadust cloud that is approached by theion flux. An
important feature of the evolution of the dust distribu-
tion and void creation isthat, in the vicinity of the void
surface, the drag force acts mainly on thefirst dust layer
the ion flow meets, and the drag force moves this layer
faster than the subsequent layers, where the drag force
is depleted due to ion absorption by thefirst layer. This
creates a large dust density gradient, and, due to the
steepening of dust density profile with time, rather
sharp edges are created, giving rise to the formation of
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avoid inthefinal stationary stage [18, 35, 36]. Station-
ary void structures were first observed in experiments
[28] and then in microgravity experiments in ballistic
flights [29], and in space station experiments [32]. The
dynamics of the void formation was not considered
experimentally and serves only asareasonable physical
and theoretical model. The theory in [35] isbased on a
set of hydrodynamic equations in which ion—neutral
collisions are ignored, but the ionization rate is
assumed to be proportional to the electron density and
is homogeneous over the entire volume. In the dust
region, the ionization rate is lower because the electron
density is reduced by absorption on dust grains. The
theory developed in [35, 36] gives not only the size of
the voids as a function of the degree of ionization and
the ion and electron densities in the void region, but
also the dust charge, the jJump in the dust density, and
the ion drift velocity at the surface of the void. It fol-
lows from the form of theionization term n./t; = n; in
the continuity equation for ions (31) that the size of the
void in the collisionless case depends on the degree of
ionization. In [35], the problem was solved in plane
geometry. Figure 4 [35] shows the dependence of the

size of the void x, (in units of )\Si/a) on ;. We note

that, according to computational results shown in
Fig. 4, voids cannot be formed at a low degree of ion-
ization (small a;). This is natural from the physical
standpoint.

In the collision-dominated case, the size of the void
is obtained in units of A;,/T (see the set of hydrody-
namic equations written above for this case). The colli-
sion-dominated case corresponds to the experimentsin
[28, 32]; observations confirm the theoretical results of
[31, 36-38], according to which the size of the void
increases with increasing ionization rate. Figure 5
shows the dependence of the collision-dominated void
sizex, (inunitsof A;,/1) asafunction of theion—neutral

mean free path (x, = )\ina/7\§i ). Thetheory isin reason-
able agreement with the observations.

Dust voids do not exist as separate structures but
always surround dust clumps (layers). In the above the-
ory of dust layers, after the parameters of the virtua
surface have been found, it is possible to solve the dust-
free hydrodynamic equations and to find at which dis-
tances from the surface theinitia flux valuesn=1 and
u = u, arereached. The answer isthat these distancesin
the dimensionless units are much less than unity. In
turn, this means that finite-size voids exist on each side
of the structure (layer) and that the sizes of these voids
are much less than the size of the structure. The forma-
tion of voidsis usually accompanied by dust clumping.
A homogeneous dust distribution has been shown to be
universally unstable against clumping and the forma-
tion of void structures. Thisinstability can also resultin
the formation of asinglevoid or aset of dust layers sep-
arated by dust voids, aswas observed in [27]. The pres-
ence of sharp boundaries was found directly from the
No. 10
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force balance equation using Poisson’s equation [18].
Thus, one can say that this is a direct consequence of
the electrostatic balance in complex plasmas. Although
the whole time evolution of the complex plasma (start-
ing from the onset of instability to its nonlinear stage)
was not fully analyzed, one can suppose that the devel-
opment of universal structurization instability [36] can
result in the complete structurization of complex
plasma, i.e., its division into dust structures and voids.
The sizes of the structures and voids are determined by
the threshold obtained in [20, 32], which is minimal at
P, and on the order of unity. In the collisionless case, it
ison the order of the charging length (more exactly, the
charging length divided by PS?), whilein the collision-
dominated case, itison the order of A;,/T. For collision-
dominated voids, the ion drift velocity at the void sur-
faceislarger and ison the order of ion thermal velocity
u(0) = 1-2 (see[36, 38]). Thiscomputationa result aso
agrees with observations [28].

1.4.5. Callision-dominated dust plasma layers.
When the size of theregion in front of the plasma layer
is larger than the mean free path for ion—neutral colli-
sions, the flux created far from the structure will be dis-
sipated without reaching the dust surface. Thus, the
ionization should be substantial near thelayer. Thesim-
plest case is that where ionization is homogeneous,
which corresponds to most RF experiments. Let us
assume that the level of ionization is sufficient to form
avoid at the center. As before, we can find the void vir-
tual boundary and then solve the collision-dominated
equations written above in the dust region to find the
distribution of all of the parameters of the structure and
to find whether this distribution corresponds to a dust
layer of finite size. This kind of investigations, per-
formed in [34], indeed show the possibility of the exist-
ence of a collision-dominated dust layer with a param-
eter distribution somewhat similar to that discussed
above, but the difference is in the scale length: in the
collisionless casg, it is a distance on the order of the

mean free paths for ion—dust collisions Ay = )\gi/aP,

whilein the collision-dominated case, the sizeison the
order of A;,/T [34]. We present here only the results for
the more complicated case also considered in [34],
where the system contains two types of dust grains, one
of them twice as large as another, and is bounded by
plane electrodes at both sides. This corresponds exactly
to the observations shown in Fig. 1, where the central
part, in a certain approximation, can be regarded asflat.
In the collision-dominated case, the possible structures
were investigated both in the presence of mono-dis-
perse dust grains of size a and in the presence of two-
size grains with sizes a and 2a. The main conclusion
from the balance equation found in the theoretical
model is that, in stationary (time independent) struc-
tures, dust grains with different sizes should be sepa-
rated in space by athin void that is similar to the inter-
face region observed in experiments [32] (see Fig. 1).
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Fig. 5. Size of a collision-dominated void x,, (in units of
Ain/T) asafunction of X, = Aj/Ajgand T (A, istheion—neu-
tral mean free path, Ajq is the ion—dust mean free path).

The difference between the computational results and
the observations is due to the simplifying assumption
about plane geometry. This qualitative agreement with
the observations of the spatial separation of dust grains
of different sizes and the presence of a sharp interface
surface between them is quite impressive. Calculations
also show that, for certain parameters, the void separat-
ing dust grains of different size can be much larger, but
itssize isaways less than the size of each layer. Under
certain conditions, such that the flux created in the void
regionisstrongly dissipated by thefirst layer of smaller
dust grains, computations show that the flux can be
insufficient to support the next layer of larger grains. It
can be seen in Fig. 6 that the distribution of the param-
etersin thefirst dust cloud with smaller dust grains dif-
fersradically as compared to the case considered above
[34]. The simplest types of dust layers and dust voids
are schematically drawn in Fig. 7.

1.4.6. Dust sheaths. Dust sheaths are dust structures
formed closeto awall. The structure of the electric field
in these sheaths is quite different from that in the well-
known dust-free plasma sheaths. They also can be col-
lisonless and collision-dominated. Numerically, the
hydrodynamic equations for dust sheaths where solved
in[30, 39]. Dust voids also appear for dust sheaths, and
two voids can be present simultaneously: one void in
front of the sheath and another void between the dust
region and the wall [30, 39]. A dust sheath is drawn
schematically in Fig. 7. Numerical computations were
performed by the scheme described above. The param-
eters of the first surface, as in the case of dust layers,
were calcul ated using the boundary conditions. Thedif-
ference between the dust sheath and the plasma sheath
is that the flux created far from the sheath should be
superthermal (in most cases, even supersonic; i.e., its
velocity should be higher than not only the ion thermal
velocity but also the sound velocity, which is higher by
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Fig. 6. Spatial distributions of the parametersin thefirst col-
lision-dominated dust layer, consisting of smaller dust
grains. The second layer, consisting of grains 100% larger
than thosein thefirst layer, islocated at larger distancesand
isnot shown in the figure. The two dust |ayers are separated
by athin dust void.

Dust

Dust Dust

Dust layer Dust void

Dust Wall
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Fig. 7. Sketch of adust layer, dust void, and dust sheath. The
arrows show the direction of the ion flux.

/41 ). Since in experiments T = 0.01-0.02, the sound
velocity exceeds the thermal velocity by one order of
magnitude. Therefore, in the boundary conditions, the
expression for the drag coefficient should be used for
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drift velocities substantially exceeding the thermal

velocity (M, = +/2Tu,, so that, for M, = 1, one usually
has u, > 1). After the parameters of the first boundary
have been found, the calculations continue to the sec-
ond boundary and to the void separating the second
boundary and the wall. At the wall, the floating poten-
tial (zero current) condition was used in [29, 39]. This
condition determines the possibility of the void exist-
ing. The parameters inside the void in front of the dust
sheath should be also calculated. For any sheath struc-

ture, the number of grains per unit areaNy = [(P/z)dx

is determined by the value of theinitia flux and can be
calculated numerically. In dimensionless units, it is on
the order of unity. Two conditions were found under
which a stationary dust sheath cannot be created for
certain initial Mach numbers: (1) the boundary condi-
tions at the first surface are not satisfied and (2) the
boundary conditions at thewall are satisfied only inside
the dust region, which means that, under these condi-
tions, the dust will come into contact the wall. As a
result, they will fall out onto the wall and the number of
grains in the sheath will be lower, so that the flux also
will be lower, which will correspond to another initial
Mach number. The possible Mach number for which
the sheath exists can be found using the boundary con-
ditions at the first surface. These Mach numbers are
arranged in severa bands (two or three), which looks
like the “quantization” of Mach numbers. The thick-
ness of acollisionless sheath ison the order of theion—
dust mean free path, and the thickness of a collision-
dominated sheath is found to be on the order of ion—
neutral mean free path divided by 1. After calculating
all of the parametersinsidethe dust region, itispossible
to calculate the ion density virtual curve for which the
boundary conditions at the wall are satisfied. When this
curveinside the dust region intersectsthereal curvefor
the ion density, the dust sheath cannot exist in view of
the second mentioned restriction. Figure 8 shows the
distribution of the parameters inside a sheath in which
the virtual ion density curve inside the dust region does
not intersect thereal density curve and the sheath exists,
and Fig. 9 gives an example where such intersection
occurs.

The first restriction gives the bands of the allowed
Mach numbers (M, ison the order of 1-3). In this case,
the Mach number increases continuously in the dust
region and in the void regions surrounding the dust
sheath and reaches its maximum value (up to M = 5) at
the wall. Another important property of the dust sheath
found by numerically solving the hydrodynamic equa-
tions is that aimost the entire drop of the potential
between the plasmaand thewall (whichisseveral times
the electron temperature T,) occurs in the dust part of
the sheath, and only asmall part of the total drop of the
potential is left for the surrounding voids. The dimen-
sionless size of the dust voids surrounding the sheath is
substantialy less than the dimensionless size of the
2004

PLASMA PHYSICS REPORTS Vol. 30 No. 10



COMPLEX PLASMAS IV: THEORETICAL APPROACHES TO COMPLEX PLASMAS

dust part of the sheath. The value of the drift velocity at
the entrance to the sheath in the collision-dominated
caseison the order of the thermal ion velocity. In many
cases, the Bohm criterion is, therefore, violated.

1.4.7. Dust convection in the structures. In [33,
40], the stability of plain and spherical structures was
investigated against the creation of convection vortices
and the threshold for the onset of convection wasfound.
The nonlinear stage was analyzed only for plane struc-
tures [41] by the method of the maximum unstable
mode in the direction perpendicular to the plane of the
structure. Computations show the presence of two line
vortices rotating in opposite directions and similar to
those observed in microgravity experiments [32]. Dust
convection in the dust region was observed, which
seems to be agenera phenomenon for most of the pos-
sible combinations of voids and structures. In [40, 41],
the linear stage of dust convection was explained by
convection instability in which mainly the dust takes
part while the other plasma parameters change dightly.
It seemsthat the phenomenon of dust convectionisalso
anew phenomenon, since it differs from the usua con-
vection in gases. The dust charging processes and the
noncolinearity of the drag and the flux play a most
important rolein the formation of dust convection cells.
Only one component of complex plasma, namely, the
dust, is convected, while the perturbations of other
components (such as the electron and ion densities) are
small [33, 40, 41]. The further investigation of convec-
tion for most structures by numerically solving hydro-
dynamic equationsis quite feasible.

1.4.8. Numerical investigation of the possibility of
the formation of strongly coupled dust structuresin
microgravity experiments. To create a strongly cou-
pled structure in microgravity experiments, it is neces-
sary to form inside the chamber a structure surrounded
by avoid and awall (preferably spherical in shape). It
isalso desirable to obtain arigid structure in which the
dust grains are located in a deep potential well, as was
emphasized earlier. The dust crystal found in the last
PKE—-Nefedov experiment [32] waslocated closeto the
wall, where the presence of ion drift does not allow a
rigid structure to be created. Therefore, it is necessary
to discuss the results of numerical investigations show-
ing the possibility of creating dust crystals at the center
of the chamber. The theoretical possibility of the exist-
ence of such nonlinear structures was investigated in
[20, 34] in 1D spherical geometry. Such a structure is
shown schematically in Fig. 10, where a spherical dust
cloud (structure) located at the center is surrounded by
a spherical void and a spherical wall at the floating
potential.

The problem was to prove the possibility of the
existence of such a stationary dust structure by numer-
icaly solving the collision-dominated hydrodynamic
equations and to optimize the number of dust grains
that can be confined by the system. The necessary con-
ditions of for the existence of such structures were
2004
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Fig. 8. Examples of the distributions of the parametersin a
dust sheath for M = 1.02 (only the dust-containing region is

shown). The distance x is given in units of )\éi/a. The

upper solid line for n,;; does not cross the curve n; i.e., the
dust sheath is surrounded by two voids. The second void lies
between the right surface of the sheath (vertical line) and the
wall.
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Fig. 9. The same as in Fig. 8 but for another value of the
Mach number. Thetwo curvesn,;, and nintersect insidethe

sheath, which means that the dust contacts the wall or falls
on thewall being trandated to the wall by theion drag force
(such a sheath does not exist if the drag is not balanced by
other forces).

found. We will not reproduce them here and only note
that the ionization rate at the center of the structure
should be lower than a certain critical ionization rate,
that the ion and electron densities at the center of the
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Fig. 10. Sketch of a spherical dust structurein microgravity
experiments with spherica walls.
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Fig. 11. Distribution of the parameters in the dust compo-
nent of aspherical structure computed numerically from the
balance equations under microgravity conditions. The
parameters are optimized so that the main flux at the center
of the structure is convective.

structure should be higher than a certain critical value,
and that the direction of the ion flux in the void region
should be inverted (close to the wall, it should be
directed toward the wall and, close to the surface of the
structure, it should be directed toward the structure). It
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was found that the ionization power and the pressure
must be chosen so that, at the center of the structure, the
diffusion flux is minimal and the convective flux is
maximal (both of these vanish exactly at the center of
the structure, so these conditions must be satisfied in
thevicinity of the center). The maximum possible num-
ber of grains that can be confined was found. The
restrictions found in [20] are related to the ionization
rate, since it is necessary to avoid the formation of a
void at the center of the chamber. It was found that the
total number of dust grain cannot be larger than several
million for the ion—neutral mean free path usualy
encountered in experiments. The criterion of crystalli-
zation is found to be satisfied throughout the entire
structure. Thus, if aliquid layer occurs at the surface of
the structure, it will be very thin. However, the void
between the central structure and the wall cannot be
made very thin. The difficulties in obtaining these
structures are obvious. To obtain them numericadly, itis
necessary to tune the parameters very fine, which
means experimentally avery accurate adjustment of the
ionization rate and the pressure (this, nevertheless, was
achieved in [32] in an actual installation with a rather
complicated geometry). The alternative—a dust struc-
ture or adust void—is one of theimportant problemsto
be resolved in microgravity experiments on dust crystal
formation. In Fig. 11, one can seethe distribution of the
structure parameters inside the optimized dust cloud
and, in Fig. 12, the distribution of the parameters of the
optimized structure in the void region between the
structure and the wall.

Further optimization can be achieved by placing a
UV source close to the wall [26].

1.4.9. Further steps in numerical investigations
of dust structures. Although the computations show
good qualitative agreement with the observations, it is
obvious that a deeper collaboration between the theo-
retical and the experimental work isdesirable. From the
theoretical standpoint, state-of-the-art experiments do
not allow one to determine enough details (such as the
spatia distributions of different components, the ion
drift velocity, etc.) that can be directly compared with
computations. The drift velocity is usualy not mea
sured, and one can only guessitsvalueindirectly, not to
mention the measurements of the spatia distributions
of drift velocities inside the structures and voids. The
problem is, of course, with unperturbing measure-
ments. Even the ion velocity distribution in plasma
sheaths without dust remained not very well known for
a long time. Recent measurements [42] yielded rather
unexpected distributions with anisotropic temperatures
in the direction of theion flow. The plasmadensity dis-
tribution ismuch easier to measure, but inside the struc-
tures, such measurements still present problems.
Experiments are often aimed at demonstrating new
phenomenarather than a deeper understanding of them;
this can be achieved only by the complex use of theory,
experiments, and numerical computations. From the
experimental point of view, a theory should be devel-
PLASMA PHYSICS REPORTS  Vol. 30
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oped for geometries closer to the experimental ones
rather than for the 1D geometry simply treated in
numerical computations. To perform even 2D computa:
tions, detailed knowledge of the boundary conditionsis
required and it is desirable that these conditions be as
close to the experimental ones as possible. It seems to
be natural to use the heat transfer equation and charge
fluctuation transfer equation in future computations, as
well as to use a more exact “renormalization” of the
drag and charging coefficients. The new hydrodynam-
ics should be developed with the treatment of many dis-
continuities, including the new onerelated to sharp dust
boundaries. As concerns the “thermodynamics’ of
complex plasma, the corresponding equations can be
used only for the dust component, since its distribution
can be often thermal. Therefore, not only the dust “ther-
modynamics’ but also the dust motions should be
included in numerical investigations of the dust struc-
tures. The new aspectswill be related to dust structures
in a strong external magnetic field; these experiments,
which have now only started, will certainly bring new
gualitative unexpected results. Thus, one can foresee
the need for numerical investigations of structuresin a
strong magnetic field.

1.4.10. Self-organization in complex plasmas.
Open dissipative systems [43, 44] such as complex
plasma structures are most favorable for self-organiza-
tion. According to [20, 38] self-organization can start
with the formation of dust structures surrounded by
voids, with a subsequent complication of the structures
due to competition between them for the plasmaflux as
anecessary element of their survival. Further develop-
ment of these structures can lead to the formation of the
simplest crystal states in their centers and the “memo-
rizing” of the result of the best competition for the flux.
There is no indication so far that this process can
develop either under laboratory or space conditions,
eventhoughitisavery interesting problem, sinceit can
allow investigations into some processes similar to
those in biological systems. As a start, it is possible to
investigate the evolution of two dust structures due to
the competition for the external plasmaflux [38].

1.5. Theory of Structures with Small Numbers
of Grains and the Theory of Dust Clusters

15.1. Introductory remarks. The continuum
description used in kinetic theory and hydrodynamic
theory cannot be used for structures with a small num-
ber of grains. Such structures are usually called dust
clusters. In the absence of all of the complications
related to specific dust behavior, the investigation of
clusters formed in ordinary matter is a wide field of
research. Clusters have been investigated theoretically
for 2D and 3D purely Coulomb systems in ordinary
matter. In the 2D case, aparabolic confining potential is
usually used to confine the charges in the plane.
Detailed theoretical investigations can be found in [45].
It was found that, at a low kinetic energy, the clusters
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Fig. 12. Distribution of the parametersin the void between
the spherical dust structure and the floating-potential wall
for the conditions of Fig. 11.

have a shell structure and that, as the kinetic energy
increases, instability develops that leads to intershell
rotation. A further increasein the number of particlesin
the shells, as well as an increase in the kinetic energy,
resultsin theincreasein the intershell diffusion, which,
in the 3D case, leads eventually to the formation of a
Wigner lattice. These clusters in ordinary matter are
usually confined in certain traps. When the particle
interaction is a ssmple Coulomb interaction, such clus-
ters are called Coulomb clusters. Three-dimensional
Coulomb clusters consisting of ions were observed
experimentally in Paul and Penning traps [46, 47], and
2D clusters in colloidal suspensions were observed in
[48] (for the theory of such clusters, see [49]). Liquid
colloid suspensions are not suitable for the investiga-
tion of the dynamic processes because of the great over-
damping caused by the interaction with the electrolyte.

In ordinary matter, Coulomb interactionsin clusters
can be considered as the sum of al of the possible
binary interactions. In [1, 2], we demonstrated that this
is not aways true for an ensemble of dust grains; i.e.,
collective interactions become important for a large-
size ensembl e of grains when the size of the dust cloud
exceeds the mean free part for ion—dust collisions [1,

2],L>L.= )\gi/aP. For small numbersof grainsinthe
clusters, L < L, theinteractions between the grains can
be considered as the sum of binary dust—dust interac-
tions. Of course, the difference is that these binary
interactions differ substantially from pure Coulomb
interactions because they include noncollective shadow
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attraction, long-range repulsion, and nonlinear screen-
ing. In [1, 2], the screening was shown to differ from
ordinary exponential screening and the interaction to
differ from the so-called Yukawa interactions [1, 2].
Dust clustersrepresent thelimitsin which the collective
interactions do not operate, but the binary interactions
should operate. Therefore, dust clusters open up new
possibilities for investigating binary dust interactions.
Clusters have their own oscillation frequencies, damp-
ing rates, and equilibrium conditions. All of these can
be used to detect binary dust interactions. The simplest
dust cluster is a dust molecule, which was investigated
for thefirst timein [50].

Dust clusters differ from clustersin ordinary matter
not only in new types of interactions but also in the
presence of dust—neutral collisions. The latter can alter
the properties of clustersin two aspects:

(i) The collisional damping of dust motion can sta-
bilize some cluster configurations that are unstable in
the absence of dust—neutral collisions.

(ii) The damping can be much weaker than in col-
loids; therefore, the eigenmodes of clusters can be
investigated much more easily, both theoretically and
experimentally.

1.5.2. Analytic results for the simplest 2D clus-
ters. In [49], a general theory accounting for arbitrary
types of interactions was developed for 2D clusters
confined to a plane by an external parabolic potential
well. Thistheory allows one to analyze the experimen-
tal data (the globa modes of the clusters, their stability,
and the oscillation frequencies) for arbitrarily charged
particles in clusters in the presence of both attraction
and repulsion interactions and to experimentally evalu-
ate the type of the intergrain forces. This opens up bet-
ter possibilitiesfor investigating binary dust—dust inter-
action in complex systems than in experiments on the
scattering of one grain by another grain (see [1]). The
reason is that, in the course of scattering, atest particle
has also a nonlinear shielding cloud that can be modi-
fied during the collision, whilefor clusters, the value of
the potential of interaction can be measured directly.

Let us consider a 2D cluster consisting of N grains
confined by externa parabolic potentia V., =

mdw§r2/2 for an arbitrary pair dust interaction poten-

tial V(r) = f(r?) that defines the function f(x), through
which all of the results can be expressed. It is found
that, for an equilibrium stationary polygon to exist, the
following condition must be satisfied:

N-1

2 4 .2 . 2 . 2

Do =~ 3 SN %%'Ef [4R sin E’%E}o, (50)
k=1

where f'(x) is the derivative of f(x) with respect to its

argument x and N =2, 3, 4, ... isthe number of grains

in the cluster. Equation (50) can be used to determine

the equilibrium size R of the polygon in the given trap-

ping field. For equilibrium to exist, it is necessary that
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the right-hand side of Eq. (50) be positive. The criterion
of the stability of the equilibrium state against small
perturbations is described by the equation

(A=A 1+ BL)(Al-A_1+B_)=2 (Bl—B|)2, 51)

where

N-1
_ 4 2 TR [ o2 2[TIK]
A|(N) = _ﬁjz Sin DWDf |:4R Sin DWD]
k=1

(52)

N-1
_ 4 . 2T, o2
B|(N) = Hdz sn DWD4R
k=1

x sinZE’TT\I%f"PRZSinZE’—Tﬁ%}.

For agiven N, criterion (50) should be met for al pos-
sible | ranging from O to N/2. For example, for the sum
of noncollective attraction and Yukawa interaction,

Z2e° r
V(I’) = dT[ascreXp%_)\_%_ancoll} (53)
scr

and in the case of asmall cluster with N = 4, the crite-

rion of the existence of equilibrium ooﬁ,v o > 0takesthe
form

2 f—
Wy =

%2(1+ J2R)exp(~/2R)
(54)

1— _ _ancoll|:|_1_ 1-[|

where Ris normalized to A4, and oog is normalized to

Z§ ezo(scr/ my R®. From Eqg. (54), one can clearly see
that, by changing the confining potential, one can reach
a point at which oo§ = 0 and equilibrium is lost. By
measuring this point, one can determine the coefficient
O, for noncollective attraction. A similar procedure
can be used for clusterswith other numbers of grainsN.
If the results for different N coincide, then the type of
interaction used is correct. However, if thereisno coin-
cidence, one cannot say whether it occurs because the
attraction potential is different or because the Yukawa
interaction is not applicable. One can also check the
above complete nonlinear potential, which includes the
influence of charging on theinteraction. Figure 13 [49]
shows the quantity Yy = wglzsezmd Rgo(Scr as a func-
tion of R(inunitsof A,) for different numbers of grains
N in the cluster for the case where the dust grains inter-
act by the pure Yukawa potential and noncollective
attraction isignored (see Eqg. (53) with a,,.,; = 0), while
Fig. 14 shows the sguare of the equilibrium frequency
Yx. neon (R) for the interaction potential, including non-
PLASMA PHYSICS REPORTS  Vol. 30
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Fig. 13. Square of the normalized equilibrium frequency of
a 2D cluster Yy asafunction of the cluster size Rfor differ-
ent values of the number N of grains in the cluster. The
binary interactions of the grains are assumed to be Yukawa
interactions, Risin units of the screening length A,

collective attraction (normalized in the same way asin
Fig. 13) for different numbers of grainsin the cluster N
and for theratio a,,.,, /0., = 0.3.

Collective interaction does not operate for a small
number of grains, however, there exists a condition
under which grains with a large size (and a large
charge) are embedded in an almost continuous “ sea” of
small grains that affect the balance between ionization
and absorption. Thisis similar to collective interaction
in the sense that the interaction potential of large grains
is of the same type as collective interaction,
O(1/r)cos(r/A.), where A, is the length determining
the first minimum of the attraction potential. The corre-
sponding  equilibrium  frequency CyR =

ooglzﬁezmd Rso(Coll as afunction of R (in units of A ;)
for N dust grains interacting by the potential V. =

(Z3€° 1T )0t o c0s(I/Aoyy) IS Shown in Fig. 15 [51].

It can be seen that, in the case of noncollectiveinter-
action or collectiveinteraction for each frequency, there
exist at least two values of Rwherethe cluster can bein
equilibrium, while for the Yukawa potential, there
exists only one such value of R.

The noncollective interaction can be measured by
finding the condition where the equilibrium will belost.
The presence of several equilibrium values of R opens
the possibility of the theoretical treatment of clusters
with several shells, as has been observed experimen-
tally. However, a detailed analysis should be first made
of the frequencies and the stability of the simple poly-
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Fig. 14. The same asin Fig. 13 but with the additional non-
collective dust—dust attraction for o, /0. = 0.3 taken into

account.

Fig. 15. The same asin Fig. 13 but with collective interac-
tion taken into account; Risin units of the collective length

)‘coll-
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Fig. 16. Initial random dust distribution in the computation
box for MD computations with alowance for long-range
noncollective attraction and repulsion.

gon clustersdescribed by dispersion relation (51). Also,
the problem of frequencies and the stability of the shell
clusters should be examined. To compare theory with
experiments, it is hecessary to include the damping due
toion—neutral collisions, which can not only lead to the
damping of oscillations of clusters but can also change
the criteria of their stability.

1.5.3. Molecular-dynamics computations of dust
clusters. In several numerical simulations aready per-
formed, the KARAT code [52] was used to solve prob-
lems of charging, attraction interaction, and the forma:
tion of plasma clusters. One advantage of the KARAT
code is that it takes into account not only electrostatic
phenomena but also electromagnetic processes, the
presence of beams, nonthermal distributions, and mag-
netic fields, and is suitable for both particle-in-cell

Table
2D 3D
T, eV 0.03 0.03
T., eV 3 3
n, cm3 3x10° 3x10°
a, um 2 1
N 50 200
Z4 5200 2600
Ap, UM 234 23.4
Ay, HM 228 228
Vg ST 100 280
my, g 5x 107 6.3x 10712

Note: Nisthe number of grainsin acluster, nisthe plasmadensity,
Ap isthe Debyelength, and A, isthe dust molecule size cor-
responding to the minimum of the potential for noncollec-

tive attraction and Yukawa repul sion.

TSYTOVICH et al.
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Fig. 17. Final stage corresponding to the 2D boundary-free
cluster observed in MD computations.

(PIC) and molecular-dynamics (MD) simulations. PIC
simulations were used in [52] to check the OL theory
for kinetic effects in charging and to check the noncol-
lective attraction forces. One should note that, in the
KARAT code, theinput and output can be donein phys-
ical units, for instance, in um for the dust size.

MD simulations of the transition from a random
dust distribution to a plasma cluster were first per-
formed in [53], where the dynamics of electrons and
ions was not considered, but it was assumed that they
were responsible for the shielding of grains and long-
range repul sion and noncollective attraction. Grain fric-
tion in neutral gas was also taken into account. Only
binary pair dust—dust interactions were taken into
account. This excluded collective interactions,
although, in principle, MD calculations can be per-
formed with large numbers of grains such that the size
of adust cloud exceeds the length L, at which collec-
tive interactions start to operate. But any extension to
such sizes will be inconsistent under the assumption
that only binary pair interactions are taken into account.
Computations were performed together with a check
that the applicability limit of pair dust interactions was
not exceeded. This can be done by controlling theinitial
size of the dust cloud, the cloud evolution, and the final
size of the dust cloud. The interaction coefficients were
calculated in dimensiona units using the theoretical
expressions and parameters often encountered in state-
of-the-art experiments. These coefficients were used in
the MD code to trace the dynamics of the grains that
were initially distributed randomly in the computation
box. Two- and three-dimensional MD simulations were
performed with about 10° grains in the computation
box. The parameters of the MD computations are
shown in the table.

The grains start to move from their initial random
positions (Fig. 16) due to the forces acting between
PLASMA PHYSICS REPORTS  Vol. 30
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¥, um

400

200 -

1 1 1
0 200 400 x, pm

Fig. 18. Final stage corresponding to the 3D boundary-free
cluster observed in MD computations. A projection of the
distribution onto a plane z= 260 pm is shown.

them (including the friction on neutrals) and finaly
take new positions corresponding to a crystal structure
shown for the 2D casein Fig. 17 and for the 3D casein
Fig. 18 (in the latter case, the crystal isregular; Fig. 18
presents the projection of the 3D configuration on a
plane and, therefore, the observed irregularities are
related to the visualization problems).

One can clearly see the hexagonal structure of the
plasma cluster |attice obtained numerically. The binary
correlation functions (the definition will be given
bel ow) found in computations are shown for 2D and 3D
simulations in Figs. 19 and 20, respectively. The final
size of the dust cluster was 5000 and 3000 pm for 2D
and 3D computations, respectively. This satisfies the
condition L < L,

g(r)

15
2D
t=02s
10 -
5 L
0 0.05 0.10 r

Fig. 19. Pair correlation function g(r) obtained in MD com-
putations of a 2D boundary-free cluster.
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The observed cloud contraction to acluster isdueto
only the attraction forces and thus, in contrast to the
above case of the presence of an external confinement
potential, the clusters obtained in numerical MD simu-
lations are boundary-free clusters. It seemsinappropri-
ate to use a larger total number of grainsin these MD
simulations, since the size of the crystal structure
obtained will exceed the distance at which the collec-
tive effects will be significant.

So far, no simulations have been reported in the lit-
erature that self-consistently treat charged grains and
the ion and electron dynamics, i.e., al of the compo-
nents of a complex plasma [54]. An interesting devel-
opment in thisimportant field is the NRL dynamically
shielded dust (DSD) simulation code, used aso for the
problem of particle shielding [55, 56]. This code uti-
lizes MD techniques [57], PIC methods [58], the parti-
cle—particle/particle-mesh (P3*M) technique [59], and
the dresses particle regression (DPR) [59]. The self-
contraction of adust cloud in theinitial stage of simu-
lations [53] is satisfactorily described by electrostatic
instability, which is similar to gravitational instability
and is caused by noncollective attraction [60, 61].

One aspect of the transition to a strongly correlated
state should be emphasized: the most important indica-
tion of such transition is the behavior of the pair corre-
lation function g(r) obtained by averaging of the prod-
uct of the dust densities with respect to the discreteness
the dust component,

g(r) = [Bny(po)dny(r + po)tl

In this expression, the dust density is assumed to be sta-
tionary (time-independent) and the dust cloud to be
amost homogeneous, in which case the correlation
function depends only on the difference of the coordi-
nates of two positions at which the dust density is con-

(55)

g(r)

20+

0 0.02 0.04 r

Fig. 20. Pair correlation function g(r) obtained in MD com-
putations of a 3D boundary-free cluster.
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sidered. Expression (55) can be used in dlightly inho-
mogeneous systems if the characteristic length of the
inhomogeneity is much larger than the correlation
length. Correlation function (55) can be measured in
the gaseous state of complex plasmas, in transitions to
liquid and crystal states, and in a crystal state. The the-
ory of correlations can be developed in the gaseous
state, where the correlation function can be expressed
through the dielectric function of complex plasma.
Such adielectric constant for afully homogeneous state
assumesthat L > L, and, therefore, the expression for
the dielectric function should be used with collective
effects included (see [2, 7, 62]). For clusters with L <
L., the correlation length should be much smaller that
L., for expression (55) can be used to describe pair cor-
relations. When this requirement is satisfied, the corre-
lation function is determined by noncollective attrac-
tion in binary dust interactions. The general theory of
dust correlations in the gaseous complex plasma state
was developed in [4-8], where the correlation function
was described in terms of electrostatic plasma
responses (see also [62]).

In[62], thedielectric function for noncollective dust
pair interactions found in [60] was used to theoretically
describe the pair correlations for noncollective dust—
dust attraction. The applicability of expression (55) is
related to the smallness of the ratio of the dust size to

the Debye length (612/)\[2,i < Jt, asfollows from the
condition L., <€ L., with allowance for the estimate of
the correlation length found from MD simulations [53]
and theoretical analysis [62]). The pair correlation
function for collective interaction has not yet been
investigated. Theinvestigationsin [62] indicate that the
correlation function can be oscillatory in character even
in the gaseous state. Asthe dust temperature decreases,
the amplitude of oscillations increases. The theory of
correlations for phase transitions is still not developed.
One can expect that the appearance of deep oscillations
inr decaying on short scalesis an indication of the con-
versioninto the liquid state, and the appearance of deep
spatial oscillationson large scalesisan indication of the
conversion into a crystal state. In ordinary matter, the
criteriafor conversion into the liquid and crystal states
are found experimentally: the second minimum should
be at least about two-thirds of the first one. In the gas-
eous state, the correlation function in ordinary matter
has no oscillations. It is a very surprising and interest-
ing result of the theory of correlations in complex
plasma for the cases of both noncollective and collec-
tive interactions of the dust grains that these correla-
tions show the presence of oscillations, i.e., that the
complex plasma in its gaseous state is, in a certain
sense, “prepared” for the phenomenon of plasma con-
densation. The latter can occur when the dust tempera-
tureislowered.

There are many problems of the behavior of dust
correlations in the gaseous state that remain to be ana-
lyzed theoretically and compared with experiments.

TSYTOVICH et al.

The kinetic consideration of the correlations, including
the change in the electron and the ion distributions in
the charging process, has not yet been considered.

Developing the theory of correlations should be
done in several stages. a more detailed theoretical
investigation of (1) the collective correlation function
in the gaseous state, (2) correlations in phase transi-
tions, and (3) correlationsin astrongly correlated crys-
tal state. All of these developments should studied in
future theoretical investigations of complex plasmas.

1.6. Theoretical Approach for Phase Transitions
in Complex Plasmas

1.6.1. Transitionsin systemswith large and small
numbers of grains. There are many problems related
to phase transitions in complex plasmas. Among these,
the most important are the following two:

(i) The openness of the complex plasma system and
the possibility of using the thermodynamic approach to
describe such transitions. One can hope only to
describe the dust component thermodynamically.

(ii) If under certain conditions the thermodynamic
description can be applied to the dust component, the
problem isthat the number of grainsis usually not very
large and, for the number of grains less than a certain
critical one, the thermodynamics of small finite number
of particles should be used. The latter problem remains
to be developed (see, nevertheless, [63]), and, in gen-
eral, further development of the thermodynamics of
systems consisting of a finite number of particles is
needed.

One may hope that 3D crystals can be described in
terms of the existing thermodynamics applicableto sys-
tems consisting of alarge number of particles, but there
is no hope of describing 2D monolayer crystals or 3D
clusters consisting of afew dust grains. Obviously, for
a smal number of grains, noncollective interactions
operate, including the noncollective attraction
described above, while for 3D crystals, collective inter-
action should operate.

The theoretical criterion for the collective interac-
tion to dominateis
2

Api

L>Le = 25

(56)

For existing observations [64-69] of plasma con-
densation, L ison the order of one centimeter, while Ay,
is about 30-50 pm, a is about 10 um, and P, is about
0.3-0.5. In this case, L, is about 0.01-0.1 cm, which
means that the theory should be based on the collective
interaction of dust grains. Such interaction has been
investigated only for large distances; for short dis-
tances, it is known that the screening is nonlinear.
Hence, we should operate with a certain screening
length that does not coincide with the linear Debye
length. In state-of-the-art experiments, the collective
PLASMA PHYSICS REPORTS  Vol. 30
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parameter is neither large nor small: 1 < n.; < 4, if
there is no ion drift present. But some experiments are
performed in plasma sheaths in the presence of an ion
flow, which substantially decreasestheion drag and the
ion charging coefficientsto the product of whichn,, is
proportional. Therefore, for some 3D systems, collec-
tive interaction can be weak; i.e, n.; < 1. When the
experiments are performed not in the plasma sheath
but, for example, in the striations of a glow discharge
[68], the electric field is also present and thisfield also
creates an ion drift. To reach alarge collective effect, it
is possible either to exclude the ion drift or to increase
the size of dust grains. In ground-based experiments,
the grain size cannot be made large since the grains will
not levitate in the plasma sheath and can fall onto the
lower electrode. Of course, there is the possibility of
using hollow bubble-type grains, whose mass is suffi-
ciently small for them to levitate in the plasma sheath.
This is a subject for future experiments. Under micro-
gravity conditions, one should be able to produce
plasma crystals far from the wall, since the wall, often
being at the floating potential, will create an ion flow
toward itself and therefore decrease the efficiency of
the collective interactions. We note that, at present,
crystals under microgravity conditions are created
close to the wall. But there till exists the possibility of
optimizing the attraction between the grains and creat-
ing morerigid crystals far fromthewall. Thereare also
two limits of the possible experimental conditions: col-
lisionless and collision-dominated. Experiments can be
performed for both cases. In the collision-dominated
case, the collective coefficient is less sensitive to the
presence of the ion drift but the interaction always cor-
responds to weak collective interaction, as has aready
been pointed out. Therefore, in what follows, we focus
our attention on the case of weak collective interaction
for both collisionless limit and collision-dominated
limits. Dueto the validity of condition (57), theinterac-
tions should be considered as collective interactions.
We also leave the case of a small number of grains,
where the problem of phase transitions is much more
complicated than for large system in which condition
(57) is sdtisfied.

1.6.2. About the equation of state in complex
plasmas. It is desirable to describe the complex plasma
state and the process of condensation by some form of
the van der Waals equation [70], which was very help-
ful in describing phase transitions in ordinary matter. It
has aready been emphasized that the complex plasma
isan actually an open system and there existsaquestion
of whether it is even possible to define the equation of
state for such a system. Obvioudly, this can only be
donewith somelimitations. First of all, itisdesirableto
write an equation only for the dust component and, in
particular, for the dust pressure py (which, in the case
wherethe dust is considered an ideal gas, is determined
by the relationship py = nyTy). It has also been empha
sized that, in experiments, electrons and ions are not
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thermal since the characteristic time of ion-ion, ion—
electron, and electron—electron collisions, which can
only make their distribution thermal, is much larger
than the times of ion—dust collisions and i onization—the
processes that make the ion and electron distributions
nonthermal. The condition that the ion—dust collisions
dominate over the ion—on collisionsis

Z4Py > 1. (57)

This condition is satisfied in most of the experiments
with complex plasmas performed so far. The electron
and ion distributions become nonthermal due to the
charging process, which depletes the high-energy part
of the electron distribution and the low-energy part of
the ion distribution [6]. lonization also produces non-
thermal distributions. Then the question arises about
the dust distribution: it isthermal or not? It is possible
that thisdistribution isthermal because of the very high
rate of dust—dust collisions due their large charges. The
dust charge also depends strongly on the electron and
ion distributions. Therefore, strictly speaking, one can-
not apply the concepts of thermodynamics and of free
energy to the dust component to derive the equation of
state. We are speaking here about the problem of find-
ing the equation of state for the dust component exclu-
sively. Nevertheless, we can try to introduce the dust
temperature, since the dust distribution itself can be
thermal due to the high rate of dust—dust collisions. It
was found theoretically in [7] that these collisions
indeed thermalize the dust distribution. Also, the mea
sured dust distributions are often found to be close to
thermal distributions (see[71]).

Another effect operating in the presence of many
grainsis the charge reduction of an individual grain by
collective effects (the presence of other grains). It can
be estimated that this effect is small if the number of
grains in the Debye sphere times the ratio of the dust
sizeto the Debye length is small. In most experiments,
this factor is indeed not large and is often small. Thus,
for simplicity, we will ignore this effect. With al of
these uncertainties and ignoring charge variations, one
can try to write the van der Waals equation for the dust
component in the form already known in satistical
physics[70].

In [72], the case most applicable to state-of-the-art
experiments, that of collective dust—dust interactions, is
considered, and the critica value of the coupling
parameter I, is estimated. We then shall consider non-
collectiveinteractionsand will point out the restrictions
for its applicability to the case of a small number of
grains and find for this case I',, which depends on the
size of the system. Finally, we will show that, for the
Yukawa interaction, phase transitions are not possible
in the van der Waals approach.
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1.6.3. Van der Waals equations in complex plas-
mas: Collective interactions. Using prescriptions of
statistical physics for the dust component only, we
write [70, 72]

(Pg + Po)(L—ny/ng) = NyTy, (58)

where the pressure correction term (containing the new
quantity p,) and the density correction term (containing
the new quantity 1/n,) are defined in statistical mechan-
ics through the partition function [70]

° Vq(r
B(T,) = ZHI%L—eXpE_ qld_g )%rzdr
0 (59)

1 Po

-
Mo ngTy

Thelast two termsin Eq. (59) are due to the approx-
imate division of the integration region with respect to
r into theregion of strong interaction, V 4(r)/T4> 1 (the
first term), and the region of weak interaction,
Vya(r)/Ty < 1 (the second term). We simply rewrote the
known van der Waal s equation, making the subscripts d
in expressions for the density and temperature. In
Eq. (59), V44 isthe dust—dust interaction energy, which
depends on the interdust distance r, and integration is
performed with respect to interdust distances. The first
part of the integral determines the density corrections
and appears from integration over the region where the
interaction energy is much larger than the temperature
and the exponential term can be ignored, while the sec-
ond term is determined by integration over the region
where the dust energy interaction is small as compared
to the dust temperature and the exponential term can be
expanded. Thus, we have

: (60)

where t isthe distance at which the interaction energy
is on the order of the dust temperature (it will be
assumed that F > a, otherwise one must substitute the

dust sizeafor r inthe density correction term). If 1 <
Ay, We can use the approximate dust Coulomb interac-

tionto obtainthe estimate r = Fd/njja. Itiseasy to esti-
mate that, with all of the nonlinearitiesin the screening
taken into account, 7 is larger than the screening
length. For both casesn,; < 1 and n.,; > 1, we have
I =riZqTi/Tq > 1y, (Wherery, isthe distance at which
the linear approximation used before for collective
dust—dust interactions start to be valid). Because of the
high number of collisions with neutrals, the dust tem-
perature cannot differ greatly from the ion temperature
and Z, is very large. Even during phase transitions
where the dust temperature can increase by one or two
orders of magnitude, it cannot reach Z,T, for the usual
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values of Z; = 10°-10*. Thus, to estimate F , we can use
the collective interactions already found by using the
linear dielectric permittivity. Thisgivesfor n.,, << 1 the
density correction term as

2 223
r:z"i C1_2mfeep e [ Nooi ©61)
Td r]collf nO 3 0 Td 0 r-]coll 2nd
and the pressure correction term as
2 242
_ 2T[Zde )\Di
Po = Ng Pyt (62)

The applicability condition of expression (62)
(namely r > a) can bewritten as Ty < TN Z IN State-
of-the-art experiments, 3 < zn,; < 10 and the maximum
dust temperature during the melting of aplasmacrysta
does not exceed the el ectron temperature by an order of
magnitude, which meansthat thefinite dust size correc-
tion in the density (volume) term can be on the order of
the interaction correction only exclusively (probably
under conditions close to the melting point). Expres-
sions (61) and (62) were obtained by integrating the
collective dust—dust interaction potential

(deznco,,/ r)cos(r/Ay) from r uptoinfinity, assuming

that < A, (the distance at which the first collective
attraction minimum is located is 1A,,;) and that weak
damping due to ion—neutral collisions suppresses the
interaction at very large distances. Thefirst assumption
I < A, meansthat, in the collisionless limit, we have

approximately  Zyn oo (/AoiV )2 Po (Ti/Ty) < 1.
Although thefirst factor Z; islarge, all other factorsare
rather small due to the assumption n,; << 1 madein the
derivation of thisinequality. Therefore, it can easily be
satisfied. One usually defines the volume V, occupied
by the dust and the total number of grains Ny in thisvol-
ume such that the dust density isny = Ny/Vy. The depen-
dence of the volume correction and the pressure correc-
tion on Vj is quite different for complex plasmas and
ordinary gas. For example, in ordinary gas, n, is inde-

pendent of V, while in expression (60) n, O VS . The

ratio po/nfi in ordinary gasisindependent of V, whilein
expression (62) it is inversely proportiona to V. This
makes the van der Waals equation for the dust compo-
nent in complex plasma quite different from the van der
Waals equation in ordinary gas[70].

Note that most laboratory experiments are per-
formed in plasma sheathsin the presence of anion flow,
which changes the collective interactions as described
above. Unfortunately, in this case, it is difficult to
obtain an analytical expression for the interactions
because there is anisotropy, but the above types of inte-
grals, which determine the density and pressure correc-
tions in the van der Waals equations, can be calculated
numerically. There remains a great deal of work to be
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performed in the future: it is necessary not only to cal-
culate the set of interaction curves at different anglesto
the flow but also to interpolate between these curvesin
order to calculate the corresponding integral numeri-
cally. A similar situation arises in the of presence of a
strong magnetic field. The calculations performed here
are given for purposes of illustration and also to point
out the remaining problems for the procedure that
should be performed in future theoretical efforts (along
with experimenta efforts to measure the potential of
dust—dust interactions and the distributions of ions in
velocity space in the ion flow), and even to prove the
possibility of using the van der Waals equations for
complex plasmas.

1.6.4. Estimates of collective T, for phasetransi-
tion in complex plasmas. As soon as one finds the
dependence of the dust pressure on V, from Eqg. (58),
the critical temperature for a phase transition can be
found from two relations

0°py
V5

Since the dependence of the dust pressure on V, dif-
fers from the usual one, the expression for the critical
temperature has a dightly different numerical coeffi-
cient which, in the collisionless limit, is 15/22 instead
of 8/27 in [70]. This coefficient enters into the expres-
sion

9P _

oV, 0.

= 0. (63)

(64)

After substituting expressions (61) and (62) into
Eqg. (64), the latter gives athreshold value for I for the
phase transition

(65)

M = JT—SDED” M Ao
STV T 3 e

Pomgou

Due to the presence of the small quantities /T and

n ff)ﬁ in the denominator of expression (65), the critical
value of the coupling constant I' .. for phase transitions
israther high. In the collision-dominated case, only the
numerical coefficient changes from 15/11 to 2/3, but
N IS different and is determined by expression (75)
in[2].

For n.; = 1, the potential well for collective attrac-
tion israther deep,

a
Uy = ZdTiZomA/Eo,

Di

(66)

and this can be reached in the regions where the ion
flow is absent and the coefficients ay. and o, are onthe

order of unity; i.e., at N, > 1, we have a/Ap /T > 1
and, therefore, U,,; = Z4T;, which, in most cases, is
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much larger than T, Hence, the van der Waas
approach, assuming the opposite inequality, apparently
cannot be applied. Assuming that, in the course of
phase transition, the dust separation is on the order of
the width of the potential well and the dust temperature
ison the order of its deepness, we obtain the rough esti-
mate

rcr = 11 Tcr = del- (67)

Such plasma crystals will be very rigid since, after
dust cooling by dust—neutral collisions, each dust grain
in the crystal will be sitting in a very deep potential
well. Such crystals are unknown in ordinary matter and
they can probably be obtained only in microgravity
experiments, where the dust cloud that is to be con-
verted to the crystal stateis created at the center of the
experimental chamber, far from the chamber wall. The
melting temperature of such a crystals should be very
high. This is the greatest demand for future plasma
crystal experiments under microgravity conditions.

1.6.5. Van der Waals equation in complex plas-
mas: Noncollective interaction. A peculiar aspect of
the concept of noncollective dust—dust interaction is
that it can be applied only to finite systems (see Eq.
(56)). On the other hand, noncollective interaction
allows the existence of a single attraction well that is
located at

(68)

When only the shadow effect of ions is important
(see [2]), the sticking coefficient n, is equal to theion
sticking coefficient n, ;, which is on the order of unity,
and expression (56) indicates that the range in which
the noncollective interactions in the van der Waals
equation can be used is determined by the inequality
Py, < 1. When the neutral flux dominates, the effective
sticking coefficient in Eq. (68) is expressed through the
neutral sticking coefficient ng, , by the expression n, =

M well :)\IzDi/anst-

Ny T Ti/4TeZ" (see[2]) and, for high dust pressures,
can be much larger than unity. Inthis case, condition (56)
can be lessrestrictive, allowing P, = 1. In any case, the
size of the system cannot be larger than L. We will
assume that L > r,;. The quantities n, and p, can be
found using the noncollective potential of interaction
containing long-range repulsion and attraction terms
[2]. The integration over small r gives expression (60)
with

0O z€& O

r= minErweIIa -I-_r]ncoIID’ (69)
O d 0

where n,.,; 1S the coefficient of noncollective interac-
tion (see [2]). The integration over large r should be
restricted by the size of the system L. This assumes that
the inhomogeneity of the distributions inside the sys-
temisnot great. Thisis partialy supported by numeri-
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cal MD computations with noncollective interactions
(see Figs. 17, 18). Due to the accepted condition that
the size of the system is larger than r,, the integral
over larger is determined by the noncollective attrac-
tion term. We then obtain

2

2Q°L

= ny—.
pO r]ncoll,attr d 2Td

2
(70)

The critical parameters for the phase transition are
determined by Egs. (63). We find

2,2 715
L 3
r]ncoll,attrndQ-I- = = 1'07'
d

277"

From here, we obtain the dependence of the critical
dust temperature on L/L...

(71)

Ng L

Td, or = 0074ZdT| _ _2‘ . (72)
PoLg

The two factors entering into this expression, Zy > 1
and ng/P,, are large (see inequality (20)), while the
numerical coefficient and the factor (L/L,,)* are small.

1.6.6. Absence of phase transitions for the
Yukawa potential. Physically, the absence of phase
transitions follows from the fact that B(T,) is always
positive and, asaresult, p, < 0. Calculations similar the
above calculations yield all of the coefficients, and the
result isthat phase transition conditions (63) can be sat-
isfied only if ny < 0, which is obviously impossible.

1.6.7. Comparison of I, with experimental data.
It is only possible to make some estimates, since the
real value of the ion drift velocity is unknown, at least
for the experiments performed so far. For experiments
on plasma crystals in RF and glow discharges, we
obtain ', = 10°-10* and, for dense plasmas (such as
combustion plasma), we have I, = 1, which isin qual-
itative agreement with observations (see a detailed
description of experimentsin [3]). Expression (72) can
be used in the future when 3D dust clusters are
observed. Up to the present, only experiments on 2D
clusters have been performed, for which the staring
expressions that were used to derive the van der Waals
equations are not valid.

2. RESEARCH TRENDS AND APPLICATIONS

2.1. Trendsin Experimental Investigations
of Complex Plasmas

2.1.1. Charging of dust grains. Two aspects are
important for the dust charging problem: the first is
direct measurements of the dust charge, and the second
isto check the existing theoretical modelsto be able to
estimate dust charges under the conditions where direct
measurements of dust charges is impossible. The
planned experiments should deal with simple single
dust grain charging, which is important for noncollec-
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tive dust interactions, and with the collective effects in
dust charging. It is desirable to clarify many of the
aspects of the existing models of dust charging, partic-
ularly the dependence of the charges on the grain mate-
rial and the grain structure. The checking of different
charging models such as described in part one of the
review [1] for spherical grains, namely, the OL model,
the RD model, or the DL model as described in [1], is
oneof thefirst stepsin thiskind of research. The depen-
dence of the charges on the ratio of the grain sizeto the
Debye screening length a/Ap; and the ratio of the latter
to the ion—neutral mean free path is also an important
subject for investigation. In practice, the attachment
coefficient of both electrons and ions can be different
for different materials and, therefore, the electron and
ion currents can be modified. One of the most important
phenomena to be investigated in detail is the depen-
dence of electron and ion attachment on the structure of
agrain, especialy for the case where the grain surface
israther irregular. This occurs for grains growing up to
the cauliflower shape caused by grain agglomeration
[73-76]. It is believed (but not yet proven) that such
agglomerate structures are fractal. The sticking coeffi-
cient for irregular-shape grainsis virtually unknown.

Grains of specially designed shapes can be used in
experiments, particularly cylindrical grains (microrods)
or even fractal-shaped grains. Another important prob-
lem is the dependence of the grain charge on the parti-
cle distributions; the simplest problem of this kind is
the charging in the presence of an ion flow or an elec-
tron beam. The process of charging (especialy in the
presence of beams or flows) can change the surface
properties (and, therefore, the attachment coefficients)
and raise the secondary electron emission. Unfortu-
nately, the large amount of data from probe measure-
ments cannot be used in solving these problems, since
the size of the probes is usually larger than the screen-
ing length, while the size of the dust grain is usually
smaller than the screening length (only such grains are
used in the present experimental research of complex
plasmas).

Collective effectsin grain charging are another sub-
ject for future investigations. The simplest experiment
could be the testing of a decrease in the grain charge
when two grains become closer to one another. This
would be the first step in testing the influence of other
grainson the charges of anindividual grain. Inthe pres-
ence of many grains, this effect will be enhanced. Also,
an insufficient number of plasma particles (for example
electrons) in the vicinity of the grain (caused, e.g., by
the presence of other grains) can reduce the grain
charge. It is important that all of these questions be
investigated experimentally.

Animportant factor isthe nonlinear shielding of the
grain charges and the presence of the nonscreened part
of the potential. This long-range potential could be
important in grain interactions. Although the Yukawa
model is used in many experiments to compare the
PLASMA PHYSICS REPORTS  Vol. 30
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observed results with theoretical findings, this type of
screened potential is not predicted by the theory, due to
both nonlinearities and the long-range part of the poten-
tial. Therefore, experiments to check the screening of
dust grainsis of great importance. These cannot be per-
formed only as colliding experiments, as was done in
the pioneering work of [77, 78], because the problem
needs acomplex approach. Above all, collisions should
be investigated between dust grains of different size
where the smaller grain can serve as atest grain. This
would allow one to avoid nonlinearity in screening,
which can change the screening during a collision. Sec-
ond, nonintrusive methods of dust grain measurements
should be devel oped; among these are the scattering of
radio waves by grains and the experimental use of the
properties of grain clusters.

2.1.2. Dust—dust interactions. Among the pro-
cesses that should be investigated isthe influence of the
ion drag, dust friction, and thermophoretic force on the
interaction of two isolated dust grains. The presence of
the noncollective dust attraction forces can be checked
by varying the neutral pressure for the known neutral—
dust attachment coefficient by using specially designed
dust materials with large attachment coefficients. This
investigation opens up awhole new field of research on
dust agglomeration and has promising future applica-
tions for the problems of etching.

The manipulation of dust grains by both gravity and
thermophoretic forces under laboratory conditions will
be used in future experiments on the investigation of
dust—dust interactions. These investigations will have
direct applications for dust clusters, in which the dust—
dust interaction is usualy noncollective. One of the
methods for the detection of intergrain interactions is
the investigation of small clusters of grains embedded
in a parabolic potential well. A cluster of N grains has
2N oscillation modes, the frequency of which for a
small number of grains depends only on the pair inter-
grain interactions. Thus, by measuring the frequencies
of the cluster normal modes, it is possible to make some
conclusons on the pair interdust interactions. By
increasing the number of grains in a cluster, one can
check whether the binary interactions depend on the
number of grainsin the cluster and, therefore, detect the
critical number of grains at which collective interac-
tions start to operate.

Of most interest for future experimentsis the detec-
tion of collective dust—dust interactions. The experi-
ments can be performed in 3D dust clouds, dust crys-
tal's, dust monolayers, and dust linear chains. Thegrains
chosen for the detection of the interaction can differ
from other grains by some parameters such asthe grain
size or grain shape. The experimental problem is to
determinethe pair grain interactions as afunction of the
average density of other grains. Such experiments can
provide answers to many problems of collective grain
behavior and to the problem of the threshold conditions
for plasma condensation. As the number of grainsin a
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3D cluster increases, the pair interaction between
grains changes until the cluster acquires propertiessim-
ilar to those of a crystal and the collective interaction
will be similar to that in crystals. This is a long-term
experimental program. Three-dimensional clusters can
be investigated under microgravity conditions; thus, al
of the experiments can be performed using micrograv-
ity facilities.

2.1.3. Strong magnetic fields. There are severd
critical magnetic field strengths that are of importance
for the plasma particle motion and for the operation of
experimental setups. The first is the ratio of electron
and ion gyro-radius to the size of the installation L.
When this ratio is small, one can speak about magne-
tized electrons and ions. There is aways friction
between ions and dust grains, and even when the ion
gyroradius is much less than L, their orbiting on the
gyroradius will be interrupted by collisions with dust
grains. If the frequency of these collisionsislarger than
the ion gyrofrequency, the ions will remain unmagne-
tized, athough their motion along curved trajectories
between subsequent collisionswill result in the transfer
of angular momentum to the dust grains, thus causing
their rotation. The second restriction is related to the
ratio of the gyroradius to the effective size at which the
ions and electrons are collected on the grains during the
charging process. When the el ectrons are magnetized in
the sense that their gyroradius is less than the electron
collection radius, the fast electrons will still reach the
grain, while the slow electrons will be reflected. This
reduces the electron current by a factor of 4 and
decreasesthe grain charge. Evenif themagneticfieldis
much stronger and the ion gyroradius is much less than
the ion collection radius, theions are magnetized in the
charging process and the ion current is reduced, thus
leading to an increase in the grain charge. The theoret-
ical predictions about the change of the dust charge
with increasing magnetic field are presented in [79].
Experiments in this field are expected to be performed
Soon.

Another new effect introduced by the magnetic field
is dust rotation, which in the simple model isrelated to
the E x B drift.

The rotation of plasma in the magnetic field was
experimentally observed in [80, 81].

The condition that the ion gyrofrequency in a mag-
netic field be higher that the ion—dust collision fre-
guency is[2]

a 0023 n
B [kG] > 9455 PozoA\ T o (73)

where we recall that a is the grain size, Ap; is the ion
Debye length, Py = ngZy o/N;. o, Z) = Zy o€*/aTe, and A is
the Coulomb logarithm. Note that criterion (73) is
derived for continuous dusty plasmas for which the
parameter P, can be introduced. In the experiments in
[80], a dust monolayer was used and the friction force
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Fig. 21. Typica configuration of a dust cloud rotating in a
magnetic field. The vectors indicate the particle displace-
ments in 20 consequent frames, N is the number of grains,
p is the pressure, and Uy, is the peak-to-peak RF voltage:
(8) Upp =47V, p=0.40 mbar, N = 250; (b) Uy, =82V, p=
0.3 mbar, N = 450.

was substantially lower than that used in derivation of
condition (73). The presence of an inhomogeneous
electricfield can causethe azimuthal E x B drift and the
rotation of the dust cloud in the plane perpendicular to
the magnetic field, as was first observed in [82] in dc
glow discharge plasmas and in [83] in RF plasmas.

Thefirst experiments on complex plasmasin amag-
netic field [80, 81] indicate a direction in which future
experiments can be extended. Therefore, we shal
briefly describe these results.

The magnetic field strength used in [80] was 140 G
but the ratio a/Ap; was about 1/50, which givesacritical
field of about 1 kG. The ion friction on dust grainsis
obviously much less in the case of a dust monolayer
and isabsent for ionsfar below thelayer. Thus, estimate
(73) does not operate well under the conditions of the
experiment [80]. In [80], the ions simply drift in the
magnetic field and the radial electric field confines the
dust layer. The dust rotation velocity is determined by
the balance between theion drag force produced by the
ion drift and the dust friction on neutral gas. Thus, the
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Fig. 22. Angular velocity Q of a dust grain moving in a
magnetic field vs. distance p from the center of rotation.
Positive values of the angular velocity correspond to coun-
terclockwise rotation. Each figure shows a set of curves
teken at afixed RF voltage and total number of dust grains
N and for different pressures p: (8) Vg, = 47 V, N = 250
(curves 1, 2, 3,4, and 5 are obtained for p = 0.3, 0.4, 0.5,
0.6, and 0.7 mbar, respectively); (b) Vy, = 82V, N = 850
(curves i, 2,3,4,5,6,7,and 8 are obtained for p = 0.25,
0.3, 0.5, 0.7, 0.8, 0.9, 1.1, and 1.2 mbar, respectively);
() Vpp =93V,N=700 (curves ], 2, 3,4, and 5 are obtained
forp=0.4,0.6, 0.7, 0.9, and 1.0 mbar, respectively).

effect of rotation depends strongly on the neutral pres-
sure and on the peak-to-peak voltage U, which deter-
mines the dc electric field at distances where the grain
rotation is observed. Figure 21 illustrates the depen-
dence of the rotation of a dust cloud on U,,, and the gas
pressure, and Fig. 22 illustrates the dependence of the
angular velocity of rotation on the distance from the
center of rotation. It was observed that, under certain
conditions, the dust clouds contractsto asmall size due
to dust spiraling toward the center (Fig. 23).

These figuresiillustrate what kind of new effect one
can expect to observe in complex plasmain an external
magnetic field. Above all, the contraction of the dust
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Fig. 23. Three consecutive graphs showing the (a) initial,
(b) intermediate, and (c) final stages of contraction of adust
cloud toward the center after a sudden increase in Vop from

100to 300V for apressure p = 3 mbar. The vectorsindicate
the grain displacements in 20 consequent frames. The con-
traction happens on atime scale of afew seconds.

cloud perpendicular to the magnetic field is also an
effect that is expected from the theory of collective
dust—dust interaction in a strong magnetic field
described in [2, 30] (see below). It isalso expected that
the melting temperature of the plasma crystal in amag-
netic field will increase with increasing magnetic field
strength, since, as was demonstrated in [2, 30], the
potential well of the collective attraction increases with
magnetic field strength.

In [81], in which a much stronger magnetic field
(from 0.4 to 40 kG) was used, the ratio of the dust size
to the Debye radius was on the same order of magni-
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Fig. 24. Typical column-shaped dust cloud in a magnetic
field.

tude asin[80]. Inthis case, the critical field can be esti-
mated using expression (73), since all ions are subject
to friction on dust for the dust cloud configuration
shownin Fig. 24.

The observed rotation of the cloud was almost a
solid body rotation (see Fig. 25). The observations of
[81] are interesting because they indicate what new
kinds of dust structures can be encountered in future
experiments in amagnetic field. In simulations involv-
ing only screened grains (charged negatively), the par-
ticles exhibit an azimuthal E x B drift (say, in a clock-
wise direction). In the experiments, it was surprisingly
found that sometimes the grains rotate in the opposite
direction (anticlockwise). The explanation for this is
the interaction with other plasma components. The
ions, being charged positively, drift opposite to the neg-
atively charged particles. It isthe drag by ions that may
finally force the grainsto drift in the opposite direction.
Obviously, thegrains, having alarge mass, are not mag-
netized and, therefore, do not experience the drift force.

Of course, these observations are only thefirst steps
in the direction of investigating the role of strong mag-
netic fieldsin complex plasmas.

One important question isthe rotation of dust grains
produced by charging of nonspherical grains[79]. The
particles absorbed by the grain usually should losetheir
angular momentum before they are attached to the
grain, thus forming the accretion disk that is very well
known in astrophysical investigations of accretion
problems. A similar accretion disk can be formed
around a dust grain. The angular momentum will be
transformed partially to the grain causing itsrotation. A
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Fig. 25. Rotation speed v4 as afunction of the radiusr at a
vertical magnetic field strength of B =0.12 and 0.39 kG, gas
pressure of 220 mtorr, and discharge current of 0.5 mA.

new kinetic approach is necessary to describe the spin-
ning angular magnetic moment and its interaction with
an external magnetic field [84]. The consequences of
this angular momentum transfer to the dust grain will
be very important. It can cause collective grain rotation
and, therefore, create regular collective magnetic
moments of aligned grainsin the magnetic field, which
would lead to the creation of a self-consistent magnetic
field by the dust clouds. Thisfield of research opens up
completely new possibilities for investigating the role
of external and self-generated magnetic fields in com-
plex plasmas. One important problem is investigating
the change of collective dust—dust interactions in the
presence of a strong magnetic field. The examples dis-
cussed in [2, 85] show that a strong magnetic field can
increase the potential well for dust—dust interaction and
can decrease the distance between the grains at which
the collective attraction determines their interaction.

Another approach using strong magnetic fields is
related to magnetic grains, i.e., grains with an initially
large magnetic moment. To describe their interaction
with the magnetic field in complex plasmas, both the
kinetic and the hydrodynamic approach can be used
[84]. Ordinary magnetic materials have adomain struc-
ture with different orientations of the magnetic field in
different domains. The size of adomain is several um,
and when a single grain represents a single magnetic
domain, the magnetic moment of the grain can be rather
large, and the magnetic field at the surface of such a
grain can also be very large. With these magnetic dust
structures, one can perform many experiments includ-
ing dust plasma condensation, plasma crystals, mono-
layer crystals, etc., i.e., the entire spectrum of experi-
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ments performed so far with dust grains without mag-
netic moments. Experiments with dust grains having
different nonspherical shapes are of specia interest. An
important problem isthe investigation of the alignment
of dust grains along a strong external magnetic field,
especially in the case of strong dust—dust interactions.
Obvioudly, these grains can produce a large magnetic
field themselves and change the external magnetic
field.

2.1.4. The boundary between the dust structure
and thedust-free plasma. In all structuresinvestigated
so far, the surface between the dust-containing region
and the dust-free region was rather sharp. Future exper-
iments should be performed to answer the following
guestion: When such a sharp surface can be destroyed,
what could the distribution of grains in the surface
region be, and what is the value of the surface tension?
In the simple description given above, the dust density
can have ajump at the surface, and the surface tension
issimply determined by the product of the dust density
jump and the dust temperature. An interesting problem
isto find how the sharp density profileisformed intime
and the conditions where this happens. It seemsthat the
sharp surface could be related to the ion drag produced
by the ion flow, which acts stronger on the first dust
layer it encounters and weaker on the subsequent dust
layers; as a result, the first layer moves with a higher
velocity and the dust layers at the surface are com-
pressed to form a sharp boundary. The force that acts
against these compression forces is the dust pressure.
But the dust pressure is rather weak and, therefore, the
boundary should be sharp. The thermophoretic forces
can work in an opposite way and, therefore, the combi-
nation of drag and thermophoretic forces at the dust
boundary can create boundaries of different sharp-
nesses. This effect could be the subject of experimental
investigations.

2.1.5. Waves, shocks, solitons, and moving dust
structures. The difference between complex plasmas
and ordinary matter is the high rate of dissipation.
Shocks and solitons in ordinary matter are nonlinear
waves without large dissipation: solitons exist in the
case of weak dissipation, while in shocks, the dissipa-
tion is present only at their front region. In complex
plasmas, the dissipation is usually present in the main
part of the nonlinear wave; therefore, the general con-
cept of nonlinear waves is cardinaly changed: for a
nonlinear wave to propagate, it usualy must be main-
tained by an additional external source of energy. Note
that this is not surprising, since the complex plasmais
an open system and even its ground state needs to be
maintained by external ionization. For this reason, it is
necessary to carry out more sophisticated experiments.
Another important point could be related to the pres-
ence of an external magnetic field: Theion and electron
gyrofrequencies can often be much less than the charg-
ing frequency; therefore, all of the collective magnetic
modes known for ordinary plasmas are changed. We
definitely need to fix the external sources on which the
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linear responses of complex plasma depend, as well as
to develop atheory of linear modes for these external
sources. Nonlinearities should be determined by non-
linear responses, which also depend on externd
sources. At present, no advanced theoretical description
of linear modes propagating in the background com-
plex plasma in a magnetic field is available. Experi-
ments should be developed together with an appropri-
ate theoretical description of the modes and nonlinear-
ities. The first attempts to investigate experimentally
nonlinear structures in a complex plasma were
described in [3], and the first efforts to show that non-
linear structures in complex plasmaare highly dissipa-
tive and need an external source to be supported was
made in [3]. In [85], one finds examples of numerical
solutionsfor highly dissipative structure moving with a
constant Mach number M = 1.

2.2. Trendsin Theoretical Investigations

2.2.1. Development of the theory of waves and
instabilities. In contrast to ordinary plasmas, in which
the waves and instabilities have been investigated in
detail and are summarized in textbooks, a proper list of
waves and instabilities in complex plasma is still
unavailable. This is related first of all to the greater
complexity of the ground state in which, in addition to
the charge balance condition, the balance of ionization
and absorption should also be used [86]; this was real-
ized only recently. Second, it is related to the depen-
dence of the linear dispersion relation for waves and
instabilities on the source of ionization. Third, due to
universal structurization instability [27], the ground
state for waves can be highly inhomogeneous. At
present, it is realized fully that the presence of dust in
plasma can change the linear dispersion relation in a
broad range of frequencies (below, the charging fre-
quency or the charging frequency times P = nyZ,/n;)
and in a broad range of wavenumbers (below, the
inverse charging length or the charging length is
divided by P). The work required to prepare a list of
waves and instabilities in complex plasmas has not yet
been performed. For example, there are several calcula
tions for the damping of Langmuir waves in complex
plasmas. But even for such a simple problem, several
answers exist in the literature that contradict one
another or take into account only part of the effects that
can cause damping and do not take into account other
effects (which in fact can be larger than those that are
taken into account). Even afull hydrodynamic descrip-
tion of waves and instabilities in homogeneous com-
plex plasmasis not yet available. A major effort should
be made to systematize the work that has already been
performed, in order to clarify the limits of their applica-
bility, etc.

2.2.2. Weakly nonlinear theory in complex plas-
mas. Here, we have in mind the known quadratic and
cubic nonlinearities. To describe quadratic nonlinearities,
efforts should be made to find the andogy of (v - V)v
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terms used in the Kordeveg—de Vrees eguations for
ordinary liquids and plasmas. Obvioudly, in the pres-
ence of the charging damping of ion motions, addi-
tional terms of thistype can be present in complex plas-
mas. Their roleis still waiting to be analyzed. Both the
Kordeveg—de Vrees and the Boussinesq equations will
be different in complex plasmas as compared to ordi-
nary plasmas. A full analysis of this problem is still
lacking. In ordinary plasmas, cubic nonlinearities
describe the modulationa interactions. In the future,
the full cubic responses in complex plasmas should be
found and analyzed. At present, the only fragmentary
investigations in this field cannot provide a full under-
standing of the effects that can be encountered in cubic
complex plasma responses.

2.2.3. Development of thetheory of complex plas-
mas in strong magnetic fields. The theory of a com-
plex plasmain a strong magnetic field has only started
to be developed. The first major problems arerelated to
the charging and screening of grainsin amagnetic field.
In [81], only some estimates for the charging cross sec-
tion in the presence of amagnetic field are given for the
limit in which the electron gyroradiusis much less than
the electron collection radius and for the case in which
the ion gyroradius is much less than the ion collection
radius. All intermediate cases should be investigated
numerically. Further development is related to a more
detailed investigation of the collective dust—dust attrac-
tion in the presence of astrong magnetic field. Thiswill
give an indication of the possible change of crysta
structures by the magnetic field and will be one basis
for the investigation of collective self-organized struc-
turesin a strong magnetic field.

2.2.4. Scaling invariance and phasetransitionsin
complex plasmas. It is well known that, in the transi-
tion to the strongly correlated state in ordinary matter,
fluctuations increase substantially and the scaling laws
describing them can be obtained theoretically and have
been confirmed experimentally [87]. One could expect
that, for complex plasmas, fluctuations close to the
transition will also substantially increase, but the possi-
bility of using scaling lows is questionable since the
system isopen and the free energy concept isinapplica
ble. The whole problem must be reconsidered, and this
has not yet been done. The lack of a concept of free
energy was clearly demonstrated above in calculating
the collective attraction forces. Also, the Landau
approach for phase transitions using the expansion of
the free energy close to the transition point is question-
able. If one finds some parameter similar to the param-
eter of order in the Landau concept, then this parameter
in complex plasmas should depend on the type of the
source. The new trends can be seen from the universal
instability of DAWsfound in[86]. Theinvestigationsin
[86] were made only for the linear stage of instability.
This instability has a peculiar property of exciting an
almost singular mode. Since the excited “structure” is
simply sinusoidal, one can expect that, on the nonlinear
stage, it will correspond to a single nonlinear mode.
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The amplitude of this mode can probably serve as a
Landau parameter for the phase transition. Investiga:
tions can then proceed by the scheme of the scale-
invariance approach. The final aim of these investiga-
tionsisto study the pair correlation function.

2.3. Applications

2.3.1. Technological and industrial applications.
The treatment of surfaces using plasmas is very much
developed in industrial applications. These include the
coating of surfaces with thin films and plasma etching
for the production of computer chips. The physical pro-
cesses in these different experiments can be quite simi-
lar.

We consider here plasma RF etching, which seems
to be one of the processes with the greatest practical
importance.

(i) Dust Cloudsin Etching Devices

Investigation of the formation of dust clouds in the
processes of plasma etching was begun in [74, 88-92]
(originally in[89, 90]), wherelaser scattering from dust
in the etching chamber was used to detect dust clouds
levitating above the etching wafers. It was soon con-
firmed that these clouds are an inevitable consequence
of the etching procedure, where the etching materia
formsdroplets or dust grains at the surface of the wafer.
They become charged at the surface of the etching sam-
ple, and the eectric force of the sheath then lifts the
dust grains above the surface and the grains start to lev-
itate in the electric field of the sheath close to the sur-
face. The density of dust grains in the levitating cloud
increase continuously until the interaction between
them becomes strong and they often form a dust liquid
cloud. The first proof that such a dust cloud can in fact

Fig. 26. Dust structure observed in etching experiments.
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be plasma—dust liquid drops was given in [76]. The
cloud levitating above the etching sample can have a
rather complicated shape (see Fig. 26).

The size of the grains in the cloud continuously
increases during the etching process [91]. It was shown
in [92] that the etching products injected into the
plasma volume during etching can also form layered
structuresin which each layer issimilar to somekind of
a 2D plasmacrystal. The structure and the particle sep-
arations, however, may vary from one layer to another
so that the size of the dust grains decreases with height.
The difference between the conditions for etching and
dust experiments on plasma crystals is that the dust
cloud is composed from grains with different sizes and
that the dust density (at least at first stages of etching)
is several orders of magnitude larger that in plasma
crystal experiments. The dust is formed in etching by
natural processes, and, in view of specific practical
aspects, there are only a few possibilities for changing
devices and performing diagnostics. The dust can
finally fall on the etching sample and spoil the product.
In[92] it was observed that thefall of the dust grain can
be catastrophic in a sense that the dust cloud, after con-
tinuously growing, suddenly falls as a whole on the
sample. Sometimes the largest grains start to be con-
centrated on the lowest layer and form a continuous
“rain” of dust grains on the sample surface.

The formation of these structures is inevitable and
undesirable as natural contamination in the production
procedure. We will give only a general description of
the problem and briefly discuss some important princi-
pal points, not only for etching, but also for many other
experimental devices in which low-temperature plas-
mas come into contact and interact with the surfaces
surrounding the discharge volume.

(ii) Formation of Dust Grainsin Etching Devices

The formation of dust grains in low-temperature
plasmas appearsto be acommon phenomenon. The dis-
covery of the presence of dust grainsin the low-temper-
ature plasmas of gas discharges was made as early as
1924 in the pioneering work by Langmuir [93]. The
most detailed and recent investigation on the role of
dust grains in the positive columns of gas discharges
was performed in [94]. At present, it has been con-
firmed that most low-pressure plasma discharges con-
tain a relatively large, well confined dust component.
This confinement is due to the appearance of negative
charges on dust grains having the floating potential, as
well as to the presence of negative charges on the wall
of the discharge chamber. The appearance of the latter
has the same cause. The potential barrier between the
volume and the wall for electrons is approximately T,
(in energy units), but for dust grains with a charge Z e,
this potential barrier will be Z4T.. As a rule, the dust
grains quickly lose their kinetic energy in collisions
with neutrals, the density of whichin alow-temperature
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plasmais usually five to six orders of magnitude larger
than the density of electrons or ions. The condition for
dust confinement, ZyT, > T,, = T,, israther well satisfied
in gas discharges. The source of dust grainsisthe evap-
oration of macroparticles from the surface of the dis-
charge chamber. This serves as a source of dust grains
in any discharge, not only those invented for etching,
though for etching, this source is much more efficient.
Let us describe in avery rough and simple manner the
principle of the etching mechanism used in most indus-
trial installations for the formation of computer micro-
circuits. As was mentioned above, the double layer
formed in a gas discharge close to the wall (and also
closeto the wafer used for etching) repelsthe electrons
and acceleratestheions. Theions traversing the double
layer cross the potential difference on the order of the
electron temperature, which ismuch higher thantheion
temperature; i.e. theions receive energy comparable to
the electron temperature. The sample for etching has a
mask, and the ions (of the naturally appearing ion flux)
approaching the sample and bombarding it should cre-
ate a local temperature on the order of that necessary
for melding the material of the sample. Thisinevitably
leads to evaporation and the injection of nonspherical
fragments of the etchant into the plasma volume. The
physics of the appearance of theion flux isthe same as
that leading to the formation of the doublelayer and the
levitation of dust grains. Also, the processes of elec-
trode erosion contribute to the injection of macroparti-
clesinto the plasmavolume.

This makes a huge difference with ordinary gas dis-
charges. The rate of dust injection depends substan-
tially on the properties of the surface, e.g., on its chem-
ical composition and temperature. These parameters
can change during the discharge. In etching, chemical
processes and the chemical formation of dust clusters
also play an important role [91].

In the process of etching, there exist two sources of
dust grains. Thefirst of these is related to the oversatu-
ration of vapors of the materials used for etching within
the discharge volume. This results in the creation of
microdrops. As a rule, in chemically active mixtures,
dust grains may be born by chemical reactions. The
other source of dust grains is the process of etching
itself.

(iii) Stages of Dust Growth

Laser scattering [95, 96] can be used to detect dust
grains from asize of 0.01 um, but the more practicable
and most widely used methods for detecting dust grains
start to operate from asize of 0.1 um. Starting from this
size, one can follow the evolution of the dust grainsand
answer the question of whether they are growing or not.
Thegeneral answer isthat they are almost always grow-
ing, but the stage of growth depends on therate of injec-
tion of new dust grains and the agglomeration of
smaller grainsinto larger ones. The etching timeis usu-
ally much longer than the agglomeration time, and the
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dust grains can grow during the etching up to asizevis-
ible to the naked eye.

The mechanism for the growth of dust grainsis not
well understood, but obviously consists of several
stages. The first is the simple Brownian motion of
chemical fragments and the formation of clusters of,
say, about 100 molecules. This stage was investigated
in detail experimentally [96, 97]. The process then con-
tinues as grain agglomeration [97]. As the dust grain
size increases, the charging process begins and the
Coulomb repulsion prevents further agglomerations
[97]. The first stage of agglomeration of small dust
grains with small dust charges can be described in
terms of noncollective dust attraction [98], although
estimates show that the role of collective attraction can
be also important [2]. The collective attraction is pro-
portional to the parameter P = ngZ,/n; squared. In the
stage of the agglomeration of small grains, it is more
convenient to use another parameter, P' = nyZy/ne,

which is usualy estimated to be 10°-10*. Since
P'=P/(1 — P), the parameter P in this stage of dust
growth is very close to unity; this certainly indicates
that collective attraction dominates. It is therefore very
probable that the collective attraction of dust grainsis
responsible for the observed first stage of dust agglom-
eration. More detailed investigation of this problem still
need to be performed. As was mentioned above, an
increase in the dust size and, therefore, an increase in
the dust charge stops the agglomeration and the dust
startsto grow rather slowly due to the recombination of
electronsand ions on the grains, which leads to the dep-
osition of the material onto the surfaces of dust grains.
This process is an inevitable factor related to the ion
and electron fluxes appearing from the adjustment of
the potential of adust grain to that of the floating poten-
tial; this leads to the appearance of charge on the dust
grains. According to the OL approach, the ion thermal
flux is larger than the geometrical ion flux by approxi-
mately 2.1T./T, = 10%, which is sufficient to explain the
observed growth rate of dust grains in the stage in
which the agglomeration has already become ineffi-
cient. The characteristic time of dust growth is on the
order of afew seconds, which is rather short compared
to the duration of the etching processes. The observa-
tions indicate that, at these times from the start of the
etching process, the measured dust density isalready as
highas 10® cm= and thegrain sizeisabout 0.1 um. This
value of the dust density is at least four orders of mag-
nitude larger than in the experiments of plasma—dust
crystals. Therefore, the ratio of nyZy to n, is much
higher than that in the previously discussed experi-
ments on plasma—dust crystals, P = 10*-10?, so the col-
lective effectsintroduced by the dust are much stronger.
The subsequent growth of dust grains can appear as an
interchange between the processes of material deposi-
tion and dust particle agglomeration. A detailed physi-
cal understanding of these processes is still lacking. It
isonly known that dust grains always continue to grow
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Fig. 27. Cauliflower dust grain observed in etching experi-
ments.

and that they can become, in some stages, perfectly
spherical, starting from completely nonspherica
shapes, and can, in other stages, form fractal-like struc-
tures, probably due to dust agglomeration. After the
growth of dust grains due to the deposition of material
on their surfaces, another agglomeration stage can
often occur. In this stage, the grains often form fractal
structures and look like cauliflowers (see Fig. 27).

Most experiments find the appearance of such struc-
turesinthefinal stages of etching. When dust grainsare
large, both the collective and noncoll ective attraction of
grains can become larger than the Coulomb repulsion.
Noncaollective attraction was used in [98, 99] to obtain
a criterion for dust agglomeration. One of the most
important effects in noncollective attraction is that
related to the bombardment of dust grains by neutral
atoms [100], but collective attraction [85] can also be
very efficient. Both effects are proportional to the
square of the dust size and, as soon as this size exceeds
the threshold value (dust grows for example due to the
material deposition process), collective agglomeration
can start to operate. Thus, agglomeration can occur
either for small dust charges, when the Coulomb repul-
sion is not able to compete with chemical forces, or for
large charges and large sizes, when collective attraction
starts to dominate the Coulomb forces.

(iv) The Computer Industry

We should mention one practical aspect of the prob-
lem of dust agglomeration: it isthe main obstacle to the
production of high-quality computer microcircuits. For
a long time, this was the main problem hindering the
further miniaturization of computers. A review of the
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results concerning the struggle with this problem until
1994 is given in [101]. In 1999, some progress was
made by using the physical properties of dust clouds,
namely, the increase in dust—dust interaction with
increasing grain size. One could hope that, as soon as
this interaction converts the dust cloud into a liquid
state and the cloud becomes a liquid drop, the dust
cloud can be taken away by inclining the installation,
i.e., inthe sameway aswater can be taken off aplate by
inclining it. This means the use of the gravity force in
an intermediately (not very strongly) coupled state.
Another possibility is to use the thermophoretic force,
which can be comparable to the gravity force. Finaly,
avery efficient method is the use of electrostatic clean-
ers devised in [102]. For microelectronics, the contam-
ination by dust in the etching industry is now under
control only for relatively large dust grains (a> 0.1 um)
[103]. However, computer technology is developing
fast in the ways of miniaturizing computers, and the
electronics industry will require in the future that
smaller and smaller dust grains be removed from the
processing region to avoid the contamination of etching
wafers. For dust production and wafer contamination
during etching, a crucia role is played by the inhomo-
geneity of influx from plasma to the substrate, as was
pointed out in [104].

2.3.2. Powder production and materials science.
Dusty plasma technology allows one to produce pow-
ders of very small size grains (in the range of nanome-
ters) that can be rather uniformin size and can have the
desired chemical properties [103]. These grains can be
used in active surface catalysis. Surface catalysis is a
very efficient process because the larger the total sur-
face in the given volume, the larger the catalytic effect.
Anincrease in the surface area can be achieved by dis-
persing the material into a large amount of small dust
grains. Thistechnology is very efficient and promising
for industrial applications. Dust grains can also be used
in the modern technol ogy of composite materials[105].
The coating of grains with desired materials can have
many applications, in the perfume industry among oth-
ers[103]. Dust grains can be used to produce thin films
on the surfaces. The growth of diamonds as dust grains
in plasmaisarapidly developing technique [106]. This
leads to problems in the surface processing of dust
grains [107, 108] and in producing grains with desired
surface properties. For these purposes, the industry
requires a good understanding of dust—plasma interac-
tions, particularly of the heat exchange between plasma
and dust. Ferromagnetic iron dust grains can be used to
coat surfaces. Nanostructured composite films can only
be produced using dusty plasma technology. Another
method for producing nanostructures is the coating of
surfaces with plasma monolayer crystals. Carbon nan-
otubes can be exposed in plasma to implant atoms into
nanotubes and form new materials [109]. Thus, the
physics of dusty plasmas and complex plasmas has
started to play a key role in materials science and sur-
face processing technology [103, 108].
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2.3.3. Dugt in fusion devices. The wall conditions
in fusion devices differ from those in devices for
plasmaetching; however, near thewall, the temperature
can still be sufficiently low for long-term dust survival.
Thethermal flux onto thewall israther high, which can
lead not only to the evaporation of thethin films coating
thewall, but can destroy them and create aflux of flakes
from the wall. The temperature at the wall can even be
lower than in low-temperature industrial devices dueto
the radiation cooling of plasma. In particular, this
occurs in the so-called detached regions, where the
thermal flux onto the wall is amost completely con-
verted into a radiation flux. In these near-wall regions,
the temperature can be as low as 0.5 eV. One should
expect under these conditions not only survival of the
dust produced by the wall but also its levitation in the
electric field of the wall sheath. The wall conditionsin
fusion devices, the temperature profiles, the influence
of athin film covering the wall (the so-called boroniza-
tion and carbonization of the wall surface) is described
indetail in[110] (seeaso[111]).

Thus, the question arises as to whether dust isreally
produced at the walls of fusion devices, how long it sur-
vives, and what areits characteristics? It was found that
dust grains are present in any fusion device and that
they can be collected after many discharges. Their size
ranges between a few nm to 0.1 um. For several hun-
dred discharges, their total mass is estimated to be
about 100 g [112]. Recent investigations have shown
that, in fusion devices, dust is created in every dis-
charge and is produced in especialy large amounts in
the so-called disruption phases, where the plasma flux
onto the wall is rather high—on the order of the flux
that is expected in future fusion devices such as the
ITER [113]. Dust grains collected after many dis-
charges differ in size, and one can often find dust
agglomerates (see Fig. 28). It is unlikely that these
agglomerates could be formed in a single discharge
since the estimated time of the formation of an agglom-
erate is much larger than the discharge duration. This
indicates that dust grains can grow from discharge to
discharge, being attached to the wall between the dis-
charges and levitating in the sheath field during dis-
charges.

In existing fusion devices, dust does not play a
major role, although it can influence the start-up phase
of adischarge and control therate of impuritiesinjected
into the discharge. Dust can play amore important role
close to the limiters and in the detached regions. In
future fusion devices such as the ITER, dust can be a
major problem because of the much larger flux onto the
wall due both to the much longer time of operation to
the radioactivity of the dust grains [112]. Wall erosion
is well-established phenomenon and is directly related
to dust formation. Unipolar arcs at the surface are also
well known in fusion devices; in principle, they can
produce dust structures of certain complicated shapes,
such as the well-known carbon nanotubes. It has been
claimed that such nanotubes were observed in toka-
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Fig. 28. Dust created by many shots in tokamak fusion
devices.

maks [114]. It is known that nanotubes are efficiently
produced in arc discharges and that unipolar arcs oper-
ate in fusion discharges. Thus, the presence of nano-
tubes as dust grains during adischargeisquite possible.
The observations of [114] are indirect, and nanotubes
were not collected after discharges; thus, they could
somehow be destroyed at the end of adischarge. Obser-
vations show that many dust grains collected after adis-
charge have strong magnetic properties, although no
magnetic materials were used to coat or treat the sur-
face. This means that magnetic dust is created during
discharges. On the other hand, high-power loading dur-
ing disruptions or in the edge localized modes leads to
the evaporation of wall films, and the dust grains are
known to efficiently grow from such oversaturated
vapors. These grains can coagul ate due to the collective
or noncollective attraction described in[2]. The average
size of the agglomerates of grains observed in fusion
devices after coagulation is about 0.1 um. The mecha
nismfor the dust growth in the case of high-power load-
ing can be checked by repeatedly exposing a carbon
materia using high-power electron gun asin [85]. The
average power to which the carbon material was
exposed was about 1 GW/m? and the evidence of the
formation of fullerene-like materials was fixed, as well
as the formation of dust agglomerates. It is known that
fullerenes (at the periphery) and carbon nanotubes (at
the center) can be produced in the same arc discharge.
Therefore, this observation serves as an independent
argument for the possible presence of nanotube dust
structures closeto thewall of afusion device[114]. The
formation of magnetic dust close to the wall is of spe-
cia interest both from the genera physical point of
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view and for the problem of the start-up phase of fusion
discharges, when the magnetic dust collected in mini-
mum-B regions can act as an impurity source raising
the emission rates. In future fusion devices, the main
concern is the radioactivity of dust [111-113]. This
result in many safety problems for future fusion
devices. A new technique of dust removal during adis-
charge should probably be used [108, 113].

2.3.4. Dust cluster laser fusion. After plasma con-
densation into cluster and grains, the material can be
exposed to a very strong laser radiation. The same can
be performed for single-layer plasma crystals or dust
clusters confined externally in a parabolic potential
well [115-118]. After irradiating by alaser, each grain
explodes, evaporates, and forms afast expanding cloud.
Electrons heated up to 0.5 MeV act on ions by ambipo-
lar force, thereby increasing their energy above the
nuclear reaction threshold. Each expanding cloud,
being initially packed closely, has a nuclear density
large enough to produce nuclear reactions. The laser
absorptionrateislarger for the material formed by clus-
ters or plasma crystals than for ordinary dense matter.
This method is being considered for the creation of a
future fast neutron source and a new table-sized fusion
device.

2.4. Environmental Applications

2.4.1. Dust exhausts. Environmental applications
for the new field of complex plasmas are related to the
possibility of removing dust from industrial exhausts.
Most exhausts are dust injected into the atmosphere.
Before injection, the dust can be charged by applying a
high voltage and initiating a glow discharge at atmo-
spheric pressure. If one succeeds in making this dust
interact strongly to form astrongly correlated state, one
has the opportunity to use dust cleaners to remove the
dust. For industry, it is possible to use the newly found
dust properties to cleanse exhausts. Such applications
are rapidly developing [119]. However, real successis
not yet foreseen in the near future for this to be an effi-
cient industrial technique.

2.4.2. Atmospheric physics. Many physical phe-
nomena in the atmosphere are related to dust. We list
only some of them:

(i) The physics of thunderstorms are related to vapor
condensation on dust grains.

(ii) Lightning is mainly related to the charges
appearing on dust grains.

(iii) Tornados appear as large air vortices with the
significant inclusion of dust grains.

(iv) Dust in the upper atmosphere (at altitudes of
about 80-90 km) was first observed long ago by radar
echoes. This phenomenon, which was named PMSE
(Polar Mesopause Summer Echoes) [120], was proven
to be related to the reflection of signals by dust clouds
[121]. At present, it has been proven by direct rocket
measurements that these clouds are dust clouds [122]
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(referred to as noctilucent clouds). The source of dust
can be of meteoric, volcanic, or pollution origin. The
most worrying observation is the continuous increase
of dust density in these clouds; this could indicate that
pollution isthe main source of dust in these clouds. The
most intensive formation of these dust clouds in sum-
mer is related to the appearance of atemperature mini-
mum at these atitudes during the season. In [121], the
enhanced scattering by a dust cloud was explained by
the formation of an electron cloud shielding dust
grains. This mechanism was believed for along time to
be the major mechanism for the enhancement of
reflected radar signals. The latest data [122] indicate
that an instability related to dust can create alarge-scale
electron inhomogeneity. A recent approach to treating
this instability was made in [123].

(v) Ozonelayer physicsare closely related to dust in
the upper atmosphere because the depletion of hetero-
genic ozone on the surface of dust grain is much more
efficient than the volume depletion. Ozone depletion
occurs mainly on the surface of agglomerates of ice
with the inclusion of chlorine molecules. The ozone
layer israther wide: itsdensity ismaximal at an altitude
of 30 km, and it spreads up to 50-80 km, whereioniza-
tion plays an important role. Physics and chemistry, as
well as complex plasma physics, should be appliedin a
self-consistent manner to treat the problem of ozone
layer depletion.

(vi) There are indications that the globa warming
effect is related to solar cosmic ray activity. Cosmic
rays produce the seedsthat start chemical chainsending
with molecule agglomerates. The latter serve as seeds
for water vapor condensation, which determines the
level of clouds in the atmosphere and, therefore, the
global warming effect.

The above list shows that the complex plasma phys-
ics can play an important role in crucia environmental
problems.

2.5. Astrophysical Applications

25.1. Dustininterstellar media. Dust in spaceisa
very old subject for investigation. The physics of inter-
stellar mediaare mainly the physics of the emission and
scattering of light by dust grains [124, 125]. Very
important information about interstellar media can be
obtained from the line emission of the solid material of
grains. Scattering by grains of different shapes also
givesimportant information about the structure of mag-
netic fieldsin interstellar media sinceit is believed that
nonspherical grains are aligned in the direction of the
interstellar magnetic field. From the line emission of
interstellar dust, it is possible to find the material com-
position of the dust grains. This aso providesinforma
tion on the chemical processes occurring in the inter-
stellar medium. Not only minerals but also many
organic materials have been found to be present in
interstellar gas. Interstellar gas is very inhomogeneous
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in density and temperature: there are the so-called HIl
regionswith large electron temperatures (5-10 €V) and
agas density of about 0.01-0.1 cm and the so-called
HI regions with much lower temperatures (about
107 eV, or 5-10 K). It is believed that the hot regions
are related to the remnants of supernova explosions.
The many shocks related to these explosions heat the
gas. The product of the temperature and the gas density
in both regions is almost the same. In the cold regions,
so-called dust—molecular clouds exist. In these clouds,
hydrogen is in the atomic state (not ionized). It recom-
bines on the dust surfaces, forming molecules, whichis
why these clouds are called dust—molecular clouds.
This recombination is most efficient not in the volume
but on the surface of dust grains. The molecules pro-
duced as a result of the recombination process either
leave the grains or are attached to the grains, thereby
increasing their size. Thus, the process of recombina-
tion has two important aspects. the growth of dust
grainswith increasing recombination efficiency and the
existence of a source of molecules in the clouds. The
conventional view of grain growth in dust—-molecular
clouds is one based on the effect of accretion: the con-
densation of nuclei containing asmall number of atoms
being bound together by the van der Waals and chemi-
cal forces. They grow viathe sticking of atomsand their
attachment to the surface [125]. This first stage of the
Brownian motion—driven dust growth has been consid-
ered in detail both theoretically and numerically [126—
128] and was recently confirmed by microgravity
experiments [129]. Thismodel was also used to explain
the dlow growth of dust grainsin dust—molecular clouds
to a size of about 0.1 um on time scales of 10°-
10° years. The further growth of dust grains by accre-
tion is hampered by a number of effects, including the
decrease in the sticking probability with increasing
grain size, the density and temperature of the ambient
neutrals and plasma, and the temperature of the dust
grains themselves. The high temperature of grains pre-
vents their further growth. This point of view has been
accepted by the majority of the astrophysical commu-
nity and has long been an astrophysical paradigm, ever
since the detailed investigation made in [130] on the
attachment and detachment probabilities in a low-tem-
perature molecular neutral gas. The concept of slow
dust growth has al so been accepted for other astrophys-
ica problems, such as the formation of stars [126].
Note that recent astrophysical observations contradict
this paradigm.

25.2. Dust agglomeration in space. Important
recent observations [127] of circumstellar dust shells
around long-period variables [131] demonstrate that
dust formation takes place on a time scale of tens of
years. The winds of these C-stars so efficiently pro-
duces dust that the circumstellar dust shell totally
obscures the central object (star). Multiple dust shells
in the form of circumstellar structures are aso
observed. Given the rate of production of multiple
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shell-like structures, one can propose a new process of
dust formation, namely, agglomeration in space. An
important feature of the light curve from supernova
SN1987A is a break at about 500 to 600 days, coinci-
dent with an increase in the infrared flux and an
increase in the absorption of the red-shifted emission
lines [132]. These observations confirm the formation
of dust within the supernova ejection after about
500 days. The dust in interstellar space can be studied
using telescopes. Small particles of solid matter tend to
polarize light reflected and scattered by their surfaces.
Particles of about micron size appear brighter in for-
ward-scattered light than in back-scattered light.

Dust agglomeration due attraction shadow forcesin
neutral gas[2] can be used to explain the observed phe-
nomenon. The conditions for outbursts, stellar winds,
and supernova explosions are different than those in
molecular clouds; in particular, the charged plasma
component can play an important role. In molecular
clouds, the collective and noncollective attraction of
dust grains [2] can also be important. The main differ-
ence between the conditionsin outbursts and molecular
cloudsisthe absence of plasmaheated to 3 x 10* K (the
degree of ionization by cosmic rays or radioactivity is
lower than 107, except for the boundaries illuminated
by UV radiation, resulting in the rapid growth of the
plasma density in certain stages). The presence of
plasma can considerably change the growth processes.
The dust grains in molecular clouds are not highly
charged (Z, is about 2-3), while in outbursts, the dust
charges can be large. The shadow attraction force can
be estimated in the same manner asin [2, 133]:

2

F = %nTnazA,

r

(74)

where a?/r? isthe solid angle, aisthe dust size, r isthe
distance separating dust grains, nT is the pressure of
either neutrals or ions (we can ignore electrons because
of their smaller mass), and A is the numerical factor
called the sticking coefficient. The value of the latter
depends strongly on the dust surface properties and can
vary from 10 to 1 (on average, 10-2). In the calcula-
tions, we previously [2] assumed for simplicity that the
dust grains have equal sizes. This is not true under
astrophysical conditions. The dust distribution over
sizes can be estimated as dny(a)da O 1/a%da; observa-
tionsindicate that a is about 3. In this case, we should
bear in mind that shadow force (74) is determined by
the largest size particles (since F O a*). Equation (74)
is written for equal dust sizes and for the shadow pro-
duced by the neutral gas flux. Attraction can occur even
when the sticking coefficient is zero but the dust surface
temperature differs from the neutral gastemperature. If
a neutral atom during its contact with the surface has
sufficient time to be thermalized to the dust surface
temperature Ty, and is emitted with the energy corre-
sponding to the dust surfacetemperature, thefactor Ain
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Eq. (74)is1— /T4/T,,whereT,istheneutral gastem-
perature. Under the conditions often encountered in
space (when the dust is cooled by emission of radiation

with arate T[a2CISBT§S , Where Oy is the Stefan-Boltz-

mann constant), the value of A is close to unity. The
force given by Eq. (74) operates both in the presence
and absence of plasma. In the presence of plasma, the
force due to the ion and neutral flux should be com-
pared to the Coulomb force between two dust grains:

zie®  Ze nTia’

2 DaTeD eznirz

2
Fe = = 7L nT AN, (75)
r

r
where (asbefore[1-3]) z= Z£/aT, isthe dimensionless

dust charge on the order of 1-2 and Ap. = A/Te/4nnee2
isthe electron Debye radius. A comparison of Egs. (74)
and (75) demonstrates that, for r < Ap, the bombard-
ment force by ionsislower than the Coulomb repulsive

force by a factor of 4)\,23622/612. For r > Ap, the Cou-

lomb force is screened, while the attractive shadow
force is not; this can lead to the contraction of the dust
cloud until the intergrain distance is comparable to ten
Debyeradii. For distanceslarger than the Debye radius,
the ion noncollective bombardment attraction [2] can
dominate the Coulomb repulsion and should be added
to the effect related to gas particle bombardment
attraction.

For outbursts of carbon-rich stars, where n, =
10'° cm=3, n; ison order of n,,, and T,~ 1 eV (which cor-
respondsto the Debye radius between 100 and 1000 pm,
atraction can occur between two equaly charged
grains. For r ~ Ap,, therepulsive force can overcomethe
attractive force, thus forming an attractive potentia
well with a potential given by

V=F.= zzni)\DeazTe. (76)
A dust moleculeisformed if
Ty<T.NApd Z, (77)

where T, is the dust kinetic temperature (not the dust
surface temperature). In the regions where dust is
cooled by emission of radiation, this condition can eas-
ily be satisfied. For n, ~ 10’ cm3, Ape ~ 102 cm (i.e,,
r~10°umanda~ 1 um), Eq. (77) resultsin Ty < T2 ~
10T,, which is easily satisfied in carbon-rich star out-
bursts[131].

In dust molecular clouds, Ap is very large and the
degree of ionization is very low; however, cosmic rays
produce ionization such that n;/ng ~ 107°~10-%. The lat-
ter ratio is only about one order of magnitude less than
in laboratory experiments. In most laboratory experi-
ments, the neutral and ion shadow forces are of the
same order of magnitude and give rise to second and
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fourth stages of agglomeration. In dust—-molecular
clouds, if the dust is not radioactive, the main attraction
forceisdetermined by the neutral flux, and Eq. (74) can
be used when the dust surface temperatureis|ower than
the gas temperature due to radiative cooling. The phe-
nomenon of dust agglomeration caused by dust attrac-
tion due to the neutral particle flux (especialy, the for-
mation of dust—-molecular clouds) has not been much
investigated, but it can apparently operate efficiently in
the range of temperatures above the critical temperature
(10-80 K). For higher temperatures, this serves as the
main mechanism for the dust growth. The agglomera
tion time can be estimated by taking into account the
relative number of particles in phase space with ener-
gies lower than the attraction potential well:

My

Since the force acting between two dust grains is
directed along the straight line connecting this grains,
the characteristic agglomeration time can be estimated
as the time needed for the dust grain to cover the inter-

grain distance. Then, as a direct consequence of
Eq. (78), we have

iw En%DTeniaz)\Dezz[lslz
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ot 2dednd[ﬂ] , (78)

(79)

Fora~1um, Ty~ 100 K, ng~ 10~ cm, we find that

thetime 1, isabout 10° s =30 years.

25.3. Protostars. Star formation. The regions
where stars are formed are usually regions with
enhanced gas density in which gravitational collapse
can start to form a protostar. Theoretical investigations
and observations show that the gas density in galaxies
is inhomogeneous and often forms spiral arms with an
enhanced gas density [125, 134-137]. However, this
enhancement is no larger than 5%. Therefore, at
present, the model of star formation in galaxy arms is
attributed to shocks propagating in a dust cloud. Stars
are formed in dust-reach regions and mainly from the
dust material. The primary gas condensation that is
important for star formation and for the initiation of
gravitational collapse could be due to the attraction
shadow forces discussed in the previous section. The
shadow force also creates a gravitational-like instabil-
ity. The dispersion relationship for the agglomeration
instability of the dust component can easily be written
using the dispersion relationship for the Jean’s instabil -
ity, in which the gravity force is replaced with the
shadow force:

2 2 2
W = K'vg—Ggngmy,
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where according to Eq. (75),

G. = nTnT[a4 20
of = e (80)
and
2 _ nde + nnTn nnTn
* NgMy + NaMy, - NgMy + n,m,

if n,T,> nyTy. Although the attraction forces act only
on dust grains, the expression for v corresponds to the
sound speed at frequencies much lower than the dust—
neutral collision frequency [138]. The corresponding
Jeans length is determined by the relation

v, 2./n
N GeriNgMy ndazA/(l +Nm,/ngmy)

For a ~ 1 um and ny ~ 107 cm™, we have L ~
10" cm; i.e., dust clumps with a size on the order of
10''-10'2 cm are formed.

Since these clumps are much smaller than the Jeans
length for gravitationa collapse, they should precede
stellar and planetary formation. It could be envisaged
that a clump forming through this mechanism will
evolveto larger and larger scales up to the Jeans length,
the structures being similar and scale invariant at each
stage. These structures are aresult of the self-organiza-
tion found in complex physical systems. They can col-
lapse, forming structures from asteroids to stars, the
formation of which still can be related to additional
compression produced by shock waves. The character-
istic time for a Jeans-like instability to develop is the
same as the agglomeration instability time scale [133]

My
Tging = |[——— 2
n,T,ma ny

WhICh, fOf nd ~ 10_3 Cm_3’ nn ~ 103 Cm_3, Tn ~ 50 K, and
a~1-3um,is
Taeinst ~ 10-100 years.

This time is three orders of magnitude shorter than
the Jeans gravitational collapse time, and the Jeans
lengthiislarger by 103. Theresult isthe a clumpy struc-
ture that is often observed in dust—molecular clouds.
Investigations similar to those sketched here can be the
subject of future, more detailed models of star forma-
tion.

2.5.4. Planetary rings. The physics of planetary
ringsisabroad field of research. The dust grainsin the
rings have awide size distribution. The previous theory
and the estimates of the elementary processes in dusty
plasmas were given for monosize dust grains. Future
theoretical investigations in their application to astro-
physical problems and especialy to the problems of
planetary rings should proceed to the generalization of
the theory of the elementary complex plasma processes

L = (81)

(82)
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for the case of grains distributed over sizes. The first
efforts in this direction were aready made in [139,
140], but the whole problem is far from the stage of
being applied to astrophysical problems. The problem
of planetary rings serves as arather good illustration of
the trends in this field and the investigations that need
to be performed (see [119, 140-142]).

The largest rings of Saturn and Jupiter consist of
stones with a maximum size on the order of 3 m. From
the point of view of complex plasma physics, these
stones are dust grains, since their size is much less than
the Debye length, which here is on the order of 0.1-
1km. However, the main question is whether these
“grains’ are ruled by gravity forces or by the self-con-
sistent forces in complex plasmas, such as the drag
force, ram flux force, etc. An important point is that
each planetary ring consists of grains of different sizes
and different rings are characterized by different maxi-
mum grain sizes. Thus, for some of the tiny and rather
thick outer rings of Saturn, the complex plasma effects
could dominate, while for large inner rings, the gravity
forces could dominate. Unfortunately, the present-day
theory of complex plasmaisstill not generalized for the
case where the complex plasma contains a spectrum of
dust grains of different size, which is actually needed
for studying the planetary ring problems as well as
many other astrophysical problems. The first effortsin
this direction were already made in [142]. The role of
gravity in the problems of planetary rings is somewhat
similar to the problems of the Earth’s gravity in labora-
tory experiments with complex plasmas. However,
even in cases where the gravity effects are large, they
can be cancelled out due to the balance between the
gravity forces and the centrifugal forcesactingonasin-
gledust grainin aplanetary ring. Thisbalance of forces
is analogous to the balance of the gravity and electrical
forces in ground-based laboratory experiments with
complex plasmas. As in laboratory experiments where
the forces in the direction perpendicular to the gravity
are not much affected, the forces perpendicular to the
ring plane in a planetary ring can be determined by the
collective complex plasma effects such as the ram flux
pressure, drag force, etc. To investigate these effectsin
future, it will be necessary to find the forces averaged
over the circular Keplerian motion of grains, which to
some extent plays arole of an effective magnetic field.
Such aprogram has not yet been started, but only inves-
tigations like these can lead to a deeper physical under-
standing of the reasons why the observed planetary
rings are so thin, what the collective waves are that can
propagate in the rings, etc. The latter is very important
from the point of view of the interpretation of the Mach
cones produced by large stones in the rings [119],
which are expected to be used as atool for investigating
ring properties. These investigations will be similar to
those in laboratory observations of Mach cones [3];
however, one difference could be in the type of modes
that will be excited. The conclusionsthat could be made
in the future from these kinds of observations will



Fig. 29. Sharp dust boundary cloud of the Eagle nebulain
space.

depend strongly on the type of the mode excited in a
ring. If the wavelength of the excited modes is compa-
rableto the thickness of the planetary ring, these modes
will be closer to the surface modes, and their dispersion
could be quite different from the dispersion of the DAW
modes.

2.5.5. Cometary tails and cometary interactions
with the atmospheres of planets. Comets emit large
clouds of dust that interacts with the solar wind. At
present, it isnot clear whether dust drift instabilitiesare
the main subject of interest in thisarea or if other types
of collective instabilities are also important. The pene-
tration of a comet's substance into planetary atmo-
spheres creates dust clouds, which then produce enor-
mous structures that emit and scatter light [143].

2.5.6. Acceleration of grainsin space: Relativistic
dust grains as cosmic rays of the highest energies.
Grain acceleration can be produced by subsequent col-
lisons with shocks in the interstellar media only in
cases where the grains do not lose their charge while
being accelerated to high velocities [144-149]. The
accelerated grain will then propagate in the dilute inter-
stellar plasma (with adensity of no higher than 1 cm™).
However, in the course of acceleration, a dust grain
should cover arather large distance. It is easy to solve
the charging equation for fast moving grains and find
that, for agrain with asize of 2 um and velocity higher
than 0.1 ¢ (where c is the speed of light), electrons can-
not be attached to the grain since the stopping length of
these electrons in the frame of the grain is larger than
the grain size. A charge balance will be impossible and
grains with velocities higher than 0.1c will be not
charged (see aso [150, 151]. Therefore, if one accepts
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the shock wave accel eration mechanism, one must con-
clude that the grains cannot be accelerated to relativis-
tic velocities because they will lose their charge before
their velocity becomes close to the speed of light, and
they will not interact with the magnetic field of the
shock, which is necessary to produce further accelera-
tion. The only mechanism that can produce relativistic
grainsin spaceisonethat isnot related to their charges:
This is radiative pressure, which can be large in the
regions close to supernova explosions. It is known that
supernovas occur in dust-rich regions. Therefore,
supernovas can produce bursts of relativistic grains.
The theory in [145] shows that the y factor of a grain

(y=1/,/1—vi/c®) canreach avalue of 102-10*. When

penetrating into a planetary atmosphere (particularly
into the Earth’s atmosphere) these grains can produce
cosmic ray showers. There have been attempts to
explain the observation of cosmic ray showerswith the
highest observed energies on the order of 10°! €V as
being produced by relativistic grains. The main ques-
tion raised in [148] is whether such grains can even
reach the vicinity of the Earth in view of the influence
of solar radiation on their charges. When approaching
the Earth, these grains should be neutral. However,
solar radiation in the frame of these grains will be
X radiation and will efficiently produce photoelectrons.
Thegrainswill be charged positively until the charge of
the grains disrupts it. The main problem is estimating
the distance to which arelativistic grain will be able to
approach the Earth from the side opposite the Sun
before disruption occurs. The numerical solution of this
problem given in [146] shows that grains with y up to
10* will be able to reach the Earth. The spatial distribu-
tions of showers produced by such grains will be quite
different from those produced by a single proton with
the same energy. Specific features of the shower distri-
butions for these two cases can be observed by measur-
ing the showers from above with detectors installed on
asystem of satellites.

Cosmic rays of the highest energies are the one of
the biggest puzzles of the universe because it is quite
difficult to find a mechanism for their acceleration in
near space (on the other hand, they cannot come from
large distances due to the cutoff caused by black-body
radiation).

25.7. Dust boundaries in space. It is of great
importance that dust clouds observed in space have
sharp boundaries, as they often have in laboratory
experiments. An exampleisthe boundaries of planetary
rings or the noctilucent clouds that produce PMSE
radar scattering; thisisimportant for ozone layer inves-
tigations. Most amazing are the recent observations of
the dust clouds that obscure alarge part of the sky (Fig.
29); these clouds have very sharp boundaries and there
are indications of the process of star formation close to
these boundaries. The major theoretical problem is
understanding the physics of the formation of sharp
boundaries for clouds consisting of grains with the
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broad size distribution typical of dust clouds under
astrophysical conditions.

3. CONCLUDING REMARKS

Inthisreview, we havetried to give acomprehensive
description of the present state of the art of a new, rap-
idly developing field of science: the physics of complex
plasmas. Thefirst part of thereview, “ Complex Plasmas
as Unusua State of Matter” [1], was devoted to the
main physical differences of this state of matter from
ordinary matter. The aim of the second part, “Elemen-
tary Processes in Complex Plasmas’ [2], was to give a
gualitative description and estimates that could be used
both in theory and in experiments and to derive explicit
expressions for the fundamental processes that occur in
complex plasmas. The third part, “Experiments on
Strong Coupling and Long-Range Correlations’ [3],
described the recent experimental discoveries in this
field, while the fourth (present) part, “Theoretica
Approaches to Complex Plasmas. Applications,” is
devoted to the achievements in the theory and applica-
tions. We have concentrated mainly on the new physics,
with the applications being listed only at the end,
athough from a practical point of view, the latter are
more important. A somewhat formal review of the
observed phenomenon in complex plasmas was pub-
lished recently in [152], where onein fact cannot find a
detailed analysis of the main new physical processesin
complex plasma (which, as we have explained in the
present review, was recently recognized as a quite
unusual state of matter). Thus, we have here placed the
main stress on the new physics involved.

In this review, we have shown that complex plasma
isnot only an unusual state of matter with quite differ-
ent (from ordinary matter) physical properties and a
rather large area of application, but also that it is one of
the most rapidly developing fields of research in phys-
ics. Themost important conclusion of thisreview isthat
the parameters of state-of-the-art experiments on
plasma condensation and the formation of plasmacrys-
tals correspond to those at which the new collective
interaction between grains operates. This interaction
not only provides the attraction potential minima that
result in the formation of molecules, but also explains
gualitatively the value of the critical parameter I" for the
experimentally observed phase transitions. This classi-
cal binding is a completely new phenomenon since, in
ordinary matter, the chemical binding that leadsto crys-
tal formation has a quantum nature (exchange interac-
tions). Future development of this field promises new
and important achievements in physics and applica-
tions.

We can also hypothesize that the formation of dust
structures with sharp boundaries has long occurred in
space and astrophysical plasmas and that these struc-
tures, being isolated and self-organized, compete for
food (i.e., for plasma). Plasma and dust are everywhere
in space. Competition between structures will inevita-
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bly occur and become more and more sophisticated, in
which case it can be memorized. Plasma crystals are a
necessary element for starting the memorizing process.
If these structures have a crystal component in the cen-
ter (which isvery probable), then memorizing will lead
to the evolution of and mutationsin the structure much
faster than any biological evolution. In the event this
happens, this new “life” could have the “intention” of
miniaturizing itself down to the molecular level (aswe
are at present miniaturizing computers) and should dis-
cover abiological life. Thefirst step toward experimen-
tally checking these predictions is to investigate the
time dependence of dust structures in microgravity
experiments, to form several structures, and to observe
their evolution and possible competition when one
structure “eats’ the other. If such a discovery is redly
made, it could have great consequences for our future
life. The path of research in this direction must be
related to the interaction of different self-organized
structuresin complex plasmaand to the search for pos-
sible processes that are anal ogous to the competition in
and evolution of biological systems.
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Abstract—Results are presented from numerical investigations of the potential of atest charge in a plasma—
wall sheath. It is shown that like charges that are at the same distance from a floating electrode can attract one

another. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The interaction between dust grains, which is
among the key issues in the physics of dusty plasma,
has been studied for many years. This interaction is
largely governed by the properties of the surrounding
medium. Thus, many laboratory experiments carried
out under terrestrial conditions are aimed at studying
ensembles of macroparticles (dust grains) levitating
above a horizontally positioned, negatively charged
electrode. In such experiments, the grains acquire a
negative charge, so that the gravity force is counterbal -
anced by the electric field in the plasma—wall sheath.
The details of different experiments and the discussion
of theoretical models can be found, e.g., in [1].

Thefirst question that needs to be asked in studying
the interaction between the grains in the sheath is how
the potential isdistributed around afixed test charge. In
a linear approximation, this distribution is determined
by the static response function. In most of the models
used in the theory of dusty plasma, it is assumed that
the electrons in the sheath obey a Boltzmann distribu-
tion and the ions form an electrode-directed flow,
whose velocity is comparable to or higher than the ion
acoustic velocity. The potential of a test charge in an
infinite uniform plasma sheath has been studied both
analytically and numerically by many authors (see, e.g.,
[2-8]). This research has resulted in the following pic-
ture, which has been confirmed experimentally [6] and
is now generally accepted: in the horizonta direction
(i.e., across the ion flow) and upstream of the flow, the
potential decreases exponentially, whereas, down-
stream from the test charge, a Mach cone forms, within
which the potential oscillates in a complicated manner.
It should be noted that, although most of the theoretical
papers in this area have been aimed at studying super-
sonic ion flows, the dispersion law for ion acoustic
waves ensures that the Mach cone can also be formed
by subsonic flows (as in the case of waves on deep
water [9]). For aslightly nonuniform distribution of the
plasma parameters, an analogous pattern of the poten-
tial distribution has been recently obtained by Hou et
al. [10], who used the geometrical-optics approxima-
tion.

It is clear that models in which the medium is
assumed to be infinite and uniform (or a slightly non-
uniform) can provide at best only a qualitative descrip-
tion of the plasma—wall sheath. The question about the
effect of the metal wall on the interaction between test
charges in a semi-infinite plasma was discussed in my
earlier paper [11], wherethe Green'sfunction of a point
charge was calculated for a plasma with an ion flow
directed perpendicular to the conducting wall. It was
shown that, in the case of asubsonicion flow, the poten-
tial of atest chargethat isat a certain distance from the
wall oscillates in the direction perpendicular to the ion
flow. These oscillations can be interpreted as the elec-
trostatic image of the Mach cone. Kourakis and Shukla
[12] carried out a more detailed numerical study of the
response function obtained in [11] and investigated the
influence of the related effect on the oscillations of a
dust plasmacrystal.

The main drawback of the studies performed in[11,
12] isthat, in those papers, theion flow velocity and the
distance from the conducting wall were assumed to be
independent of one another. In fact, however, the ion
flow velocity at the position of the test chargeis awell
defined function of its distance from the wall. In the
present work, an attempt is made to abandon the uni-
form medium approximation, thereby making it possi-
bleto investigate the potential of atest chargein anon-
uniform plasma sheath. The hydrodynamic model used
for this purpose is described in Section 2. Section 3
gives atypical example of an unperturbed distribution
of the plasma parameters near the wall. Linearized
equations for calculating the response function are
derived in Section 4, where the method for solving
them is also discussed. The results of numerical calcu-
lations are presented in Section 5. The analytical and
numerical results are compared in the Conclusion.

2. MODEL

Here, a weakly ionized plasma sheath near a con-
ducting wall is described by the following hydrody-
namic model, which is widely used in the theory of
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dusty plasma. The ions are described by the continuity
equation

Van(r)v(r)) = Zne(r). (1

Here, n(r) istheion density; v(r) istheion flow veloc-
ity; ng(r) is the electron density; and Z is the electron-
impact ionization rate, which is assumed to be indepen-
dent of the coordinates. The ion momentum balance
equation has the form

0,(mn(r)vy(r)v,(r)

_ @)
+en(r)die(r) +mvn(r)v,(r) = 0,

wherev istheion-neutra collision frequency, whichis
also assumed to be constant, and m is the mass of an
ion.

Equations (1) and (2) are supplemented with Pois-
son’s equation

Ag(r) = —4me[n(r) —ng(r)] —4mp(r),  @3)

where p(r) isthe external charge density. The electrons
are assumed to obey a Boltzmann distribution, ng(r) =
Noexp(eq(r)/Ty), where T, is the electron temperature
and N, is the electron density at the point a which
@(r) = 0. Using continuity equation (1), we can readily
convert ion momentum balance equation (2) into the
time-independent Euler equation

(v(r) TW)V(r) + 2V + e +

The last term on the left-hand side of this equation
shows that, when the ionization in the sheath, where
ny(r) # n(r), is taken into account, the coefficient of
friction of the ions against neutral s becomes dependent
on the coordinates.

For further analysis, it is convenient to switch to
dimensionless variables. Let the spatia scale be the

electron Debye length Ap = A/Te/(4ne2N0) , the veloc-

ity scale be the ion acoustic velocity ¢,= ,/T/m, and
the density scale be the plasma density N,. In explicit
form, all the quantities are written asr = Apr', v = Cv/,
n=Nyn, @ = TJ/ep, and p = eNyp', the collision fre-
guencies being normalized to the ion Langmuir fre-
quency: Z= w,Z' and v = w,Vv'. Hence, the basic set of
equations has the form

V Onv) = Z€",

VEv(r) =0.(4)

(VvIV)v = —V(p—DZ‘e“’H%V,

£ 5)

Ap = e’—n—p,

where we omit the primes for the dimensionless vari-
ablesfor simplicity.

IGNATOV

3. UNPERTURBED PLASMA

We assume that the plasma occupies the half-space
z < 0 and that the conducting wall, which is held a a
floating potentia, isin the plane z= 0. In the absence of
external charges (p = 0), the dependence of al the
guantities with the zero subscript on the z coordinate is
described by the set of equations

d(nou) _ _ o
iz = Ze’,
du _ dg £ %
oS Eof o
dz(Po _ %
PR

where u = v, isthe zcomponent of the unperturbed ion
velocity.

Although the problem of the smooth matching of the
equations for the sheath with those for quasineutral
plasma has along history, it is still a subject of discus-
sion in the literature (see, e.g., [13] and the subsequent
discussion in [14]). The essence of the problem liesin
the fact that the solutionsto Egs. (6) depend on two rad-
icaly different spatial scales: near the wall (z = 0), al
the quantities vary on a scale of order unity (or on the
order of the electron Debye radius), whereas, far from
the wall, the characteristic scale of variations is much
longer and is determined by collisions aswell as by the
dimension of the system. This difficulty is aggravated
by the fact that, in analyzing perturbed equations (5)
numerically, it is necessary to model the processes
occurring deep within the quasineutral plasma. In the
present paper, the matching problem is overcomein the
following way:

First, let us write out the solution to Egs. (6) in the
region where the plasmais quasineutral . Setting ny(2) =
exp @y (2 yieldsthe following solution to thefirst two of
Egs. (6):

2Z+V
‘|_2(Z+v)

N = | (L+v/Z)u?+1

@ = Inn, (1

u

E, = (2Z+V) :
° 1-u?

where E, = —d@/dz - zisthe zcomponent of the electric
field.

Since the coefficients in Egs. (6) are coordinate-
independent, the ion density, potential, and electric
field can be assumed to be functions only of the local
value of the velocity u, which can thus be treated as a
PLASMA PHYSICS REPORTS  Vol. 30
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new independent variable. Replacing the variable,
z— U, in Egs. (6) gives

U'(U)d(ugi,(u» = 7eh®
d
w Y - ), ®
where
u(u) = EOL(JU)_H—O%u—)e%(U)_ ©)

In the plasma region under consideration, we have
u'(u) > 0. The above two different spatial scales of the
problem are in fact hidden in the dependence of the
velocity on the coordinates; this dependence is deter-
mined from the solution to a single equation du(z)/dz=
u'(u). As functions of u, the solutions to Egs. (8) turn
out to be much smoother.

Equations (8) were solved numerically in the veloc-
ity range Uy, < U < U,,.. The velocity u,,, should be
sufficiently low. In practice, it turned out that the final
results are weakly sensitive to the value of the mini-
mum velocity in the range u,,;, < 0.1. The boundary
conditions at u = u,,;, were given by relationships (7).
Asfor the maximum vel ocity, it can only be determined
by invoking some additional conditions. In simulations,
the maximum velocity was found from the condition
that the electron and ion currents at the wall be the
same. In dimensionless variables, this condition has the

form
Qu) | m
uny(u) = e —_—
o(U) /2nt

where m, is the mass of an electron. Hence, Egs. (8)
were integrated from u = u,,;,, and the integration proce-
durewasinterrupted when condition (10) was satisfied.
In the numerical calculations that will be discussed
bel ow, the ion-to-electron mass ratio was chosen to cor-
respond to argon.

An example of anumerical solution to Egs. (8) with
Z=10*v =107 and u,;, =0.1lisshowninFig. 1. In
this case, the maximum ion flow velocity at the wall is
U.x = 3.08 and the Bohm boundary of the sheath (i.e.,
the boundary at which the ion flow velocity is equal to
theion acoustic velocity) isat adistance [z = 21.4 from
the wall.

(10)

4. RESPONSE FUNCTION

Let us now consider how an external charge of den-
sity p(r) perturbs the plasma. In this case, each of the
unperturbed quantitiesin Egs. (5) contains a correction
that is denoted by subscript 1 and is of the same order

PLASMA PHYSICS REPORTS  Vol. 30
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Fig. 1. Example of the dependence of the (a) density,
(b) potential, and (c) electric field on u and z

of magnitude as p(r). For example, we have n(r) =
ny(2) + n,(r), where n,(r) ~ p(r). We linearize Egs. (5)
and take the Fourier transformation in transverse coor-
dinates; i.e., we represent all the quantities in the form
exp(ikrp), where r;= (X, y) and k is the two-dimen-
siona wave vector. Asaresult, we arrive at a set of lin-
ear equations in which the coefficients depend on the z
coordinate. However, since the unperturbed quantities
Ny, @, and E, were represented as functions of the
velocity u, their perturbations also can be sought as
functions of u. Hence, simple but somewhat laborious
manipulationsyield

U(0) S [ng(u) v, () + uny (W)
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(u)
—Kng(u)gy(u) —Ze™ gy (u) = 0,

U )d(u‘(;llj(u))_'_ %(u)+\%V1(U)

Chg(u)

Z @)
+ me UE&(U)—

uu'(u) gdlL(J )+Eh%)

do,
s -

Ny (U)

m[l— El(U) = O,

(11)

9+ g, (u) + gy(u) = 0,

= —Ey(u),

(T 4 (1 + gy (u) - ny(u) = pu).

Here, we have introduced the perturbed longitudinal
velocity v,(u) = v, (u). It follows from Eq. (4) that the
curl of the perturbed transverse velocity is conserved;
consequently, it is equal to zero. Accordingly, in
Egs. (11), the transverse velocity components are
expressed in terms of the velocity potential, vy(u) =
ikg,(u). It should be noted that, in a homogeneous
plasma, an ion flow perturbed by an externa chargeis
purely potential; i.e., in the notation adopted here, the
relationship v,(2) = dg,(2)/dzis satisfied for a homoge-
neous plasma. In our case, because of the above coordi-
nate dependence of the friction coefficient in Euler
equation (4), theion flow is more complicated and non-
potential. In other words, ionization givesriseto vortic-
ity, as can be readily seen from Eq. (4).

In what follows, we will study the potentia of a
point charge at the pointr, = (0, 0, Z,), inwhich casethe
charge density in Egs. (11) isequal to p = &(z- z) =
u'(Wo(U — Uy), where Uy (U, < Uy < Up,y) 1S the unper-
turbed ion flow velocity at the position of the charge.
For apoint charge, it issufficient to solve Egs. (11) with
zeros on the right-hand sides and then to match the
solutions for u> u, and u < u, using the continuity con-
ditions for the quantities n,, v, g,, and ¢, and aso the
condition E,(u, + 0) — E;(u, - 0) = 1.

Equations (11) are supplemented with the following
boundary conditions at u — 0 (z — —c0). For suffi-
ciently low ion flow velocities, the solution to Egs. (11)
should transform into the rel evant sol ution to the homo-
geneous (or dlightly inhomogeneous) problem. An
analysis of the linear dispersion relation for ion acous-
tic waves without allowance for ionization and colli-

sions, g(, K) = 1 — 005 (00 +10 — k)2 + 1/(Rrpe) =0
(see, e.g., [11]), shows that, for w — 0, there are four
roots k,, two of which are red, k, , = +q(k), and the
other two are complex conjugates, K, , = +ik(k). When
ionization and collisions are taken into account, each of
the real roots k,, , acquires an imaginary correction,
whichisin the upper half-plane of the complex variable

IGNATOV

k,, and the fifth root arises, which corresponds to the
vorticity wave and also lies in the upper half-plane of
this variable. Consequently, for z — —oo, the only
physically reasonable solution is the solution that
decreases exponentially according to the law
exp(K(K)2). When collisions are ignored, the undamped
solutionsk,, , are excluded from consideration with the
help of the emission condition (it can bereadily verified
that, at w — 0, the group vel ocities of theion acoustic
waves are positive).

In order to solve Egs. (11) numericaly, it is conve-
nient to introduce the five-dimensional vector f =
(@, E;, n,, v{, g)), in terms of which the solutions are
written as f'(u) = A(U)f(u), where A(u) is a matrix
dependent on u. To single out the solutions that go to
zero asz —» —o, the eigenvectors of the matrix A(U,,;,,)
and its eigenvalues A are calculated for u = u,,;,,. Of the
five eigenvalues, only oneis chosen, namely, that whose
real part is positive, ReA > 0. Let the corresponding
(arbitrarily normalized) eigenvector be denoted by f,,
and let the solution to Egs. (11) with the boundary con-
dition f(u,,,) = f, be denoted by f®(u). The solution
obtained in thisway is proportional to the Green’s func-
tion in the interval between the plasma volume and the
test charge, i.e., intherange u,,;,, < U < U,.

In the interval between the test charge and the wall,
it is necessary to solve the boundary-value problem.
The natural boundary condition at the conducting wall
(u=u,,,) isthat the potentia of the perturbation van-
ishesthere, @,(u,,,,) = 0. At the other end of theinterval
(u=uy), the quantities @,, n,, v,, and g,, whose values
are determined by the solution f ®(u,), should be con-
tinuous. These five boundary conditions in the interval
Uy < U< Uy, are used to solve boundary-value problem
(11). We denoted the solution so obtained by f W (u).
Hence, intheinterval u,,;, < u<u,,, wehave arrived at
a solution that consists of two branches, f®(u) and
f®W(u), and for which the electric field at the point
u = U, isdiscontinuous, E" (uy) — EP (uy) = AE, while
the other quantities at this point are continuous. In this
solution, the value of thejump AE inthe electric field is
arbitrary. However, Egs. (11) are linear; consequently,
in order to calculate Green's function, it is sufficient to
divide the solution obtained by AE.

The main difficulty in solving the problem by this
numerical method isthat, intheinterval U, < U< U,,,,
the eigenvalues of the matrix A(u,,;,) can differ consid-
erably (by severa orders of magnitude), giving rise to
large computational errors. The larger the transverse
wavenumber k, the greater the difference between the
eigenvalues. Thisiswhy the only perturbationsthat can
be investigated by the above algorithm are those with
sufficiently long wavelengths, k < 1. We note that this
range of wavenumbersis of primary interest because it
is in this range where like charges are expected to

PLASMA PHYSICS REPORTS  Vol. 30
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Fig. 2. Dependence of the perturbation potential on theion
flow velocity for uy = (1) 1.4 and (2) 0.71. Figure 2arefers

tok=0.01, and Fig. 2b refersto k =0.1.

attract one another and the dust layer in a plasma—wall
sheath may become unstable (see[11, 12]).

5. RESULTS

Characteristic examples of the dependence of the
perturbation potential on u and z are shown in Fig. 2
(the unperturbed distribution of the plasma parameters
isillustrated in Fig. 1). For sufficiently small transverse
wavenumbers (k = 0.01), the potential of a point charge
located in the region wheretheion flow is supersonicis
always positive (Fig. 2a, curve 7). At larger transverse
wavenumbers (k= 0.1), aregion with a negative poten-
tial arises downstream from the point charge (Fig. 2b,
curve ]). Inthe case of asubsonicion flow, the potential
of atest charge exhibits a qualitatively different behav-
ior: at small k values, it changes sign in the immediate
vicinity of the charge (Fig. 2a, curve 2).

Let usintroduce the notation w(uy, k) = @,(u) |, -, -

If the Green's function for the sheath in coordinate
space is equal to G(z, z, r — ry), then the function
w(U,, K) isthe Fourier transform of G(z,, Z,, r) in trans-
verse coordinates. The squared frequency of the oscil-
lations of a monolayer of the dust grains levitating in
the sheath is proportional to w(u,, k) [11, 12]; conse-
guently, it is of interest to search for the parameter
ranges in which the function w(u,, k) is negative.

PLASMA PHYSICS REPORTS Vol. 30 No. 10 2004
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u for a = (1) 0.01 and (2) 0.1. Figure 3b shows a portion of
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Fig. 6. Bessal transform of the dependence shown in
Fig. 4a

Figure 3 shows how the function w(u,, 0) (or, asitis
virtually identical, the potential of a uniformly charged
sheath) depends on the velocity u,. Both of the curves
in Fig. 3 were calculated for the ionization frequency
Z=10" Curve ! inFig. 3awas obtained for the colli-
sion frequency v = 0.01, and curve 2 was obtained for
v = 0.1 (in this case, the maximum flow velocity at the
wall isequal to u,,,,, = 2.15).

We can see from Fig. 3 that, for low collision fre-
guenciesin the case of a subsonicion flow, the function
w(u,, 0) is negative in certain intervals of the flow
velocity (and, accordingly, in the corresponding inter-
vals of height 7). In other words, a dust monolayer at
these heights is unstable against long-wavelength per-
turbations. Thisinstability issuppressed asthe collision
frequency increases (Fig. 3, curve 2).

Figure 4 shows the dependence of the potential
wW(U,, k) on the transverse wavenumber. This depen-
dence was plotted from several thousand calculated

IGNATOV

points. The value u, = 0.71, which was chosen for sim-
ulations, corresponds to the minimum in curve 7 in
Fig. 3a. In the long-wavelength range (such that k <
0.03), the potential is negative. As was noted above, for
k= 1, the numerical solution of Egs. (11) may accumu-
latelarge errors. Nevertheless, in Fig. 4, thecurvein the
range of intermediate wavenumbers is surprisingly
smooth. In the range of large wavenumbers (k > 3), the
dependence w(u,, k) essentially coincides with that of
the Bessel transform of the Coulomb potentia (see the
dashed curve in Fig. 4); under the above normalization
conditions, this transform is equal to 1/(2k). For a
supersonic ion flow, the function w(u,, k) becomes pos-
itive as the distance from the test charge to the wall
decreases; moreover, the deviation from the Coulomb
potentia is substantia only for long wavelengths (see
Fig. 5).

Figure 6 shows the dependence of the interaction
potential of two test particles that are at the same dis-
tance from the wall on the distance between the parti-
clesin the case of a subsonic ion flow (u, = 0.71). The
dependence is determined by the Bessel transform

W(Uy, P) = J“; k dkw(uy, K)Jo(kp). In the range k < 3, the

integral was calculated using the dependence shown in
Fig. 4a. Intherangek > 3, it was assumed that w(u,, k) =
1/(2k). The presence of small-scale oscillations in the
interaction potential shownin Fig. 6 seemsto bean arti-
fact: they are associated with a slight discontinuity in
theintegrand at k = 3.

6. CONCLUSIONS

In the present paper, some results have been pre-
sented from cal cul ations of the static response function
of a plasma—wall sheath. It is very difficult to make a
comprehensive comparison between the numerical
results and the results of analytical theory [11, 12]
because thiswould require agreat deal of computation.
Qualitatively, however, the numerical analysis devel-
oped hereis shown to correlate reasonably well with an
analytic theory in which the plasma inhomogeneity is
ignored. The calculations have confirmed the existence
of the parameter range where the potential of atest par-
ticle changesits sign; this, in turn, indicates that a gas-
eous or a crystalline dust monolayer above the Bohm
boundary is unstable. This instability can develop only
when the collision frequency is sufficiently low to let
the ion mean free path be as long as about one hundred
electron Debye radii.

At the same time, it worth noting that there is a dif-
ference between the analytically obtained (see [11])
and the numerically calculated (see above) dependence
of the response function on the transverse wavenumber
in the long-wavelength range. The analytical theory
implies that, in the limit k — 0, the potential w(k)
behaves asw(k) ~ 1/(k* + a%), where ais a certain num-
ber that depends on theion vel ocity. On the other hand,
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for the curves shown in Figs. 4 and 5, the derivative
dw(u,, k)/dk does not vanish ask — 0, despite the fact
that w(k) is an even function of k. Based on the above
numerical results, one may conclude that, over a wide
range of variation of u,, the response function behaves
according to the law w(k)|, ., , ~ a + blk|, wherea and b
are certain numbers. In principle, the appearance of
such nonanalytic terms is quite typical in the descrip-
tion of semi-infinite systems; thisis exemplified by the

dispersion law for waves on deep water, ./g|k| . This
dependence of the response function on the wavenum-
ber can manifest itself in the dispersion relation for dust
acoustic waves. in the long-wavelength limit, the dis-
persion relation should have the form w ~ ak + bk?.
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Abstract—Examples of solutions to transcendental equations that arise in mathematical problems of plasma
physics are considered. Earlier, such equations were solved only by approximate methods. The use of a new
function—the Lambert W function—has made it possible to obtain explicit exact solutions that can help to
refine the existing relevant theories. As examples, the following problems from different branches of plasma
physics are considered: the equilibrium charge of adust grain in aplasma, the structure of the Bohm sheath, the
diameter of the separatrix in a Galathea—Belt system, the transverse structure of an electron beam in a plasma,
the energy loss rate of atest charged particle in aplasma, and the structure of the Sagdeev pseudopotential for
ion acoustic waves. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

A function that is convenient for solving transcen-
dental equations of the type x expXx = const or X+ Inx =
const was introduced into plasma physics in the late
1980s by Corless et al. [1]; they called it Lambert W
function. Since the Lambert W function, which may
arise in a wide scope of practical problems in mathe-
matics and mathematical physics, received little atten-
tionin Russia, it is expedient to illustrate how to use it
in practice. This is the subject of the present paper, in
which specific examples will be given of mathematical
problems in theoretical plasma physics that can be
solved completely and in explicit form only with the
help of the Lambert function.

The function is defined by
W(x)exp(W(x)) = x. D

The fact that the Lambert W function is inverse to
the function F = xexpXx makes it possible to easily plot
it (see Fig. 1) and to determine its simplest properties.

The Lambert W function is neither even nor odd. It
isdefined on theinterval [-1/e, ), takeson valuesfrom
—oo t0 00, and istwo-valued for negative x. Point A with
the coordinates (—1/e, —1) separates two branches of the
function—the upper branch W,(x) and the lower branch
W_,(x). Both branches have a common vertical tangent
a point A. The upper branch Wy(x), which is often
called the main branch, passes through the coordinate
origin and behaves everywhere in aregular manner. As
for the lower branch W_(x), it has an inflection point B
with the coordinates (-2/€?, —2) and a vertical asymp-
toteat x =0.

Other integer values of the index of the function
W,(k), namely, k # 0, -1, refer to the complex-valued

branches [2]. In what follows, the indices of the
branches of the function will be omitted when all of
them possess common properties and when this can be
done without causing confusion.

From definition (1), it isan easy matter to derive the
following simple identities:

exp(W(x)) = INW(x) = Inx—=W(x). (2)

_X_
W(x)’

The rules for differentiation and integration of the
Lambert W function are as follows; The derivative of

W(x)
T Wox)
-1 1 2 3
Ae—1+t
B - =2
W‘l(x)_g, L
_4\ L

Fig. 1. Plot of the Lambert W function.

1063-780X/04/3010-0872$26.00 © 2004 MAIK “Nauka/ Interperiodica’



APPLICATION OF THE LAMBERT W FUNCTION IN MATHEMATICAL PROBLEMS

the function can readily be obtained from the rule for
differentiating inverse functions:

1 _ W(x)
(1+W())exp(W(x))  x(1+W(x))

W'(x) = 3)

The latter equality isvalid for x # 0. At zero, the deriv-

ative is defined in the form of the limit
limWg(x) = 1. 4)
X -0

The indefinite integral of the Lambert W function

can be obtained from the rule for integrating inverse
functions[3]:

If(X)dX = Xt - [ aly)dy. ©)

f(x)

Inserting the Lambert W function into this rule
yields

[Wix)d = X[W(x) 1+ 6)

o)
W(x)
where the integration constant is omitted.

Other properties of the Lambert W function are
described in [1], and the issue of how to use it in the
problems of mathematical physicsis treated in review
[4]. Particularly noteworthy among the problems con-
sidered in [4] are the classical problem about the elec-
tric potential distribution within a plane capacitor of
finite size (the Rogowsky problem) and the accurate
derivation of Wien's law from Planck’s formula for
thermal radiation.

Other examples of successful application of the
Lambert W function in mathematical physics are also
known. Among these are exact solutions to problems
such as the distribution of electrons in a storage ring
(with alowance for space charge) [5] and the phase
boundary in a medium under steady-state heat conduc-
tion conditions[6]. The exact solution to the problem of
the discharging of a capacitor to a resistor with a tem-
perature-dependent resistance is presented in [7]. This
solution describestheinitial stage of the current flow in
an exploding wire. The number of such successful
applicationsis expected to increase in the future.

An analysis of the familiar examples makesit possi-
ble to guess what problems would have solutions con-
taining the Lambert W function. First of all, this con-
cerns solutions of the transcendental equations that
include exponentials and logarithms, along with alge-
braic polynomials. These may be differential equations
and nonlinear dispersion relations. Such equations can
also arise, e.g., in solving boundary-value problems
with involved boundary conditions, in analyzing the
extremes of complicated functions, in representing
implicitly defined functions in explicit form, etc.

2004
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In what follows, examples of the use of the Lambert
W function will be considered for some mathematical
problemsin plasma physics.! The problemsin question
are taken from well-known papers whose authors
arrived at transcendental equations and, without being
aware of the Lambert W function, solved them either
numerically or by approximate methods.

The question arises of whether it is expedient to
introduce the Lambert W function into plasma physics.
The objection isthat, in practice, it is often sufficient to
know the numerical values of the quantities, which can
be calculated to any desired degree of accuracy. In other
words, the sought quantity can be obtained without
using the new function. This objection can be answered
by saying that an explicit exact solution to a particular
problem may deepen the understanding of the problem
itself and even provide the basis for a new precise the-
ory.

2. ELECTRIC CHARGE OF A TEST BODY
IN A MAXWELLIAN PLASMA

The problem about the equilibrium electric charge
accumulated by a test body (particle) at a floating
potential in a gas-discharge plasma occupies an impor-
tant place in plasma physics becauseits solution, on the
one hand, is related to the single probe theory and, on
the other, serves as a basis for the theory of dusty
plasma.

This problem is most simply formulated for a Max-
wellian plasma(i.e., for aplasmain which the electrons
and ions obey Maxwellian distributions with tempera-
tures T, and T;, respectively) in the so-called orbit-lim-
ited approach. The formulation of the problem can be
found in a great number of papers on probes and dust
grainsin plasmas.

Here, the problem is formulated using the notation
of [10]. The electron and ion currentsto aspherical par-
ticle of radius R have the form

| _ [Kexp(+Beq) for g<0 .
W= Hearpg or a0, 7
K(1-1Bc0) fi <0
() = Dp( 1B.q) for q ®
DpkeXP(—TBeq) for >0,

1To avoid misunderstandi ng, it should be stressed that the nota-
tion W(x) is also sometimes used for other functions that have
found wide applications in mathematical plasma physics: the

Dawson function W(X) = exp(- 2)‘[(’;exp(tz)dt (see, eg., [8])
the closely related Kramp W) =

exp(=x2) [1 v= Ioexp(t )dt} (see [9]).

and function
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€

- o)
2 g *k

Fig. 2. Shape of the separatrix in a planar model of a
Galathea—Belt system. Myxines are shown by closed cir-
cles.

where

L ) [ngéjllz _ e
k = iR neD—T[—I’;’]—D —_—

i o, o Te
p_vDrD’V_ni’T_Ti’“_

n, and n; are the electron and ion densities, mand M are
the masses of an electron andion, kisBoltzmann’'s con-
stant, and €, is the permittivity of free space. The equi-
librium electric charge accumulated by the particle is
determined by an exact balance of the electron and ion
currents to the particle’'s surface:

le(a) = li(a). €))

This is a transcendental equation. Earlier, it was
solved either numerically [11] or by approximate meth-
ods. Thus, for g < 0, Matsoukas and Russel [10]
obtained the approximate solution

2
q= C41T£0|2?kTe|n(p,r) ,
e

(10)

where C is a constant.

However, it can readily be verified by substitution
that Eq. (9) has the following exact solution:

O
1.,.01 1o, 1
- —Whi=exp + —
g BeWEbTeXpTD+BeT for q<0
q=D1 X (11)
%W(prexpr)—— for q>0.

Hence, the solution to the problem about the equi-
librium electric charge of a spherical particlein aMax-
wellian plasmais given by exact expression (11), which
contains the Lambert W function and can be used in
probe theories and in the theory of dusty plasma. The
example just considered refersto avariety of problems
in which the differential equation describing the charg-
ing of a particle reduces to a time-independent tran-
scendental equation like Eq. (9).

DUBINOVA

3. STRUCTURE OF THE ELECTRIC POTENTIAL
IN A BOHM SHEATH

In order to determine the profiles of the normalized
electric potential x(x) = —eU(x)/KT, and normalized ion

kinetic energy y(x) = M vi2/2kTe inaBohm sheathin a
collision-dominated plasma, Riemann [12] formulated
and solved the following problem:

(12)

(13)

where x = z/A isthe coordinate normalized to the mean
free path. He obtained the potentia profile in an
implicit form:

1
x = S{1-exp[=2X(X)] = 2X ()} - (14)
With the Lambert W function, however, the potential
can be represented explicitly as

X(x) = %W(exp(Zx— 1)—-x+ %

Thus, this example shows that the Lambert W func-
tion can be used to convert implicitly defined functions
into an explicit form.

(15)

4. SIZE OF THE SEPARATRIX
IN A GALATHEA-BELT SYSTEM

For the purposes of magnetic plasma confinement,
A.l. Morozov proposed devices in which the current-
carrying conductors are immersed in the plasma (see
[13]). Such devices were named Galatheas, and the
conductors were caled myxines. One of such
devices—the Galathea—Belt system—is atoroidal qua-
drupole configuration with two myxines. For a planar
analogue of this configuration, Morozov and Murzina
[14] obtained an analytic solution to the Grad—Shafra-
nov equation for the dimensionless magnetic flux func-
tion :

W = un*+AE -n?)
FIn{[(E=1)2+n3[E +1)*+n7},

where & and n are dimensionless coordinates (see
Fig. 2) and p and A are constants. In particular, they
determined the size &g of the main separatrix in the
plane. The equation for the separatrix, Y = 0, reduced to
the transcendental equation

(E5-1)" = exp(-2\ED). (17)

In [14], Eqg. (17) was solved exactly for A = 0 and
numerically for A = 2 and —1/2. However, using the

(16)

PLASMA PHYSICS REPORTS Vol. 30 No. 10 2004
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Lambert W function, it is possible to obtain a solution
for any A value:

&s1 = 0, g0 = /\/Wd\eXp 2DD+1' (18)

5. EQUILIBRIUM CONFIGURATION
OF A NEUTRALIZED ELECTRON BEAM

Different models of equilibrium configurations of
neutralized relativistic electron beams were considered
by Lawson [15]. The general equilibrium condition that
expresses the balance between the centrifugal force
experienced by an electron at the radius r, and the
Lorentz force exerted on the same electron by the self-
magnetic field of the beam has the form

w = eBz(rl) Be(rl)
1 (19)
_ 4’ BZ(“) A UL

whereyisthe Lorentz factor of the electron and [3,, B,
and 3, areitstotal, azimuthal, and axial relative veloci-

ties, which satisfy the equality B; + B = B¢ = const.
Inamodel inwhich the electron density isuniform over

the beam cross section, n(r) = const, the solution to
Eq. (19) reducesto (see [15-17]

4nrf ne” : |3(2, Bo

2 B2(ry) B,(r)

ymc
In [17], this solution, written in implicit form, was
approximated by

+2In -1 (20)

1
B.(r1) = BO[KM 1} |
dymc™ [

21)

where K(x) is a monotonicaly increasing function,
which is equal to 2 a x = 0 and asymptoticaly
approaches 4 asx — 0. At the sametime, solution (20)
can be written in the following explicit exact form:

1

_2
B(ry) = BOHN[ pEmane’ | 11]} @
D ymc o

Generally, transcendental equations of the form x +
Inx = a (in particular, Eqg. (20)) often arise in a wide
variety of problems, such as the plasma density distri-
butionin an RF discharge (seeformula(13) in[18]) and
the behavior of the parameters of the self-similar
motion of a low-density quasineutral plasma (see for-
mula(24) in [19]). With the Lambert function, it is how
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a simple matter to obtain the explicit exact solution to
each of these problems.

6. CRITICAL VELOCITIES IN THE PROCESS
OF ENERGY TRANSFER FROM A TEST
PARTICLE TO A PLASMA

According to [20], the mean rate of change of the
energy of a test charged particle with mass m and
charge e in its Coulomb interaction with plasma parti-
cles with mass m* and charge e* is given by the equa-

tion
<d_E> _ _41't(ee*)2
dt/. v
f(b*v) 2b*v(m+m*) =)
er 2
x/\n*[ — exp(-b*“v },
o Franm p( )

where v isthe velocity of thetest particle, A isthe Cou-
lomb logarithm, n* isthe density of the plasma particles
in question, and 1/b* = J/2T*/m* = v * is their most
probable velocity.

In order to analyze Eq. (23), it is convenient to

switch to dimensionless variables. To do this, we con-
sider the function

F(x,B) = erf(x)—%(lw)exp(—xz), 24)
which yields
<dd—'t5>* = —2b* (eer) e B,
p=""0 x=bry

The critical velocity at which the energy transfer does
not occur is determined by the equation F(x,,, B) = 0
and the critical velocity at which the energy transfer is
most efficient is given by the equation oF (X, B) = 0.

One of the problems considered in [20] isthat of the
interaction of an electron beam with plasma ions. In
this case, the parameter B is very large (for hydrogen
ions, it is equal to B = 1836). In this case, the critical
velocities x,, and x,,,, satisfy the transcendental equa-
tions

AXcreXp(_XSr) = 1; (25)

2A% exp(—Xon) = 1, (26)

where A denotes a constant equal to

A= Z(140).
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Fig. 3. Contour plot of the roots ¢ (vy) of Eq. (34) as
functions of the parameter 0. The heavy curve separates the
(upper) region of the root ¢, corresponding to the maxi-
mum in the pseudopotential, from the (lower) region of the
root ¢,, corresponding to the minimum in the pseudopoten-
tial.

Zero-, first-, and second-order approximate solu-
tionsto Egs. (25) and (26) are presented in [20]. In the
second approximation, the solutions have the form

X2 = InA+%IanA+%Inlnﬁg; (27)

o = In(2A)+glnan(2A)+glnln(2A)%. (28)

However, these approximate formulas are not
needed now because exact solutions to Egs. (25) and
(26) can be expressed in terms of the Lambert W func-
tion:

= ool Lwa20
Xo = Aexp[ 2WD Aﬂ} (29)
1 2
X, = —GW[———————] (30)
™ 2«/ 3(4A%)"

7. EXTREMES OF THE SAGDEEV
PSEUDOPOTENTIAL

In analyzing nonlinear ion acoustic waves, Sagdeev
[21] arrived at the following solution to Poisson’s equa-
tion:

(31

d2
_q; = exp(l)_
X

o
A/v§—2¢,
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where o and v,, are constants (in the notation of [22]).

Equation (31) can be rewritten as ageneralized integral
of motion for a certain oscillator,

LT, vg) = E

20X (32)
with the so-called Sagdeev pseudopotential
V() = ~(expd +0./v5-29), (33)

where the role of the coordinate is played by the elec-
trostatic potential ¢ and therole of thetimeis played by
X. In order to determine the character of the solution to
Eq. (31) and thereby the amplitude of the nonlinear ion
acoustic waves, it is necessary to find and classify the
extremes of pseudopotential (33). Equating the deriva-
tive of expression (33) to zero yields the transcendental
equation [22]

M):_exp¢+L:0_ (34)
o vi-20

In[22], it was pointed out that, under the inequality
0’ exp(~v5) < max(-2yexp(2y) = £=037, (35)

Eg. (34) has two roots, which correspond to a local
maximum of the Sagdeev pseudopotential at ¢ < (v§ -

1)/2 and to itslocal minimum at ¢ > (vg - 1)/2.

At the sametime, the exact expressions for the roots
of Eq. (34) can easily be obtained in terms of the Lam-
bert W function:

b1z = FIVE+ W o(-’ep(-vi)],  (6)
where the first and second roots correspond, respec-
tively, to the maximum and minimum in the pseudopo-
tential. Note that the expressions for the roots contain
both real branches of the Lambert W function.

In order to illustrate how solutions (36) can be used
in practice, let us briefly examine the behavior of the
above roots of transcendental equation (32) as func-
tions of the parameter a. To do this, we turn to Fig. 3,
which displays the plots of the functions ¢, ,(v,) for
different values of 0. An analysisof the plots showsthat
the roots have the following properties. For ¢ < g, the
region of the root ¢,(v,), corresponding to the maxi-
mum of the pseudopotential, and the region of the root
$,(vy), corresponding to the minimum of the pseudo-
potential, do not overlap. For o > 0, each of the roots
$,. (Vo) splitsinto branches (a negative and a positive)
so that, for certain values of v, the branches of the root
¢, can be conjugate to the branches of the root ¢,. The
critical value 0 = o, isaroot of the equation

W_;(03) = Wo(-03). 37)

No. 10 2004
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This root is easy to determine; it corresponds to the
conjugation point A of thereal branches of the Lambert
W functionin Fig. 1, o, = €2 = 0.60653.

To find the locus of the conjugation points, note that
each of them corresponds to the conjugation point of
thereal branches of the Lambert W function (point A in

Fig. 1). Consequently, we must insert 62 = exp( vf, -1)
into each of solutions (36). As aresult, we obtain

ds = SIVE+W.y o(-exp(vE—1)exp(-v )]
2_4 (38)
2 Vo—
= Jview, o-ve) = L2

In Fig. 3, the locus ¢ is shown by the heavy curve.

8. CONCLUSIONS

To conclude, it is pertinent to recall the arguments
given in [6]: “... a newly introduced mathematical
function should satisfy certain requirements .... Thus,
the function should possess the following features. The
firstisits applicability to variousfields of mathematics,
i.e., to different mathematical problems .... The second
is its convenience in performing numerical computa:
tions. Finally, it should have certain algebraic proper-
ties”

The Lambert W function satisfies all these require-
ments well. The above analysis provides convincing
evidence that the function is applicable to awide scope
of problemsin mathematical physics. Asfor the conve-
nience of the Lambert W function in performing calcu-
lations, it should be noted that, several decades ago
(before the advent of the computer), use of logarithms,
exponentials, and trigonometric functions in calcula-
tions was inconvenient, but nowadays the Lambert W
function is incorporated into such well-known com-
puter software packages as the Maple and Mathematica
programs, which makeit possibleto calcul ate thisfunc-
tion with extremely high accuracy. In addition, the
Lambert W function exhibits a fairly wide variety of
algebraic properties (see [1, 2]): it is closely related to
second-order Stirling numbers, second-order Euler
numbers, the distribution of primes in the natural num-
ber sequence, graph theory, combinatorics, etc.

Use of the Lambert W function has made it possible
to obtain for thefirst time explicit exact solutionsto the
following mathematical problemsin different branches
of plasma physics: the equilibrium charge of a dust
grain in aplasma, the structure of the Bohm sheath, the
diameter of the separatrix in a Galathea—Belt system,
the transverse structure of an electron beam in a
plasma, the critical energy loss rates of atest charged
particle in a plasma, and the structure of the Sagdeev
pseudopotentia for ion acoustic waves.

The number of the above mathematical problems of
plasma physicsinwhich the use of the Lambert Wfunc-
PLASMA PHYSICS REPORTS  Vol. 30
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tion leads to exact solutions is far from being
exhausted. The exampl es considered above were essen-
tially randomly chosen from journals published some
years previoudly. It can neverthel ess be hoped that these
examples have helped to achieve the main goal of the
present paper—to convince the reader that the new
function can find many useful applications.

Hence, the use of the Lambert W function made it
possible to obtain explicit exact solutions, which can
aid in refining the existing theories in plasma physics.
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Abstract—A method for calculating the Stark broadening and shift of the spectral lines was devel oped based
on a combination of the ion plasmamodel and new theoretical and computational methods for taking the Stark
effect into account. Theoretical results are compared with experimental data on the broadening and shift of the
spectral linesin astrongly nonideal plasma. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

In recent years, intense investigations of the optical
and thermophysical properties of a strongly nonideal
plasma have led to substantial progress in this area of
research [1]. Experimental measurements of the optical
parameters of strongly nonideal plasmas made it possi-
ble to observe a number of new physical phenomena
[2]. Thus, it was found that some spectral lines are
deformed so substantially that, at sufficiently high
plasma densities, they may turn out to be practically
unresolvable. The mechanism underlying this phenom-
enon was investigated in our earlier paper [3]. In the
present paper, we continue these investigations, with
the focus on the processes responsible for the shift of
the spectral lines.

It should be noted that recent developments in
experimental methods and techniques were accompa-
nied by theoretical studies of the optical propertiesof a
strongly nonideal plasma. An important result of this
theoretical work is the elaboration of new analytical
and computational methods aimed at incorporating the
Stark effect [4]. Another important result is the con-
struction of a theoretical plasma model known as the
ion model [5, 6], in which the full statistical ensemble
of plasmaatomsand ionsisdescribed by the solution to
the set of equations for a self-consistent field. This
approach providesreliabl e calculations of the guantum-
mechanical parameters of the plasmain a broad range
of plasma temperatures and densities, including those
of a shocked plasma[7]. In the present study, we apply
the calculation method based on a combination of the
ion plasma model and the method for taking the Stark
effect into account [4].

Since experiments in gquestion were carried out at
relatively low temperatures (about 3 eV), in which case
the multiplet structure of the terms becomes important,
we had to apply an approximate approach. Specifically,

we calculated the parameters of an ensemble of plasma
atoms and ions (in particular, their densities) in theion
model by using the basic wave functions obtained by
solving the Schrodinger equations in which the
exchange interaction was taken into account only
approximately. When solving the Hartree—Fock equa-
tions, wetook into account the multiplet structure of the
terms [8] that determine the parameters of the spectral
line studied in experiments. Here, we give only a brief
description of the ion plasma model, because it was
described in detail in [5-7].

2. ION PLASMA MODEL

We consider an ensemble of interacting plasma
atoms and ionsin the ground and excited states. As sub-
systems for Gibbs statistics, we can adopt spherical
atomic cells of radius r,, (with a nucleus of charge Z at
the center). The radius of the cell can be defined as

[ o

where A is the atomic weight, p [g/cm’] is the plasma
density, a, = 5.292 x 10~ cm is the atomic length unit,
and N, = 6.02 x 10 is Avogadro’s number. Here and
below, we use atomic units, in which we denote the
temperature by ©. The subsystems, numbered by the
index j, differ from each other by the sets of occupation
numbers of the bound (discrete) eectronic states,

{ N,’;, }, wherenand| arethe principal and orbital quan-

tum numbers, respectively. Each subsystem also con-
tains unbound (continuum) electrons. The states of sub-
systems are regarded as the states of plasma atoms and
ions.
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Using the density functional method [ 7] and approx-
imately taking into account the exchange interaction,
we arrive at the following equation for the bound elec-
trons:

1)

-5R) v+ (Zr |Ru() = EXRL(), @

where the wave functions satisfy the normalization
condition

j[Rl(r)] “dr = 1. 3)

The boundary conditions required to determine the

eigenfunctions R,j1I (r) and the eigenvalues E,j1| of the
energy can be imposed as follows:

RL(0) = 0, Rl(ro) = 0. 4)
The potential V,(r) iswritten as
Vi(r) = Vi(r) + Vi(r). (5)
Here,
Vi(r) = z—“”plp (ry)dry— 4njrlp (), ©)

Pi(r) (N
o2 ggpéalzm} (D)

vi(r) = T[%(r)[l 62l

where Vi (r) is the Coulomb interaction potential and

Vé (r) isthe potentia introduced artificialy in order to
approximately take into account the exchange interac-

tion. The potential Vé (r) can be described by different

approximate formulas that have been proposed earlier.
For our analysis, we chose the approximate expression
that was proposed by Nikiforov and Uvarov [9]:

The electron density is represented as

pi(r) = pi(r) +pa(r). ®)
Here, the density of the bound electronsis equal to
pi(r) = a(RU()’, ©)

and the density of the unbound electronsisdescribedin
the quasiclassical approximation:

| ﬁe Vi pg
pa(r) = + B0 dy,
2(r) = Dl eXp[ @ @}E y
Vi(r) (10
Ay> JT
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The chemical potential | can be deduced from the elec-
troneutrality condition, szij = Z, where N; =

zn' N}, +4m 0°p;(r)r2dr is the total number of elec-
trons in the jth subsystem and W, is the Gibbs distribu-
tion,

0 E,—uND
W; = Cgjexpi— O“ 0.
0 U

(11)

J
with E; being the total energy and g; = |_|nI C2N("2'|+1)
being the statistical weight.

The set of equations (2)—(11) describes the state of
the statistical ensemble of plasma ions. Obvioudly, the
groups of equations describing the states of subsystems
denoted by subscriptsj =1, 2, etc., are coupled through
the electroneutrality condition. Such equations are
impossible to solve for all plasma ions even with the
most advanced computers. However, these equations
can be solved for the subsystem of main (or “refer-
ence”) ions, which have the highest densities W,. Hav-
ing solved Egs. (2)—(11) solely for thision subsystem,
we can apply the perturbation theory in order to deter-
mine the quantum parameters of the remaining plasma
ions with lower densities.

3. METHOD FOR INCORPORATING THE STARK
BROADENING AND SHIFT OF THE SPECTRAL
LINES IN A NONIDEAL PLASMA

In order to calculate the shape of the spectral line
corresponding to the transition between the sublevels
a =nlmand 3 =n'l'm of thelevelsa=n,l andb=n"l",
respectively, Golosnoi [4] proposed the following
approximate formula, which isalinear combination of
the dispersion formula and the Gauss distribution:

a 1
lop(@) = F(N)5E =
(w_%_wu) +* 5Ya
VR (g
1 40— 0 — Weg T
+(1-f(T ex [— I S— }
(A=) eb - 1
where w, is the transition rate, ' = % and f(IN) =
0
exp éZOZAFD The charges Z, and Z, will be defined

below. As T increases, the function f(I') tends to zero.
Since we simulated a strongly nonideal plasma, we set
f(I') = 0 and described the spectral-line shape by the
formula

(13)

(@) = = exp[ [ S]

«/7_'[6;[3 60([3
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Fig. 1. Experimentally measured spectral intensities of
radiation from a xenon plasma with an admixture of alu-
minum at different temperatures and different densities

(light curves) and shapes of the All 3p ZP%Z -4s 281/2 and

All 3p 2Pg/2 —4s2S, ), spectral lines calculated here for the

same conditions (heavy curves). The computations were
carried out for the following plasmamass densities: p = (1)

1.24 x 1073, (2) 3.02 x 1073, (3) 5.9 x 1073, and (4) 8.8 x
1073 g/lem’.

Here, Oy = 2.5Cq5 . IS the dispersion and wyg =
Caplmax 1 the expression for the most probable fre-
guency shift, in which

Co=5 @1 mizny,mf | Blmzln,l,mif 4
En'I' - En1I1 EnI - En1I1

nyly

Golosnoi [4] proposed the following formulafor calcu-
lating the most probable value of the squared microfield

max*

ZZ
imex = ko = (15)

4 74
[O.SB-Z—AD +4=2Z,7[ + (zozAr)z}
B

A

DENISOV et al.

1 32, 123
r—4, Zy= Zkzkxk, Zg = [zkzk Xk] >
0

where ¢, =

N
Zc= zszxk, X, = Wk N, is the density of the ions
with charge Z,, N [1/cm?] is the nucleus density, and Z,

is the charge of the emitting ion.

Of course, in our calculations, we took into account
the effect of both the natural broadening and the Dop-
pler broadening. This effect was found to be insignifi-
cant as compared to the Stark effect.

4. COMPARISON BETWEEN THE CALCULATED
RESULTS AND EXPERIMENTAL DATA

The results of measurements of the spectral intensi-
tiesof radiation from axenon plasmawith an admixture
of aluminum at different temperatures and different
densities are illustrated by the light curves in Fig. 1
[10]. The objective of the experiments was to investi-

gate the behavior of the spectral lines All 3p *P3,—
4528, and All 3p °Pg,—4s2S, .
The experimental conditions were as follows:

(i) T=21700K and p = 1.24 x 10-* g/cm®, the den-
sity of unbound electrons being N, = 5.85 x 10'8 cm3;

(i) T=22900K and p = 3.02 x 103 g/cm?, the den-
sity of unbound electrons being N, = 1.39 x 10" cm3;

(iii) T=23900 K and p = 5.9 x 10~ g/cm?, the den-
sity of unbound electrons being N, = 2.67 x 10" cm3;
and

(iv) T=24500K and p = 8.8 x 10~ g/cm?, the den-
sity of unbound electrons being N, = 3.9 x 10! cm3.

The heavy curves in Fig. 1 show the shapes of the

All 3p °P3,—4s S, and All 3p P, —4s 2S,, spectral

linesthat were cal culated for the temperatures and den-
sities indicated in items (i)—(iv) by the method
described above. It should be noted that, in our calcula-
tions, the Hartree—Fock equation was solved by apply-
ing one of the most exact among the presently known
methods [8]. However, even with this method, the posi-
tions of the spectral lines were found to deviate from
the experimentally measured positions by about 20%.
Because of this, the calculated positions were refined
by using the experimental data of [11]. Note also that,
in simulations, we ignored the influence of the Stark
effect on the populations of the electronic levels.

Figure 2 shows the shifts of the spectral lines versus
the plasma density. As is seen, the experimentally
observed spectral line shifts differ markedly from those
obtai ned using the theory devel oped by H.R. Griem. On
the other hand, the method proposed here provides a
fairly exact agreement with experiment.
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Spectral line shift, nm
8 -
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Fig. 2. Shift of the Al 3p 2P%,~4s2S, , and All 3p °P,, -

4s %S, spectral lines vs. electron density Ng: (1) experi-
mental data (the dashed lines indicate the limits of experi-
mental error), (2) results of calculations by the ion plasma
model, and (3) results of calculations by the Griem theory.

5. CONCLUSIONS

A comparison between the calculated results
described above and the experimental data obtained in
[10] allows one to conclude that, for a correct theoreti-
cal description of the mechanism for the broadening
and shift of spectral linesin astrongly nonideal plasma,
it is necessary to fairly accurately account for the
effects associated with the nonideal nature of the
plasma. In the present study, which is based on the ion
plasmamodel, the nonideal plasmanatureistaken into
account in solving the set of equations for the self-con-
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sistent field. This approach is found to yield good
agreement between the theoretical results and experi-
mental data. We have considered only one mechanism
for the broadening and shift of the spectral lines. It can
be hoped that calculations of other mechanisms with
allowance for the nonideal character of the plasma will
lead to a closer agreement with experiment.
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Abstract—A method is proposed for measuring the probabilities of the heterogeneousloss of radicalsin agas-
discharge plasma. The method is based on the time-resolved modulation actinometry. It is shown that this
method isapplicablefor O, H, F, and CF, radicals. The probabilities of theloss of these radicals on the discharge
tubewall are measured in adc glow discharge. It is shown that the measurement results do not depend on which
radical’s emission lineis used. The measurement results are only slightly affected by the dissociative excitation
of the radical’s emitting states and the background emission from the plasma. It is shown that the technique
proposed is similar to the method of laser-induced fluorescence and provides afairly high accuracy when mea-
suring the probabilities (up to yg ~ 10-2-10~") of the surface loss of radicals in a gas-discharge plasma. In con-
trast to the LIF method, this technique allows one to acquire alarge amount of experimental data over areason-
abletimeinterval (up to one thousand of yr measurements per hour). Thisfeatureisan important and necessary
condition for athorough study of the surface reactions and the complicated many-parametrical mechanism for

the heterogeneous loss of radicals. © 2004 MAIK “ Nauka/Interperiodica’ .

1. INTRODUCTION

At present, plasma—surface interactions are attract-
ing great attention of researchers because of the wide
use of plasmatechnologiesin variousfields of industry
and good prospects for developing new materials with
unique properties, as well as different structures on
their base. First of all, these studies are important for
nanotechnology, which is a very rapidly developing
field of applied physics. Here, the processes of plasma—
surface interaction are of key significance. The capabil-
ities and prospects of nanotechnology are related to
knowledge of the surface processes at atomic level and
the ability to control them. However, in spite of the
obvious success in plasma nanotechnology and the
great number of scientific publications in this field,
thereisstill very little fundamental information (which
is to be based on the large number of reliable experi-
mental data) on the elementary processes of the
plasma-—surface interaction. The current knowledge is
mainly related to the investigators' concepts of the pro-
cesses occurring on the surface, rather than to reliable
experimental data. These concepts often appear to be
self-contradictory and to disagree with the data on the
well-known processes in the plasma volume.

Radicals are the most active particles that play an
important role in the formation and growth of the sur-
face structures. Available models of the interaction
between radicals and surface often employ constant
heterogeneous | oss praobabilities y or take into account
only the dependence of yi on such integral parameters
asthe surface temperature (if there are such experimen-
tal data). In fact, the loss probability yg isafunction not

only of the large number of parameters related to the
state of the surface (which is determined by the proper-
ties of active surface sites; species and concentrations
of the adsorbed particles, including the radicals them-
selves; species and energies of theions; etc.) at agiven
time, but a so of the plasma parameters (the gas compo-
sition, the electron and ion energy distribution func-
tions, the concentrations of active particles, etc.).
Hence, the heterogeneous | oss probability itself is actu-
ally a “model” of the surface processes. Obvioudly,
such asituation givesriseto aviciouscircle of “fitting”
the experimental data to the “desired” conception
instead of verifying the conception itself. Attempts to
break thisvicious circle using the experimental data on
the surface processesin an ultra-high vacuum [1] (with
the help of tunnel, atomic force, electron, and ion
microscopy; the ion- and laser-induced desorption and
fluorescence; etc.), as well as the great capabilities of
the modern methods for modeling molecular dynamics
and many-particle interaction, though casting light on
the physical nature of a number of phenomena, have
been mainly restricted to the narrow field of atomically
clean surfaces. Under actual technological conditions,
mechanisms for the surface processes can be more
complicated and the processes themselves can proceed
in somewhat different ways. Therefore, to acquire the
necessary experimental data on these mechanisms, one
needs simultaneous in situ diagnostics of the processes
both on the surface and in the plasma volume.

It isthe measurements of the probabilities of the het-
erogeneous |oss of radicals under various experimental
conditions that may serve as one of the means for such
diagnostics. A schematic of this approach is shown in
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Fig. 1. Here, themode of the surface processeswith the
participation of Rradicalsisrepresented by an operator
that maps a multi-parametrical function ys(M;) (where
M; are macroparameters such as the gas composition,
the concentrations of radicals and charged particles, the
ion energy, the surface temperature, etc.) into afunction
Ye(M) (where my are microparameters such as the
adsorption energy of active particles, the activation
energies of the surface reactions, the density of the
active surface sites, etc.). To enable a unique mapping
and, accordingly, the development of anon-self-contra-
dictory model of the surface processes, it is necessary
to adjust the numbers of micro- and macroparameters
to one another. The more sophisticated the mechanism
for surface processes, the larger the number of micropa-
rameters that are required to describe them; an equally
large number of measurements should be performed to
obtain more or less reliable data on the values of these
microparameters. For example, for ten microparame-
ters, about 107 measurements are necessary to obtain
the experimental representation of yg(M;) over each
parameter by at least five experimental points. The use
of apriori information about any process on the surface
or in the plasma volume may reduce the number of the
necessary parameters, however, in view of the very
essence of the problem, thisreductionisnot large. Oth-
erwise, it makes no sense to carry out experiments
whose results are known in advance. Thus, the degree
of detalization and accuracy of the model developed, as
well asits predicting ability, are functions of the num-
ber and accuracy of the measurements, i.e., of the capa
bilities of in situ diagnostics. Taking into account avail-
able experimental data on the probabilities of the heter-
ogeneous loss of different radicals, one can assert that
Yr(m) are functions of no less than four to eight param-

eters; consequently, about 10*~10° measurements are
required to enable good agreement between the model
and experiment. Thus, in situ diagnostics of the surface
processes imposes rather strict requirements to the
experimental technique and apparatus. Besides such
obvious requirements as the apparatus sensitivity and
resolution, these are also requirements to the rates of
acquiring and processing the experimental data. No less
than ten to one hundred measurements per hour are
required to ensure a reasonable duration (one to two
months) of the experiment.

Radicals with unpaired valent electrons generally
show agreat many intense transitionsin different spec-
tral ranges; this property isoften used to diagnose them.
At present, the most precise methods for the diagnos-
ticsof atoms and radicalsin plasmaare laser ones, such
as laser-induced fluorescence (LIF) [2, 3], intracavity
laser spectroscopy [4], laser diode spectroscopy [5],
etc. The LIF method, which provides not only the high
sensitivity but also the high spatia and time resolution,
is used most frequently. However, the excitation ener-
gies of most of the atoms and molecules that are of
interest for technology (H, O, N, C, F, Cl, Si, CH,, CF,,
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Fig. 1. Probability yg of the heterogeneous loss of radicals
as a many-parametrical function of micro- (m;) and macro-
(M;) parameters (see text).

SiH, (x = 1-3), etc.) liein the UV and VUV ranges. In
many cases, this calls for the employment of the two-
photon LIF, which is a complicated and rather expen-
sive technique. To perform a single measurement of the
probability of the heterogeneous loss of radicals under
given conditions, one has to measure either the density
of radicals near the surface or the time behavior of their
concentration when the plasmochemical equilibriumin
the discharge volume is violated due to the loss of rad-
icals in the kinetic regime (i.e,, when the main loss
mechanism is the loss of radicals on the surface). In
both cases, to abtain one y; value, it is necessary to per-
form a series of LIF measurements consisting of hun-
dreds spatial and time points. Taking into account the
scheme of LIF measurements, it can be seen that only a
very narrow range of the parameters M; can be studied.
Certainly, the data on the yg(M;) thus obtained are very
important; however, they are often insufficient for an
unambiguous interpretation of the experimental results
and the development of a model of the surface pro-
Cesses.

In this paper, a new and very simple method is pro-
posed that provides results similar to those obtained by
the LIF method, but does not require so cumbersome
apparatus. In contrast to the LIF method, it enables a
few thousands of measurements of yg(M,) within afew
hours. Aswas noted above, thisisanecessary condition
for studying the mechanisms for the interaction of
atoms and radicals with actual surfaces. Of course, this
method is not free of drawbacks, which will be dis-
cussed below.

2. EXPERIMENTAL TECHNIQUE

It is obvious that surface processes with the partici-
pation of radicalssignificantly affect their density inthe
plasma volume only when the heterogeneous loss of
radicalsisthe main loss mechanism. If such asystemis
somehow disturbed from an equilibrium condition,
then the concentration of radicals will come to equilib-
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Fig. 2. Scheme of the detection of radicals in the ground
state by the (a) LIF and (b) actinometry methods. R and A
stand for the radicals and actinometer atoms, and hv; is the

laser radiation photon (see text).

rium with the characteristic time of a heterogeneous
process; from thistime, one can deduce the correspond-
ing value of yg(M;). This process can be monitored
using the LIF technique, in which the laser power does
not vary over time. Here, we propose a method in
which, in contrast to the L1F technique, the upper emit-
ting level is excited by the plasma electrons, which
serve as an incoherent excitation source (see Fig. 2),
rather than by photons. Evidently, if the discharge
power remained constant during the evolution of the
radical concentration, then the method of plasma-
induced fluorescence of radicals would be identical to
the LIF method. To provide such conditions, the time
evolution of the atomic and radical densitiesisrecorded
by the method of time-resolved actinometry. In this
case, theuseful signal istheratio betweenthelineemis-
sion intensities of the radical and actinometer—an
admixture (most often, of noble gas atoms) that does
not participate in chemical reactions and whose cross
section for the electron-impact excitation of the emit-
ting level issimilar in shape to that of theradical [6, 7].
The latter requirement is almost always satisfied, and
thereisno need for the excited level s of the actinometer
and theradical to be closeto one another. The processes
affecting the popul ations of the excited states and, con-
sequently, the line emission intensities of the radical R
and actinometer atom A are as follows:

kR
etR—=>e+R",

ey

kA *
etA—=»et+tA,

)

R* M RY + hy,

a 3)

* A *
Ar Dl AR+ hy

“)

e+RX “ R* + X +e, (5)
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R" + M, —~R+M,, ©)
AL+ My A+ M, o

Here, v;; and v, are the frequencies of the spontaneous
radiative transitions of the radical and actinometer
atoms, respectively (processes (3) and (4)); A; and A,
are the corresponding Einstein coefficients; k- and k&
are the rate constants for the direct electron-impact
excitation of the R* and A’ emitting states of the rad-
icalsand actinometer atoms, respectively (processes (1)

and (2)); k. is the rate constant for the production of
R radicals in the dissociative excitation of RX mole-

cules(process(5)); and kg and kg aretherate constants

for the quenching of the R* and A} emitting states of

the radicals and actinometer atoms by the gas particles
of the qth species (processes (6) and (7)). It follows
from expressions (1)—7) that the radical concentration
isrelated to the ratio between the line emission intensi-
ties of the radicals and actinometer atoms by the for-
mula

IR AI_R_k_(F;e ®)
[RX] “la KX
where
ch = LAl VonAnnke
®

Y At zkg*[lvlq]

x J q ,
Y At S koM
m q

Irand |, arethelinesemissionintensities of theradicals
and actinometer atoms, respectively; [A], [R], [RX], and
[M,] are the concentrations of actinometer atoms, the
radicals, the stable moleculesfrom which theseradicals
are produced, and the gas particles of the gth species.
The actinometry method always employs the short-
lived upper states of both the radical and actinometer
(R" and A}, respectively); hence, for most low-pres-
sure plasma systems, the rate of the radiative decay of
these states is higher than the rate of their collisional
guenching. It can be seen from formula (8) that the act-
inometric signal (the ratio I/l of the line intensities)
follows the dynamics of the radical concentration (asis

in the LIF method) only if the coefficient CQ, theratio

ki./kS , and the concentration of RX molecules remain
constant during the evolution of [R]. It was shown in
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[6-8] that the ratio between the excitation rate con-
stants changes only dightly within a wide range of the
reduced electric fields and is almost independent of the
effects related to the nonlocal character of the electron
energy spectrum. For small variations in the plasma
electric field (on the order of 10%), this ratio remains
constant with an accuracy of no worse than ~0.1%. The
degree of gas dissociation in the discharge plasma is
amost always much lessthan unity; asaresult, we have
[R] < [RX]. Hence, small variations in the radical con-
centration [OR] ([0R] < [R]) that are caused by aslight
deviation of the system from the equilibrium state have
almost no effect on the RX concentration.

To disturb the equilibrium, one can modulate the
discharge current by rectangular pulses with a modula-
tion depth of <10-15%. In this case, the line emission
intensities of the radical and actinometer change in a
jumplike manner because of therapid changeinthedis-
charge parameters. The radiative lifetimes of the emit-
ting levels and the characteristic relaxation times of the
electron distribution function and the concentrations of
charged particles are much shorter than the characteris-
tic loss time of radicals. For this reason, when the
plasma parameters have already reached their new sta-
tionary values after arapid change in the discharge cur-
rent, the concentration of radicals[0R] may continue to
either increase (an additional production of radicals) or
decrease (the loss of radicals). Thus, the time evolution
of the actinometric signal will closely follow the time
evolution of [0R] over a quite long timeinterval after a
jumpin the discharge current. From thistime evolution,
the value of yxz(M;)) can be derived. Slight variationsin
the discharge parameters during the evolution of [3R]
(in the plasma of electronegative gases, these variations
are caused by the associative detachment of electrons
from negative ions in reactions with radicals) can be
traced by recording the emission from the actinometer
atoms and, thus, do not affect the measurement results.
Note that the characteristic rise and decay times of the
radical concentrations should be close to one another if
the discharge modulation does not affect the processes
with the participation of radicals. Thisis a good appli-
cability criterion for the method proposed.

The response of radicals on the discharge modula-
tion is most adequately represented by the time evolu-
tion of the relative variations in their concentrations.

When both the dissociative excitation of the R* state

and the background plasma emission at the wavel engths
of radical emission can beignored, therelative variation
intheradica density in amodulated dischargeis

RI(t) _ 1+0lg(t)/Ig

[0 _
1+ 170l (D11,

[R]

(10)

To adequately represent the time evolution of the rela-
tive variation in the radical density, it is necessary to
normalize the radical line emission intensity to the line
emission intensity of the actinometer (the normaliza-
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tion coefficient is ¢ = Ix/1,). If the dissociative excita-
tion of the R state or the background plasmaemission

(which is generally the emission from the short-lived
allowed molecular transitions of the main or a buffer
gas, e.g., H,, N,, O,, or CF,) gives a significant contri-
bution to the emission intensity at the wavelengths of
radical emission, then expression (10) fails to hold.
Actually, this lead to a renormalization of the right-
hand side of expression (10); asaresult, the modulation
depth of the actinometric signal is no longer equal to
the modulation depth of the radical density [0R]/[R].
We note, however, that such arenormalization does not
change the time behavior of the actinometric signal;
i.e., it does not affect the measurements of the charac-
teristic losstime of radicals. This opens great prospects
for using the method proposed to study the heteroge-
neous reactions of radicalsin the plasma of polyatomic
gases, whose emission spectrum is rather complicated,
so that it is hardly possible to avoid overlapping
between the emission lines of different particles.

This paper is devoted to studying the capabilities
and applicability criteria of the method proposed. The
method is shown to be applicable to studying the mech-
anism for the surface recombination of O and H atoms
on a chemicaly inert surface (e.g., quartz or glass)
under discharge conditions. It is aso demonstrated that
the method can be used to investigate the processes
with the participation of F atoms and CF, radicalsin a
fluorocarbon plasma.

3. EXPERIMENT

The experiments were performed with a conven-
tional glow discharge in a long cylindrical tube. It is
well known that, in such a discharge, the electron
energy distribution function (EEDF) and the electron
density n, are amost constant along the positive col-
umn. A schematic of the experiment isshownin Fig. 3.
We carried out experiments with O,, H,, N,, and CF, at
pressures of 0.1-3 torr and discharge current densities
of 0.2-25 mA/cm’. As discharge tubes, we used a
guartz tube with an inner diameter of 14 mm and two
molybdenum-glass tubes with inner diameters of 12
and 18 mm. The use of different tubes alowed us to
determine the sensitivity of our method for measuring
the probabilities of the heterogeneous | oss of atomsand
radicalsto the type of the tube material and to the man-
ufacturing conditions and “life history” of a given
material. The distance between the electrodes was no
less than 500 mm. The electrodes were placed in spe-
cial sockets, asisdonein laser tubes (see Fig. 3). It can
be seen that the schematic of the experiment is quite
simple (especially in comparison to the LIF scheme). A
1-3% argon admixture to the gases under study was
used as an actinometer. Such a small percentage of
argon has almost no effect on the EEDF and the dis-
charge parameters.
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Fig. 3. Schematic of the experimental facility.

The emission from the positive column was spec-
trally selected by a monochromator and then recorded
by a photomultiplier. The photomultiplier signa was
applied to thefirst channel of adigital oscilloscope. The
discharge current signal was applied to the second
channel. In some experiments, when the emission lines
of the radical and actinometer were widely separated in
spectrum and the operating spectral range of the photo-
multiplier no longer provided the required signal-to-
noise ratio, we used two optical recording channels
(two monochromators and two photomultipliers). In
this case, the signal from the other photomultiplier was
applied to the second channel of the oscilloscope.

Thedischarge current was modul ated by rectangular
pulses. Both the modulation frequency and the modula-
tion depth could be varied within very wide ranges,
from a fraction of hertz to 10 kHz and from 1 to 60%,
respectively. The temperature of the discharge tube wall
was measured with a calibrated thermocouple sensor.
The temperatures of the inner and outer surfaces of the
discharge tube were assumed to be the same; this
assumption is quite reasonable because, in our experi-
ments, the temperature drop across the tube wall was no
more than 1-2 K.

The glow discharge geometry ensured the constancy
of the actinometric signal along the tube. This allowed
us not only to use the results of integral measurements
of the radical and atomic emission from the ends of the
discharge tube (this option significantly increases the
signal-to-noise ratio) but also to determine directly the
probability of the heterogeneous loss of radicals yg via
the characteristic time of the experimentally measured
variations in the radical concentration [0R]. When the
radicals are lost on the wall of along cylindrical tube,
we have

[ORJ VS
dt Too R4 (i

\Y,

Here, T, is the radical loss time determined from an
exponential fitting of the experimentally measured evo-
[ution of the actinometric signal, y is the probability of
radical recombination on the tube wall, v; =

J8ks T, /TtMy is the thermal velocity of radicals near
thewall, T,,isthewall temperature, kg isthe Boltzmann
constant, M isthe mass of aradical, SV = 2/r isageo-
metrical factor (wherer isthetuberadius), and [0R,] is
the radical concentration near the wall. When the loss
of radicalsis not limited by diffusion, we have [8R,] =
[0R] and

2r
V1Tep

Yr = (12)

Under typical glow discharge conditions (pd < 1 torr cm),
expression (12) is applicable at y; < 10-!. Otherwise,
Eg. (11) becomes invalid and the problem becomes
much more complicated because, in ageneral case, one
needs to take into account the nonuniform and nonsta:
tionary transport of radicals.

In each experiment, the modulation frequency and
modulation depth were chosen such that, on the one
hand, the accuracy in measuring T, Was no worse than
5-10% (the measurement accuracy increases with
modulation depth) but, on the other, the kinetics of rad-
icals changed insignificantly (obvioudly, the less the
modulation depth, the smaller the effect of modulation
on the measurements of T,,,). To determine the effect of
discharge modulation on the processes with the partic-
ipation of radicals, thefollowing criterion was used: the
modulation effect was ignored when the measured
characteristic times 1, corresponding to the rise and
decay phases of [0R] coincided within the measure-
ment accuracy.
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4. EXPERIMENTAL RESULTS
AND DISCUSSION

First of al, we recorded the emission spectra from
discharges in O,, H,, N,, and CF, with small admix-
tures of Ar in wide ranges of pressures and discharge
currents. We identified the emission lines of Ar, O, H,
N, and F atoms, aswell asthe emission bands of O,, H,,
N,, and CF, molecules, including the molecular bands
of CF and CF, radicals present in CF,. The results are
asfollows:

The Ar 750.3-nm emission line, corresponding to
the2p, — 1s, transition, was one of the most intense
lines in the emission spectrum of argon in all of the
gases used. Note that this transition is most often used
in actinometry. We also used thistransition in our mea-
surements.

In pure O,, the most intense emission lineswere the
844- and 777-nm lines corresponding to the

O@BpP°Py 1, —~ 3p3§1)) and OG3p°P, 53 — 3p5§)
transitions, respectively. These lines, as well as the Ar
750.3-nm line, were well resolved and did not overlap
with the emission spectrum of O,. This alowed us to
use the actinometry of oxygen atoms by argon atoms
under almost al discharge conditions. The resolution of
the monochromator employed in our experiments
alowed us to resolve the fine structure of the

OBp'Py, ., —= 3p'S)) and OBPP, 5 5 —= 3P°S,)
transitions. We verified the method in question for each
component of the fine structure. The time evolution of
al the fine structure components in a modulated dis-
chargewasawaysidentical; for thisreason, wewill say
of these transitions as 844- and 777-nm emission lines
of atomic oxygen. Figure 4a shows, as an example, the
time evolution of the emission intensities of the 844-
and 777-nm lines of atomic oxygen and the 750.3-nm
lineof argoninthe O, : Ar =98 : 2 mixture at apressure
of 2 torr in a discharge with a current density of
15 mA/cm? and current modulation depth of ~23%. It
can be seen that, when the discharge current undergoes
ajump, the intensities of all the emission lines change
very rapidly (almost in a jumplike manner on the time
scale of Fig. 4a). After a new steady-state discharge
regime is established (in about a few tens of microsec-
onds), theline emission intensities change more slowly.
As was expected, slow variations in the line emission
intensity of atomic oxygen are mainly caused by varia-
tions in the atomic concentration. Slight variations in
the emission intensity of Ar atoms after a steady-state
dischargeregimeis established are related to slow vari-
ationsin the plasma electric field and the el ectron den-
sity due to the associative detachment of electronsfrom
negative oxygen ions[9, 10].

Figure 4b shows the evolution of the discharge cur-
rent density S; = 1 + 8J/J4 and the actinometric signals
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Fig. 4. (a) Time evolution of the emission intensities of the
844- and 777-nm lines of atomic oxygen and the 750.3-nm
line of argon in amodulated dischargeinthe O, : Ar=98: 2
mixture at p = 2 torr and Jy = 15 mA/cm?. (b) Waveforms of
the normalized discharge current density Sy = 1 + 8J4/J4 and

1+3l o777l o777 and

the actinometric signals Sy777 = TP
Ar750' ' Ar7

1+ 8l ogaa!l osaa
So844 = T3 31, 7]

Ar750' ! Ar750
of atomic oxygen, respectively. The heavy lines show the
exponentia approximations of the rise and decay segments
of the Sy777 and Sygy4 Signéls.

for the 777- and 844-nm lines

1+ 3l o7l | o777 1+ 3l ogasl | ogas
o = 1+ 3l ar7so/ | Ar7s0 o Sosas = 1+l ar7s0f | ar7s0
for the 777- and 844-nm lines of atomic oxygen,
respectively. The S,,,; and Syg44 actinometric signals
are absolutely identical (to distinguish between them,
we slightly reduced one of them in Fig. 4b). Thisresult
agrees well with formula (10), in deriving which the
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Fig. 5. (a) Time evolution of the emission intensities of the
H, 656.3-nm, HB 486.1-nm, and Hy 434.0-nm lines of the

hydrogen Balmer series and the 750.3-nm line of argonin a
modulated dischargein the H, : Ar = 98: 2 mixtureat p =
2torr and J4 = 10 mA/cm?. (b) Waveforms of the normal-
ized discharge current density S; = 1 + 8Jy/Jy and the acti-
1+34l /1
nometric signals §, = e HERE MO =
o 1+ 31 Ar7s0/ 1 Ar750 g

= _1 * Ol gzl azs for the

143l 750/ L ar7so” v 143l A5/l 750
Hy, Hg, and Hy hydrogen lines, respectively. The heavy
lines show the exponentia approximations of the rise and
decay segments of the §, , 343 ,and §4v signals.

1+3l}486/ 1 Haso

dissociative excitation of the upper emitting states and
the background emission at the wavelengths under
study wereignored. The heavy lines show the exponen-
tial approximations for the rise and decay segments of
the Sy777 and Syg4, Signals, from which the correspond-
ing characteristic time T, of oxygen atom loss was
derived. For the S,,;; and Syg44 Signals, these times are
the same, which confirms the validity of the method.

LOPAEV, SMIRNOV

The quantity y, = (2.05 £0.07) x 1073 (therelative error
is as low as 3%), which was determined by formula
(12), is rather small; therefore, the applicability of the
formula (12) to calculating v, is quite justified. The y,
value thus obtained is in good agreement with the data
of [8, 11-14] on the probability of the heterogeneous
loss of O(°P) atoms on a glass surface under discharge
conditions. Note that, after adischarge is switched into
anew regime, the time during which anew steady-state
discharge current is established is rather long. This
indicates the presence of electron production processes
other than direct electron-impact ionization. This is
typical of dischargesin electronegative gases. In these
discharges, the density of negativeionsis often compa-
rable to or even significantly higher than the electron
density. Consequently, the reactions of associative elec-
tron detachment on active particles (which are gener-
aly radicals) that are present in the discharge volume
contribute significantly to the charge balance. In this
case, the time during which the charge balance is estab-
lished is determined by the lifetime of active particles.
Inamolecular oxygen plasma, such long-lived particles
are O(’P) atoms and O,(a'A,) metastable molecules.
For example, the characteristic time during which the
O,(a'Ay) concentration is established may be aslong as
hundreds of milliseconds. Apparently, such nonsteady
behavior of the plasma affects many processes, includ-
ing the excitation of the emitting states of neutral parti-
cles. The use of the actinometry technique allows one
to take into account the nonsteady behavior of excita-
tion by using the emission from the short-lived allowed
transitions of actinometer atoms (in our case, Ar atoms)
(see Fig. 4a).

Threelines of the Balmer series of atomic hydrogen,
namely, Hy, (A 656.3-nm, Hy 486.1-nm, and H,
434.0-nm lines, corresponding totheH(n=3,4,5 —
n = 2) transitions, were clearly seen in the emission
spectrum of pure H,. Throughout the entire 200- to
850-nm spectral range under study, there were also the
emission bands of molecular hydrogen. The intensities
of H,, Hg, and Ar 750.3-nm lines greatly exceeded the
intensities of the emission bands of H,, and only the
intensity of the H, line was comparable to them at low
discharge currents. To illustrate, Fig. 5a showsthe time
evolution of the line emission intensities of the Balmer
series of atomic hydrogen and the 750.3-nm line of
argon in a modulated dischargeinthe H, : Ar=98: 2
mixture at a pressure of 2 torr, current density of
10 mA/cm?, and current modulation depth of ~23%. It
can be seen that, after ajump in the discharge current,
the relative variation in the intensity of the H, line is
much lower than that of the H, and Hg lines. Thistesti-
fies to a significant contribution to the intensity of the
H, linefrom the emission that is not related to hydrogen
atoms. After switching the discharge into a new state,
the emission intensity of Ar atoms changes to a lower
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extent than in oxygen, and the emission intensity
relaxesto its new steady value much faster.

Figure 5b shows the waveforms of the normalized
discharge current density S, = 1 + 8J,/J, and the actino-
metric signals for the H,, Hg, and H, lines of atomic

1+ 3l 56/ | Hess
hydrogen: = — =
yared > 1+ 3l arzsol | ar7so 4
1+ 3l yisgs! | 1iass 1+ 3l yasal vasa
——— and = | TESPEC-
1+ 3l arzso/ l ar7so >, 1+ 8l arzs0/ 1 ar7so =P
tively. It can be seen from Fig. 5b that the modulation

depth of the S, and SHB actinometric signals and espe-

cialy of the SHy signal is smaller than modulation

depth of the discharge current. This fact indicates that
the concentration of hydrogen atoms is so low that the
contribution of dissociative excitation becomes signifi-
cant. This contribution increases with increasing level
number n dueto the corresponding decreasein the cross
section for the direct electron-impact excitation of the
H(n) level. Since the time evolution of the concentra-
tion of stable H, molecules is similar to that of Ar
atoms, the time evolution of the emission from H(n =3,
4, 5) atoms produced via dissociative excitation is sim-
ilar to that of the 750-nm line. In other words, any con-
tribution to the intensity of the H,, Hg, and H, emission
lines of H, molecules is equivalent to the contribution
from Ar actinometer; i.e., this contribution leadsonly to
the renormalization of the relative variation in the acti-
nometric signal (see above). Werecall that, in principle,
any neutral atoms or molecules that have appropriate
levels and whose density varies slightly can act as acti-
nometers. The intense emission of H, molecules at a
wavelength of 434 nm leads to afurther decreasein the

modulation depth of the S4y signal. However, as was

noted above, such arenormalization does not affect the
measurement of ;. Heavy lines in Fig. 5b show the
exponential approximations of the rise and decay seg-

mentsof the S, , S and Sy, signals, from which we
determined the probabilities y,; of the heterogeneous
loss of hydrogen atoms: y,, = (6.98 £ 0.04) x 107,

Vi, = (702 £0.11) x 10%, and y, = (7.01 £0.17) x

10~ Theaveragevalueisyy = (7 £0.11) x 104, therel-
ative measurement error being 1.5%. The experiments
performed within wide ranges of currents and pressures
showed that the relative measurement error of y, was
always no larger than 5%. The measured | oss probabil -
ity of hydrogen atoms on a quartz surface is in good
agreement with the available literature data [11, 15—
18]. It can be seen from Fig. 5b that the discharge cur-
rent changes very rapidly when switching into a new
steady state. Thisindicates that the rate of electron pro-
duction via the associative recombination of negative
H- ions on hydrogen atomsis low compared to the rate
of electron-impact ionization. Thisis quite understand-
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able because, in contrast to a discharge in oxygen, the
concentration of negative ionsin the plasma of molec-
ular hydrogen is much lower than the electron density,
[H/nJ] < 1.

The most intense components in the emission spec-
trum of adischarge in pure N, are the molecular bands

of the 2+ and 1* nitrogen systems corresponding to the
Ny(C3M, — A’S)) and NyB'M, — A’Z,) transi-
tions, respectively. It iswell known that, within visible

and infrared spectral regions, theintenseNG3p*Sy, —>

3s'Pyjy.3p.5p) transitions with wavelengths of 742.4,
744.2, and 746.8 nm are the most appropriate for acti-
nometry of nitrogen atoms. Unfortunately, only at high
discharge currentsand low pressures (of <0.5 torr) were
we able to detect the most intense of these lines
(namely, the 746.8-nm line) against the background of
very intense emission of the 1+ nitrogen system. Obvi-
oudly, this indicates the possibility of using the acti-
nometry method to record nitrogen atoms, however,
only if their concentration is sufficiently high. For
example, the actinometry technique was successfully
used in the case of a surface-wave discharge excited in
a surfatron microwave cavity. The degree of dissocia-
tion of N, molecules in this discharge was larger than
1% 19, 20]. We studied the VUV emission spectrum of
aglow dischargein N, using avacuum monochromator
and visible-blind FEU-142 photomultiplier with a
MgF, entrance window. Asinthevisible spectral region,
the discharge emission was mainly concentrated in
molecular nitrogen bands, namely, in the Ogawa—

Tanaka-Wilkinson—Mulliken bands N,(@'Z,
X'z;) and the Lyman-Birge-Hopfield bands

Ny@' My — X'Z;). Although we used rather thin
(~0.5-mm-thick) MgF, windows at the tube ends, the
120-nmresonance emissionline (theN(3s'P, 5 30 5p —>

2p4§;2) transition of nitrogen atoms) could hardly be

observed (almost at a level corresponding to photon
counting) because of its strong absorption in MgF,. For
this reason, we abandoned the wide-range test of the
method proposed as applied to N atoms. However, the
above results can be useful when carrying out actino-
metric studiesin a nitrogen plasma.

—

In the plasma of pure CF,, the emission bands of
CF, molecules and CF, radicals were the most intense
throughout the entire 120- to 850-nm spectral range
under study. Unfortunately, in al the discharges, the
emission intensity of the UV bands of CF radicas
(CF(B?A, v' — XM, v") transitions with A = 195—
210 nm and CF(A2Z+, v' — X1, v") transitions with
A =209-234 nm [21, 22]) was so low that we were not
able to unambiguously detect them against the intense
background emission of CF, and CF, molecules. Asfor
the emission of CF, radicals, the low-intensity broad
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lines of atomic fluorine, respectively. The heavy lines show

the exponential approximations of the rise and decay seg-
ments of the Sz7(3 and Sggg5 Signals.

for the 703.8- and 686.6-nm

bands corresponding to the CF3(I~E(22A'1) —
X (12A})) transitions with A =200-270 nm and

CEy(B(22Ay) —= A(12A))) transitionswith A = 450—
750 nm [23-27] were clearly observed only at pres-
sures higher than ~1 torr. However, the known emission
bands of CF, radicals CF,('B, — 'A;) with A = 240—

LOPAEV, SMIRNOV

350 nm and CF,(°B, — 'A)) with A = 350720 nm
[23, 24, 28-30]) turned out to be rather intense within
wide ranges of currents and CF, pressures. Studies of
the time evolution of theintensities of the CF, emission
bandsin amodulated discharge as afunction of the dis-
charge parameters showed that only the UV emission
corresponding to the CF,(!B, —= 'A,) band is caused
by the electron-impact excitation from the ground state
of the radical (process (1)). The emission of CF, radi-
cals within a wide CF,(°’B; — 'A)) band is amost
completely related to the dissociative excitation of C,F,
x=2,3,...;y=2,3, ...) polyatomic polymer mole-
cules, which are produced in the discharge volume in
the processes of the plasma polymerization of fluoro-
carbons [31, 32] (process (7)). For C,F, molecules, the
threshold for dissociative excitation isquitelow. Thisis
of great interest because this emission can be used for
the actinometric detection of polymer fluorocarbon
molecules in a gas-discharge plasma. In this study, we
used only the CF,('B, — 'A,) emission band and
investigated the feasibility of applying the proposed
method to study the loss of CF, radicals under the con-
ditions of the intense polymerization of fluorocarbons
in the plasma volume and on the tube wall.

The emission intensity of fluorine and argon atomsin
aCF, plasmawassignificantly lower than that of CF, rad-
icals. However, the spectral lines of F and Ar atomswere
located apart from the most intense CF,(°B, — 'A))
emission band and, thus, could easily be resolved. As
before, the Ar 2p, — 1s,) transition with A =
750.3 nm was the most appropriate for our purposes. To
record F atoms, we used two transitions from upper lev-

els with different multiplicity, namely, F(3p? Pg,z —

3$P,,) and F(3p* DY, —= 3s'Psy,). These transitions

correspond to the most intense emission lines of F atom
with A = 703.8 and 685.6 nm, respectively.

Figure 6a shows the time evolution of the relative
emission intensities of the 703.8- and 686.6-nm lines of
fluorine atoms and the 750.3-nm line of argonin amod-
ulated discharge in the CF, : Ar = 98 : 2 mixture at a

pressure of 1 torr, current density of 10 mA/cn??, and
current modulation depth of ~30%. It can be seen that
thetime behavior of theemissionintensitiesof F and Ar
atomsis similar to that observed in pure O, and H, for
oxygen and hydrogen atoms; however, the characteris-
tic time scale hereistwice aslong. When the discharge
is switched into a new quasi-steady state, the relative
change in the emission intensity of the F 685.6-nm line
is smaller than for the F 703.8-nm line. This points to
the presence of another 685.6-nm emission source that
is not related to fluorine atoms. Figure 6b shows the
waveforms of the actinometric signas Syp; =

1 + Ol e703/ | £703 and Suys = 1+ Ol eees/ | ress
I TN T 685 = T T
1+ 0l arzsol | arrso 1+ 0l arzsol | arzso

sponding to the 703.8- and 685.6-nm lines of fluorine

, corre-
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Fig. 7. (8 Waveforms of the normalized emission intensities of the 750.3-nm line of argon and 248.5-nm line (the
CF,('B,, 060 — 'A,, 000) transition) of CF, radicalsin amodulated dischargein the CF, : Ar = 98 : 2 mixture at p = 1 torr and

148l o/l o
Jq =10 mA/cm?. (b) Actinometric signal Scr, 22

rise and decay segments of the SC,:2 signal.

atoms. The modulation depth of the S;; and Sgs5 act-
inometric signals is smaller than the modulation depth
of the discharge current, which is equal to ~30%. This
isrelated to the contribution from the CF,(°B, —= 'A))

PLASMA PHYSICS REPORTS Vol. 30 No. 10 2004

1+l o750/l Ar7s0

. The heavy lines show the exponential approximations of the

transition to the intensity of the 703.8-nm and
686.6-nm emission lines. However, since the produc-
tion of radicals in the CF,(?B,) state proceeds mainly
via the dissociative excitation of stable polymer mole-
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cules C,F,, which are the products of fluorocarbon
polymerization, the time evolution of the CF,(°B, —
'A,) band emission should be similar to that of the act-
inometer signal. This was verified by comparing the
time evolution of the emission lines corresponding to
the CF,(°B, — 'A)) transition to that of the Ar 750-nm
line in a modulated discharge. On the characteristic
time scale of variations in the concentration of fluorine
atoms, these time evolutions were similar to one
another with good accuracy. Therefore, the effect of the
CF,(°B, — 'A)) band on the emission intensity of the
703.8- and 685.6-nm lines reduces to a decrease in the
modulation depth of the Sy;p; and Sgs5 actinometric
signals. However, as with hydrogen atoms, this does
affect the measurements of the probability of the heter-
ogeneous loss of F atoms. The heavy lines in Fig. 6b
show the exponential approximations for the rise and
decay segments of the Sq; and Sqs5 actinometric sig-
nals. Using these approximations and formula (12), we
obtain y: =(9.7 £ 0.05) x 10* (the relative error
is~5%).

Figure 7a shows the time evolution of the relative
emission intensities of the 750-nm line of argon and the
248.5-nm line (the CF,('B,, 060 — 'A,, 000) transi-
tion) of CF, radicals in a modulated discharge in the
CF, : Ar=98: 2 mixture at a pressure of 1 torr, current
density of 10 mA/cm?, and current modulation depth
of ~30%. Theinset in Fig. 7a shows the emission spec-
trum corresponding to the CF,('B, — 'A,) UV band;
the arrow indicates the emission line whose time evol u-
tion was monitored. Figure 7b shows the waveform of

1+03lce /e,

the actinometric signal S, = T+ 0l arrmel | arrmg”
ar7sol L arrs

heavy lines show the exponential approximations for
the rise and decay segments of the S, signa. The

obtained characteristic losstime of CF, radicalsis~1ms,
which isin good agreement with the time measured in
a similar discharge by the time-resolved LIF method
[31, 32]. Thistime is much shorter than the characteris-
tic loss time of fluorine atoms; this indirectly points to
the presence of chemical reactions with the participa-
tion of CF, radicals. The probability of the heteroge-
neous loss of CF, radicals calculated by formula(12) is

Yer, = (5.1 £1) x 102 Thisvalueisin good agreement

with the probability of the heterogeneous loss of CF,
moleculesin plasmochemical etching reactorsin which
fluorocarbons are used as a working gas [33-35].

5. CONCLUSIONS

A new method has been proposed for measuring the
probabilities of the heterogeneous loss of radicalsin a
gas-discharge plasma. The method is based on the time-
resolved modulation actinometry and is easy to imple-
ment in experiments. The method has been shown to be

LOPAEV, SMIRNOV

applicableto O, H, F, and CF, radicalsin adc glow dis-
charge. It has been shown that the method proposed is
similar to the LIF technique and ensures high accuracy
(up to ~0.1) in measuring the probabilities of the sur-
face loss of radicals under gas-discharge conditions.
The method is much more efficient than the LIF
method, especially when applied to the plasma of
molecular gases, where the number of the parameters
determining the surface loss of radicals can be very
large. The method allows oneto acquire alarge amount
of experimental data over a reasonable time (a few
thousand experimental points in a few weeks). Thisis
of great importance, since these experimental data
allow oneto study in detail the mechanism for the het-
erogeneous loss of radicals. This, in turn, makesit pos-
sible to determine the microparameters of elementary
surface processes with the participation of radicals.
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