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Abstract—This paper continues a series of review papers devoted to the physics of complex plasmas. The
review contains a description of elementary processes in complex plasmas. The elementary processes are
described in the simplest way and in aform useful for applications and estimates for existing experiments. The
paper describes (i) the processes related to the charging process, including the dust charge fluctuations, absorp-
tion of plasma particles on dust grains, and friction of ions in collisions with grains; (ii) the forces acting on
dust grainsin complex plasmas, including ion drag force, thermophoretic force, and dust friction on neutral gas;
(iii) dust—dust noncollective interactions, including the attraction related to the nonlinearity of screening and
the shadow attraction related to ion and neutral particle bombardment; and (iv) dust—dust collective attraction
in the absence and presence of an ion flow and a strong magnetic field. First experiments on the detection of
dust—dust interactions are described. Elementary processesin complex plasmas can be used to explain existing
experiments on dust-plasma crystals, dust clusters, and waves and instabilities in complex plasmas, as well as
to discuss the trends in theoretical research, laboratory experiments, and in astrophysical and industrial appli-

cations. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

In our previous paper [1], we demonstrated the
newly observed phenomenon of condensation [2-67]
of asystem of highly charged dust grainsin plasmasin
a state of complex plasma, where the dust grains are
strongly correlated, and in aplasma crystal state [2—7].
Thisstrongly correlated state of matter isused inindus-
trial and technological applications, such as material
coating and etching [8-11], and in thermonuclear
fusion devices [12]. The physics of a system of highly
charged dust grainsin a plasmais shown to be different
from both apure Coulomb system [13, 14] and asystem
of Yukawascreened charged particles[15] dueto strong
nonlinearities [16, 17] in screening and the presence of
along-range and nonscreened part of the potential [18,
19] (see dso [1]). Different models of grain charging
proposed so far, including the orbit motion limited
(OML) approach [20], radia drift (RD) approach [21,
22], and diffusion limited (DL) approach [1], predict
large grain charges with nonlinear screening and a
weak nonscreened part of the potential [1]. The values
of grain charges are sufficiently large for plasma con-
densation to occur. The phenomenon of plasma con-
densation was observed in many laboratory experi-
ments[2-7]. Theinterpretation of observations of com-
plex plasmas includes elementary processes related to
large dust charges, absorption of plasma particles on
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dust grains, collective phenomena, and dust—dust inter-
actions. In this paper, we describe elementary processes
in complex plasmas using a simple model and give
exact values for the coefficients determining the
strength of the elementary processes. These results can
be used not only to estimate the existing experiments or
those being planned, but also to formulate the simplest
force balance relations that can describe the structures
often formed and observed in complex plasmas.

2. PROCESSES RELATED
TO THE CHARGING OF DUST GRAINS

There are several processes related to dust charging,
including time-varying charging, charge fluctuations,
the friction of ions and electrons on dust, and the
absorption of ions and electrons by dust distributed
with a certain average dust density in a complex sys-
tem. Speaking about the collection of dust grains and
the effects that appear for acertain dust density, we will
consider only the effectsthat appear when summing the
effectsexisting onindividual dust grains. The collective
effects mean that one of the grain influences the pro-
cesses on other grains. The effectsthat we will consider
here are more simple; we will assume that such a
mutual influence can be neglected and the effects on
many grains can be summed up. The collective effects
will be discussed in detail later.
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Fig. 1. Charging of a grain in time (here, z is the grain
charge normalized to the equilibrium charge). The charging
time corresponds to the rate of charging in its final stage
where the electron and ion currents becomes almost equal
to each other.

2.1. Charging Time and Charging Frequency

Equation (16) of [1] (below, references to formulas
of [1] aregiven as(1.N), where N isthe number of afor-
mulg; i.e., in the case at hand, we have (1.16)) for grain
charging describes the dynamics of grain charges. It
can be used to investigate the time scales of charging in
different charging models. For the simplest OML
model, it can be used in the general form. We multiply
(1.16) by €¥/aT, and use OML charging currents to
write the equation for the time evolution of the dimen-
sionless grain charge z= Z,e*/aT,:

d_Z 1 VTl
dt A/_ )\DI

Here, aisthe grain size, T, isthe electron temperature,
Z,isthe grain charge (in units of the electron charge),
1=T,/T, m=m/m, and Ay, isthe ion Debye length.

For small deviations &z from the equilibrium dust
charge z,, (62 < z,,), wefind

00z
T —TChéz = —v,,02Z, 2)

where 1, is the characteristic time of charging and v,
isthe charging frequency;

l VT|
'\/_ )\D|

The charging frequency is proportional to the dust size,
which means that the charging is faster for larger dust
grains. When the charging process starts with charges
that are far from equilibrium, one can distinguish two

—T—(z+1-Jmrexp(-2)). (1)

Vch =

——(L+24+T). 3)

stage of charging: thefirst, faster stage isdetermined by
the electron capture by agrain and is simply related to
the time needed for electronsto reach the grain and the
second, longer stage is determined by ion capture and
the time needed to reach the equilibrium charge value
(it is on the order of t,, = 1/vy). Figure 1 shows the
solution to the charging equation; here, timeis normal-
ized to (vy;a//2TIAG; ) ! (t — t/2TTAg; /vyia) and zis
normalized to z,, (z— z/z,). The caculations were
performed for argon at T = 0.02, T, = 300 K, and n, =
10° cm™; inthis case, z,, = 2.63.

Estimates of the charging frequency in typical
experiments show that it isvery short; i.e., the charging
is extremely fast. For example, for T; = 300 K, n; =
10°cm=,a=10um, and z= 3, we havev_, = 1 MHz. A
consequence of the charging processis very drastic: al
the modes with frequencies less than the charging fre-
guency are modified by charging (this problem will be
considered in more detail in our subsequent paper
devoted to collective effects in complex plasmas).

An important quantity is the charging length A,
which is defined as the distance traveled by a thermal
ion during the charging time,

2
= Vi Ao
Ao = o= @)
and which is always larger than the ion Debye screen-
ing length for a < Ap;.

In the presence of superthermal ion drift, the charg-
ing frequency can be expressed through the Mach num-
ber M; fort < 1, itis

a .
= —VT'ﬁ z+1)HE + MD )

For t < 1 and M on the order of unity (as is in the
plasma sheath), the charging time is 1!/ times longer
than for subthermal drift.

2.2. Fluctuations of Dust Charges

It iswell known that phase transitions are accompa-
nied by large fluctuations of al the parameters. Such
fluctuations should also be present and measured dur-
ing plasma condensation in complex dusty plasmas.
The new effect for complex plasmasisthe variability of
dust charges, which will lead to fluctuations of charges.
Obvioudly, these fluctuations should be taken into
account in any approach to phase transitions in com-
plex plasmas. Also, it is probable that these fluctuations
can play adominant role in phase transitions for a cer-
tain range of parameters. The dust charge fluctuations
are of a collective nature, being in the first approxima-
tion proportional to the dust density. They were investi-
gated only recently, and there are still some problems
concerning noncollective dust fluctuations. Collective
PLASMA PHYSICS REPORTS  Vol. 29
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fluctuations should exceed noncollective ones in phase
transitions, and one needs to know the conditions at
which collective fluctuations dominate noncollective
fluctuations. We will start with noncollective fluctua-
tions and, then, will give only the result and areference
to the collective fluctuations. This field is now fast
developing, and we will able to touch only the first
results on collective fluctuations. So far, different
approaches have been used to describe noncollective
fluctuations, and this point should aso be clarified,
because the links with very developed usual plasma
fluctuation approaches (in the absence of dust) can be
established and the methods of plasma fluctuations can
be used to further develop the theory of dust fluctua-
tions.

Noncollective dust charge fluctuations can be
treated as a result of the discreteness of the charging
process, i.e., as being due to the fact that the changein
the dust chargeis discrete: it is equal either to the elec-
tron charge —e for the absorption of a single electron
or to +e for the absorption of a singly ionized ion. In
plasma physics, the discreteness is usually treated as
fluctuations of the electron and ion distribution func-
tion. These fluctuations should lead to fluctuations of
the currents on dust grains and, therefore, should lead
to fluctuations of the dust charges. An important ques-
tion is whether these two possible treatments of dust
charge fluctuations are identical or not. The answer is
that the treatment of dust charge fluctuations as due to
fluctuations of currents on adust grain is more general
and includes, in a certain limit, the effect of the dis-
creteness of the charging process. In the available liter-
ature, the discreteness of the charging process wasfirst
considered in [23] (see also [24]), and the fluctuations
of currents on dust grains were first treated in [25]. We
intend to show here that the result of [24] coincides
with aresult that can be obtained from the fluctuations
of the electron and ion distributions due to their dis-
creteness [25] only in the limit where the electron and
ion fluctuations can be regarded as independent particle
fluctuations, i.e., asapart of honcollective fluctuations.
In plasma physics, this type of fluctuationsis known as
free particle fluctuations, and another important type of
plasma particle fluctuation is known as induced fluctu-
ations[26]. Therole of induced electron and ion fluctu-
ations in dust charging has not yet been investigated in
detail, but the role of fluctuations induced by dust (col-
lective dust component of fluctuations, which is the
most important for the problem of condensation in
complex plasmas) was considered in [27]. The impor-
tance of the latter process is obvious, because the elec-
tron and ion fluctuations in the charging process can be
induced by dust grains, which absorb electrons and
ions, and therefore can depend on dust fluctuations.
Thus, such amore detailed treatment [27] allows oneto
consider the problem self-consistently, which in turn
can allow one to treat collective dust fluctuations as
related to long-range correlationsin strongly correlated
states. At the end of this section, we will give the main
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results of [27]. Here, we start with the problem of elec-
tron and ion fluctuations as fluctuations of independent
particles and neglect induced fluctuations related to
both plasma particles and dust. Note that this problem
was considered in [24, 28]; here, we compare the
results obtained by the method of fluctuations of cur-
rents on dust grains [25] with that given in [24]. The
distribution of fluctuations considered in[24] isaGaus-
sian distribution with the spectral width equa to the
charging frequency. Induced fluctuations can have fre-
guencies much higher or much lower than the charging
frequency. In the low-frequency range, the spectral
width of these fluctuations depend on the dust density
[27]. The appearance of long-range correlationsleading
to strong coupling is related to low-frequency fluctua-
tions and collective processes of dust grain charging.
Giving here, for the first time, proof that the results of
an analysis of charge fluctuations due to the discrete-
ness of the charging process [24] coincide with those
for current fluctuations due to the discreteness of elec-
tron and ion distributions [25], we hope that such an
approach can be used to further develop the theory of
dust charge fluctuation using the known results from
plasma physics [26] or the results of the kinetic theory
of dusty plasmas, which have been developed recently
[27, 29, 30].

We start here with noncollective fluctuations of dust
charges. When the collective effects are neglected, the
charge of each dust grain is considered to fluctuate
independently. The dust density affects these fluctua-
tions via the quasineutrality condition. First, we will
consider an approach treating fluctuations as being due
to the discreteness of the charging process. Then, we
will consider the effects related to the discreteness of
the electron and ion distributions leading to current
fluctuations caused by electron and ion fluctuations.

2.2.1. Chargefluctuations dueto the discreteness
of the charging process. Dust grains embedded in a
plasmaare generally multiply charged with Z,> 1. Due
to normal statistical fluctuations associated with dis-
crete impacts of individual electrons and ions, the
charge Q and, inturn, the surface potential @, of the dust
grain will fluctuate.

A Fokker—Planck description of grain charging due
to the discreteness of the charging process was devel-
oped in [24], where charge fluctuations resemble a
Markov process. the charge varies in steps of e with
the probability per unit timefor a positive change given
by I; and, for negative change, by |, (remember that, by
definition, I; and I, are, respectively, the ion and elec-
tron currents on the total dust surface per the absolute
value of the electron charge e > 0). The probability f, of
the grain to have the charge Q at timet is then given by
[24]

0fg _

52 = liflo-eleflgre=(li= 1) flo. (6)
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Equation (6) assumes that both the charging cur-
rents and the probability depend on the instantaneous
charge (Q-¢e, Q, Q + €), but not on the previous history
of charging. This is reasonable, provided that plasma
fluctuations occurs on much longer time scales than
dust charge fluctuations.

Treating Q as a continuous variable and using the
normalization condition

[fodQ =1, )

we linearize the charging current around the steady
state [, [+ [0; = O,

le+1; = 8Q(O O+ O0) +3l; + 3, ®)

and neglect the fluctuating currents dl, and &l;. This
yields the diffusion—convection equation

d0fq _
ot
where 8Q = Q — [Q[]

x
Tch

9 ’fq
IH(3Q10) + HéQ)%’ ©)

= —te(O O+ O;0);

T (10)

T, IS the steady-state charging time, coinciding with
Eq. (1.82) for the OML model; and

5Q)n= S I

= = 11
200+ 00 (1)

isthe mean square of dust charge fluctuations, as can be
seen from a stationary solution to Eqg. (9):

1 o0 (39" 0
L2r&Q)n D 20sQ) T

For the OML model, a simple substitution of cur-
rentsin the last expression yields

5_Z§= t+z 1
Zy zZ(l+1t+z) 1+7

f(0Q) = (12)

(13)

where Z,, as previoudly, is the equilibrium dust charge
in units of the electron charge and the last approximate
equality is written in the limit T < 1. As could be
expected, the root mean square fluctuation of the dust
charge is on the order of the equilibrium dust charge,
although lower than it.

The temporal evolution of the dust grain charge can
also be written as a Langeven equation
0
W = el +el, +g(1)
where el; — el = —(Q — [QD/t, + (higher order terms)
is the linearized net current on the grain and g(t) isa
stochastic forcing function with zero mean. For noncor-

(14)

related fluctuations, as is assumed in Eq. (6), the forc-
ing function should satisfy the relationship

B(t)g(t+1)0 = 214 13Q) T (t-t),
where &(t) isthe Dirac deltafunction.

In this approach, it is possible to calculate the “life-
time” of agiven chargefluctuation |dQ| (i.e., the growth
and dissipation times), as well as the charge autocorre-
lation function, power spectrum, etc. For instance, the
autocorrelation function of charge fluctuationsis

(15)

] tl
QYQ(t+ )00 expFg—, (16)
ch
and the power spectrum is Lorentzian with the charac-
teristic frequency 1/1,.
The time required for a charge fluctuation to grow
from [Q[to [Q[H |0Q| is given by

15Q/ [(3Q)D

tyon(8Q) = Toy f—T exp(x'[2)erf X,
g > | 2 )

accordingly, the time required for a charge fluctuation
to dissipate back from [Q[H |0Q| to [QLis

t4ss(0Q)
15Ql/ (3Q)D

=1, [’-ZT -C[ exp(lez)gl—erfg—}-ﬁdx.

Thiskind of theoretical derivation can be compared
with Monte Carlo simulations (see [28]) and compared
with OML result (13) for Maxwellian (nonfluctuating)
distributions of electrons and ions. The result of such a
comparison shows good agreement between the Monte
Carlo calculations and the theoretical fits based on the
Fokker—Plank model. The numerical values were
obtained for argonat T,=1eV, T, =500K, and n,=n, =
10° cm3. Note that both the theory and the simulations
take into account only the discreteness of the charging
process.

2.2.2. Chargefluctuationsdueto the discreteness
of theelectron and ion distributions. In principle, itis
obviousthat if the electron and ion distributions fluctu-
ate, the current on a dust grain will aso fluctuate. For
instance, in the OML approach, the fluctuating currents
dl; c aregiven by

ol o = J'Gvéfi'edv,

(18)

(19)

where &f; . is the fluctuating distribution function of
ions or electrons. Nevertheless, the direct use the OML
approach to calculate dust charge fluctuations is ques-
tionable. Aswill be shown, the OML approach needsto
be generalized to properly treat the fluctuation currents.
Indeed, one can use Eq. (19) to estimate characteristic
spatial scalesthat will contribute to the current fluctua-
PLASMA PHYSICS REPORTS  Vol. 29
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tions if the electrons and ions fluctuate as independent
noncorrelated particles. Present-day plasmatheory pro-
vides a simple relation for noncorrelated fluctuations,
which mathematically expresses the known statistical
relation for the independent fluctuations of the number
of particlesN in avolumeV, namely,

{8N)’ D = INO (20)

Applying this expression to particles with amomentum
p inaninterval dp leads to an expression for the mean
square fluctuation of the particle distribution function
[05f,)*[] Since the fluctuations describe the time and
space variations of the particle distributions, of,
depends both on r and t. The best way to find spatial
and time scales that contribute to these fluctuationsisto
expand the fluctuation function in Fourier components,

51, = [81,k wexp(k [ ~catckt. 1)

Then, Eq. (20) reads (see [26])
[pr K, wéfp k', w
= O (p—p)o(k +k)O(w+ W)d(w—k [).

Delta function d(k + k') expresses that the correlation
function of fluctuations depends only on the difference
between the spatial coordinates, d(w + W) expresses
that the correlation function depends only on the differ-
ence between the times, and &(w -k - v) expresses that
the independent free particles move along straight
lines.

Then, an important question arises as to whether we
can use this simple expression for independent particle
fluctuationsin the expression for the flux on dust grains
obtained from the OML model. For the following rea-
sons, the answer is that it is impossible. The OML
model relates the electron and ion distributions at the
grain surfaceto those at infinity, and the expressionsfor
feiin Eq. (19) arethe distributions at infinity. “Infinity”
physically means sufficiently far from the grain,
namely, at distances much larger than the charging dis-

tance Ay, = )\Si/a. In the OML approach, the ion and

electron densities can depend on the local position, but
they should be almost homogeneous at distances on the
order of the charging distance (only in this case, the
electron and ion densities at distances on the order of
the charging distance can be attributed to the grain posi-
tion, being almost the same as those at the position of
thegrain). Applying expression (22) to Eq. (19), wecan
find the mean square of the OML fluctuation current.
As aresult, we obtain that the corresponding equation
isdescribed as an integral with respect to k 217k isthe
characteristic fluctuation scal elength) and that thisinte-

gral diverges at large k as [kdk, which shows that the

size of the fluctuationsthat give the largest contribution
is much less than the charging length, in contradiction
with the assumption used in the OML approach.

(22)
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Thus, we cannot use the OML approach in the exist-
ing form and need to calculate the currents taking into
account the inhomogeneity of fluctuations of the elec-
tron and ion distributions. We will use the expansion in
Fourier series and find the cross section for each spec-
tral harmonic (see the Appendix of [27]):

21 Prmax
O.i(k) = J-d(pj- exp(ikg [ g)rodrg
(23)
— pmax
- 2T[k_D‘Jl(pmaxklil)ﬂ
where p,,..« IS the maximum impact parameter,
z,e2
Do = @ |12 2555 (24)
mv

and k; is the absolute value of the component of k per-
pendicular to v. With this cross section, the fluctuating
current is found to be
Olgio = J’oe, i(K)exp(ik TF)vdfe;  odk.  (25)
Further, we take into account only the plasma parti-
cle fluctuations related to the discreteness of their dis-
tributions. Therefore, we will write the linearized

charging equation for the time Fourier components in
the form

(W+ivy)0Z4 , = Ol =0l .

Both the mean sguare of dust charge fluctuations
and the autocorrelation function can be easily found
from this expression through the Fourier component of
the current correlation function |l ; ,,[* defined by the
relation

(26)

|:Ble,i,u)éle,i,u)‘lj = ||e,i,w|26(w+ (13)

Taking into account that the electrons and ions fluctuate
independently yields

[5Z,(1)5Z4(t + 1)

(27)

= (2B oo P

2
ch
Substituting here expression (25) for the fluctuating
current and using formula (22) to find its mean sgquare

value, we obtain for the fluctuations related to the ion
discreteness

Oz .« Vad g 27
X ex (—)dJB(a 14200 o t+z
PEY) o Ok, ~ 2z(1+t+2)
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In obtaining this result, we used the relationship

005 = 3 (30
0

Thefirgt equality in expression (29) showsthat thefre-

quency spectrum is of the Lorentz type, O1/(6? + V3,).
Although the cross sectionsfor electronsand ions differ
from each other, the contribution from the electron dis-
cretenessto dust charge fluctuationsis equal to the con-
tribution from ion fluctuations (29). Indeed, we find

[8Z) T, _ 1 nevre
Zy - EniVTle p(= Z).I Id y 31
dk
X eXp(_y)Jla(DaA/ y] T 22(1T:TZ+ z)

To obtain final expression (31), we used the balance
of average currents described by the dust charging
equation.

The sum of expressions (29) and (31) coincideswith
result (13), obtained in [24] by a quite different method
exploiting the discreteness of the charging process
(although the final result in form (13) was not given in
[24], one can easily obtain it from expression (32) of
[24] by using relations from the OML charging equa-
tion). The coincidence seems to be natural because the
method of fluctuating current also uses the discreteness
of the electron and ion distributions. The new result that
cannot be seen so clearly from the previous approachis
that the contributions from electrons and ions to dust
charge fluctuations are equal to each other. However,
more important is the possibility of generalizing cur-
rent fluctuation by taking into account induced fluctua
tions through the plasma and dust responses and the
possibility of a self-consistent treatment of dust charge
fluctuationstaking into account the dependence of elec-
tron and ion fluctuations on dust charge fluctuation and
other dust and plasma parameters, such asinduced fluc-
tuations of both dust and plasma particle densities. This
way makes it possible to find the role of dust fluctua-
tions both in long-range interactions in strongly corre-
lated systems and in transitions to and from strong cor-
related states.

2.3. Collective Dust Fluctuations

Collective dust fluctuations were obtained only
recently by using anew kinetic theory of dusty plasma,
which we are not able to present here in short terms.
Here, wewill give only thefinal result in which all non-
collective fluctuations and aso the effects of induced
fluctuations of electrons and ions are neglected (esti-
mates show that these effects are small when the num-

bers of electrons and ions in their Debye spheres are
large) [27]:
EﬁZdl:f 2 22
2 = nda. )\DiT__Z'
Z T(1+2)

Let us take some typical data of existing experi-
ments: a=3 um, Ap; =30 um, ny=3 x 10°, and 1/z =
10>. Then, for collective fluctuations, we find
[00Z,)[Z5 = 4 x 103, while for noncollective fluctua-

tions, we have 00Z,20Z; = Z;' (1+27' =3 x 105 i.e,
the latter is two orders of magnitude lower, which
means that under laboratory conditions, collective dust
charge fluctuations can be much larger than were
expected earlier for noncollective fluctuations. Thisis
an important point for further developments related to
dust charge fluctuations in the course of plasma con-
densation to a strongly coupled state.

(32)

2.4. Absorption of lons and Electrons on Grains

We consider here only the noncollective absorption
of ionsand electrons on dust grainswith the grain num-
ber density ny. The term noncollective means that each
grain absorbs independently of the presence of other
grains and the total absorption is a sum of absorptions
on individual grains. Since any ion on its path through
a dust-containing region subsequently reaches other
grains and has a probability to be absorbed by one of
them, the average ion density will decrease. To calcu-
late this effect, we can sum the absorption on individual
grains and find the corresponding dissipation term in
the ion continuity eguation. The flux of ions onto an
individual grain isdetermined by the current I; (remem-
ber that above weintroduced |; asthe current on anindi-
vidual grain per unit charge e > 0 and, therefore, I; coin-
cideswith theion flux onto the grain). We can writethis
flux for the general casein the presence of ion drift (this
case, which wasregarded in[1] asanisotropic charging,
is of practical interest in sheath regions). We introduce
the charging coefficient a;, given by expression (1.75).
Then the ion flux onto an individual grain can be writ-
ten as

| = 4mf2vynZag, (33)

In the limit of low ion drift velocities, u < 1, where

us— v = B (34)
_/\/iv_n, Ti miv
~ 1 LN
ach~2ﬁ§1+ﬂ (35)

we return to expression (1.24) for the ion flux. With
expression (33), we will be able to find the absorption
of ionson grainsfor any ion drift velocity. The continu-
PLASMA PHYSICS REPORTS  Vol. 29
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ity equation for ionsthat takes into account the effect of
absorption of ions on grains will be

g_n_i+anivi_ iy
ot, or, °F

Here, the subscript “ac” isintroduced to distinguish the
actual spatial coordinates and time from their normal-
ized values, for which it is convenient to use notation
without any subscript. Equation (36) takes a very sim-
ple form if we write it in a dimensionless form, using
for the normalization of distances and time the charac-
teristic charging length and the characteristic charging
time, respectively. More exactly, for normalization we
will use these quantities, excluding the parameters that
can, infact, betime or space dependent. Instead of A, =

A2, J/2T1/a(1 + T + 2) for the normalization of distances,
we will use simply

A

(36)

i Ti

RN

L =

37)

o

2 1
4mmnge a

and for the normalization of time, we will use L/vy;.
Here, n, is a constant density that can naturally be the
plasma density outside the dust-containing region or
some other density relevant to the problem under con-
sideration. This density should be constant in order to
exclude time or space dependent coefficients from nor-
malization. For the same reason, we excluded the factor
1+ z+ 1 from normalization because the dust charge
can vary in space and time. Thus, we have

r_ac t= tacVTi

L’ L
For theion density and drift vel ocity, we use the natural
normalization

r (38)

N Vi
n=—, u

No «/éVTi.

Multiplying Eg. (36) by )\éi /an, +/2 v, we convert
it to avery simple dimensionless form

(39)

on , nu
ot or

where P = nyZy/n, is the parameter characterizing the
relative dust charge density [see expression (1.2)].
Here, we normalize the dust charge density to a con-
stant ion charge density (e.g., to theion density outside
the dust region).

Equation (40) has no small parameters and shows
that, for P on the order of unity, complex plasma will
disappear on the time scale of the charging process if
thereis no source supporting the ion density. In experi-
ments, such a source is often volume ionization. A rea-
sonable model for this source is one where the number
of the ions created is proportional to the electron den-

= —Pnay,, (40)
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sity. For instance, this can be expressed as an additional
term on the right-hand side of Eq. (40):

Qi = nJT;,

where n, = ng ,./N, is the normalized electron density
and T; is the characteristic time of creating an ion by
ionization (in units of L/v+;). Equation (40) with addi-
tiona term (41) will have a steady-state solution when
ionization is balanced by absorption on dust grains.

As concerns electron dissipation, we note that the
electron flux should be aimost equal to the ion flux and
the sink term in the electron continuity equation is the
same as the source term because the electrons and ions
are created by an ionization source in pairs (for usual
weakly ionized laboratory plasma). On the other hand,
the behavior of electrons and ions is usually different
because, in most cases of interest, the electron drift
velocity is small as compared to the electron thermal
velocity and often does not enter in the equations for
the electron component. Therefore, one does not need
to consider the electron continuity equation to find the
electron drift velocity. The electron density can be
determined from the distribution of the electrostatic
potential because the el ectrons behave almost adiabati-
cally. Models different from the OML charging model
give another value for the charging coefficient a;
therefore, the theoretical description of the mentioned
balance is model dependent. We note that experiments
on thisbalance for aknown ionization source can check
different models of charging. This may be important
issue for future experiments.

(41)

2.5. Noncollective Friction of lons
in a Gas of Grains

The ions are not only absorbed by grains but aso
transfer their momentum to the grains. There are two
mechanisms for this transfer: one is related to ion
absorption by grains and another is related to the scat-
tering of ions by the Coulomb field of the grains. The
second mechanism conserves the number of ions and
does not contribute to the continuity equation. Under
the condition z/t > 1, the second mechanism is domi-
nant for low ion drift velocities, while for superthermal
vel ocitiesand Mach numbers on the order of unity, both
mechanisms are comparable and neither of themisneg-
ligible. Asinthe previous section, wewill consider here
only noncollective effects, by summing the momentum
transferred in theinteractions with individual grains. In
the limit of low drift velocities, the friction of ionsin
the interaction with grains is proportional only to the
drift velocity. An estimate of the capturing friction
force F and the capturing friction frequency v, related
to ion absorption (capture) for small drift velocitiesis
very simple:

22
F. = —Vv.mVv;, V.=nN4V0;=NgVyTa T (42)
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The last approximate equality in the second of expres-
sions (42) isfound from the OML approach in the limit
z/t > 1. We note that the last formula can be also
expressed through the parameter P if we use as a unit
for the friction force the value of the force that
decreases the energy of ions by T; on the distance L =

A éi /a, whichison the order of the charging length A,;
i.e., we extract from expression (42) the factor T;/L,

F, = —1_py

2./2L

For P onthe order of unity and for anion drift veloc-
ity on the order of the ion thermal velocity, this force
decreases the ion momentum by the thermal ion
momentum on the distance equal to the charging length
and, sincethisforceiscompletely inelastic, it decreases
the directed ion energy by the ion thermal energy. The
other force F, related to elastic scattering of ionsin the
dust Coulomb field can be estimated as follows:

(43)

Fe = —Vemyv;,

z2e' (44)
Ve = NgV1iO0g ndVTlT[reff NgVyi— -
i
Thelast estimate is found by assuming that
2
Z,e
T, (45)
et

Scattering force (44) can be expressed through P by
extracting the factor T, /L:

Z T,a

<=

12./2)%, 2[

The last expression shows explicitly that the scattering
forceis z/t times larger than the capture forceif z/t > 1.
This force changes the energy by an amount on the
order of electron thermal energy on the distance equal
to the charging length.

ZzPu.

(46)

To find the general expression for the friction force
for any values of theion drift velocity due to both Cou-
lomb scattering and the capturing of ions, one can inte-
grate the change of the ion momentum described by
both the known Coulomb collisionintegral and the cap-
turing OML cross section over the drifting Maxwellian
distribution and express the result through the so-called
drag coefficient a,,:

a
_ e
——ZZPGdrU.
Di

I:fr = Fc+ Fsc (47)

It is natural to normalize the friction force to F, =
Tea/)\éi ’

F= al

Fo

In the general case, the coefficient o, can be
expressed through the error function
Og = erf(u)[ (- 1+ 4° +4u)
su®

= —zPagu. (48)

¥ 212(— 1+20%) + 4In/\} (49)

e’;pj_ u )[TU(1+ 2u’) + - 4In/\}

where InA is the Coulomb logarithm equal in the first
approximation to In(Ap; /a). In the drag coefficient, one
can easily distinguish between the terms that appear
due to the ion capture by the grain and the terms that
appear due to Coulomb scattering by the grains. al
terms containing the Coulomb logarithm are due to
Coulomb scattering, while all terms that do not contain
the Coulomb logarithm are due to capturing. In the
limit /T > 1, the effect of Coulomb scattering is dom-
inant if the drift velocities are low as compared to the
ion thermal velocity. In this case, we find

Oy = —In/\

3.Jm

For superthermal ion drift velocities, it is possible
to express the drag coefficient through the Mach num-
ber M:

(50)

2

M2 M
IN\N+ — + —|.
Gl M[ 2z 422}

The coefficient T on the right-hand side of this expres-
sionisusually included in the normalized length; there-
fore, in this case, the effective drag depends only on the
Mach number. For M on the order of unity, the terms
with the Coulomb logarithm and the terms without it
are of the same order of magnitude, which means that
the contributions from Coulomb scattering and captur-
ing are of the same order of magnitude. Expression (51)
isimportant for treating dusty plasmain sheaths.

The question then arises as to why we called the
total friction coefficient the drag coefficient. The reason
is simple: due to momentum conservation, the loss of
the ion momentum istransferred to dust grains and any
ion drift creates the drag force for grains. Theion drag
force isone of the most important forces acting on dust
grains. In asimilar way, it can be also shown that fric-
tion on electrons is always small as compared to other
forces acting on eectrons if T < m'3, which is always

(1)
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satisfied when 1 < 1. Because of the small electron
mass, the drag of electrons on grainsis of minor impor-
tance.

The ion momentum losses are also model depen-
dent, because both the absorption on grains and the
scattering are model dependent (here, we used only the
OML model for estimates) and because we assumed a
multiple scattering approach (estimates show that tak-
ing into account the scattering by large angles gives
nearly the same contribution as the multiple scattering
by small angles). Both models can be checked by
experiments on injecting ions into a dusty plasma and
measuring the depl etion of theion density (these exper-
iments are being developed now).

2.6. Characteristic Electric Fields
in Complex Plasmas

High dissipation rates in complex plasmacan create
rather large fields even in quasineutral regions. These
fields can easily be estimated in the case where ion—
neutral collisions are negligible and in the case where
they are dominant. In the first case, we can eguate the
friction force acting onionsto the electric field force. If
the drift velocity is on the order of the thermal velocity
and P is on the order of unity, then we obtain the fol-
lowing estimate for the effective electric field:

T.a
e)\,ii '

Eoia = (52)

For typical ion densities on the order of n, = 10° cm3,
a= 30 um, and T, = 2 eV, we obtain E = 10° V/cm.
When theion friction is determined by ion—neutral col-
lisions, in this estimate, we should use the mean free
path for ion—neutral collisions A;,, instead the charging

length A2, /a. In this case, estimates also give a large
value of the electric field.

When the characteristic length is determined by the
charging length, the usual estimate obtained from the
guasineutrality condition changes. In this case, we nor-
malizethelengthtoL = )\éi /aand introduce the dimen-
sionlessfield as

E
E=—=%. (53)
EO,id
Then, Poisson’s equation takes the form
2
0E _ A
3 - raz(n n.—P). (54)

The quasineutrality condition means that we can
neglect the left-hand side of Eq. (54) and equate the
right-hand side to zero. When the dimensionless elec-
tric field is on the order of unity and its gradient (or the
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characteristic dimensionlesslength) isalso on the order
of unity, this condition is determined by the relation

a < ApJ/T. (55)

Thisrelation is a consequence of the large influence of
dust on electrostatic phenomena in a complex plasma.
It isunusual only at first glance and follows from Pois-
son's equation. Note that, in ordinary plasmas, the
quasineutrality condition means that the characteristic
inhomogeneity length should be larger than the Debye
length. There is no contradiction between these two
statements because the latter condition is usualy
obtained from linearized Poisson’s equation, whereas
the condition in which the characteristic length is the
charging mean free path (or the mean free path for ion—
dust callisions) it is related to the self-consistent non-
linear behavior of the total complex system. Numerical
solution of the set of self-consistent nonlinear balance
equations confirms that, in dust-containing regions,
relation (55) isredlly the quasineutrality condition[31].
In regions where dust does not play a crucia role, the
guasineutrality condition takes the usual form. The
only important restriction to apply relation (55) is that
the ion—neutral friction force is negligible as compared
to the friction on dust grains. When ion—neutral colli-
sions dominate and the electric field in a quasineutral
plasmais determined by self-consistent nonlinear inter-
action with dust, we find the following estimate for the
characteristic electric field Ey ;.-

T, A
Eo,in”j~ EO,idT}\_(.:h = Ey 4R, (56)
In n
where
A
R_rfﬂ (57)

Estimate (56) is obtained by equating the ion-neu-
tral collision friction force to the electric field force. In
this case, the characteristic length differs from that
introduced above by the same factor R; i.e., it is equal
to the ion—neutral mean free path divided by 1. The
dimensionless ion and electron densities and the
parameter P should be defined in this case by dividing
not by n, as above but by the product nyR, which does

not in fact depend on n, because )\,zji O 1/n,. Thisfol-

lows from the normalization of the whole set of balance
equations and is confirmed by many numerical results.
Under conditions where the ion—neutral collisions are
dominant, instead of quasineutrality condition (55), we
obtain

a< A\, (58)
This condition seemsto be quite natural and isalso con-
firmed by self-consistent numerical simulations of dust
structures [69—71]. Remember that expression (56) is
correct only when, due to self-consistent nonlinear
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behavior of the complex system, the characteristic
length turns out to be A;,/T.

3. FORCES ACTING ON GRAINS
IN COMPLEX PLASMAS

The most important forces acting on dust grains are
the drag force created by an ion flow, the electric field
force, the dust pressure force, the thermophoretic force,
the friction force in a neutral honmoving gas or a heu-
tral drag force in a moving neutral gas, and the dust
inertiaforce. We will describe al these forces and esti-
mate their values under conditions of existing experi-
ments.

3.1. lon Drag and Electric Field Forces

The drag force was first addressed in [32, 33]. The
drag by anion flow existsfor both low and high ion drift
velocities (much lower and much higher than the ion
thermal velocity). In existing experiments, the ion drift
velocity can be on the order or somewhat higher than
theion sound vel ocity (the Mach number ison the order
of unity); itis, however, awaysstill lower than the elec-
tron thermal velocity. Physically, dust drag by an ion
flow appears dueto theloss of theion momentum inthe
interaction with dust grains and is adirect consequence
of momentum conservation. One can obtain the same
estimate as formula (42) for the momentum transfer
dueto the capturing processin asubthermal ionflow. In
this case, the collision frequency should be determined
by the ion number density, rather than the dust number
density asin formula (42). The same change should be
made in estimate (44) for the drag force due to Cou-
lomb scattering. Certainly, the force will be determined
by the difference between the ion and dust velocities;
however, the dust vel ocity in the expression for thedrag
force can usually be neglected because, amost in all
cases of interest, it is much smaller than the ion drift
velocity. Asaresult, instead of the parameter P entering
into formula (46), we have Z;n, /n,. In the general case
of an arbitrary ion drift velocity, we find the same coef-
ficient o, but multiplied by Z;n instead of P. If we use
the same normalization as in expression (48), then for
the drag force we obtain

Fg = Foew _ Z4Zn0gU,
Fo
where F, . is the actual (nonnormalized) drag force.
Note that, as could be expected, the drag force is pro-
portional to the square of the dust charge [onefactor, Z,
entersinto normalized dust charge z, and the other fac-
tor Z, enters directly into expression (59)].

The presence of the large factor Z; is also a conse-
guence of the momentum conservation law. Indeed,
expression (59) iswritten for asingle dust grain. Tofind
the momentum transferred per unit volume, we should
multiply expression (59) by ng; as a result, the addi-

(59)

tional factor Pn, appears. On the other hand, to find the
momentum lost by ions per unit volume, we should
multiply expression (48) by n; = n,. If we sum these
expressions for the change of the momentum per unit
volume, we will abtain exactly zero.

The presence of the large factor Z in front of the
expression for the drag force is very important because
all other dimensionless parameters are usually on the
order of unity and the presence of the large factor Z;in
expression (59) shows that the drag force is usually
large. However, due to the large value of Z, the electric
field force F,, acting on dust grainsis also large. Nor-
malizing the electric field in the same manner as when
deriving expression (53) for theforce acting onions, we
obtain

Fy = —eZ,E. (60)

For the sum of the electric field force and the drag force,
we have

Fa +Fg = —Z4(eE —nzagu), (61)

i.e., the factor Z, appears as a common factor in the
expression for thetotal force. Thus, if we find the force
balance of these two forces by equating the left-hand
side of Eq. (61) to zero, then the balance condition will
not be determined by the common factor Z; [34-36].
This, however, does not mean that the presence of Z,in
the expressions for the electric field force and the drag
force has no physical consequences. In fact, it has a
very important consequences if other forces are added
in the total force and if these forces do not contain the
large factor Z,. In this case, these other forces can be
neglected. For instance, the normalized dust pressure
force F,, ,. =—(Ty/ny)(0ny/dr,.) is equal to
e = Foe _

Jaz0f_ ;.20
w = TR, T TT.parCd - “elapar i ()

where 14 is the effective dimensionless dust tempera-
ture,

T4
Tezd1
which, for any real experiment, isvery smal (14 < 1)
due to the presence of the factor Z; in the denominator.

Then, the total force F,,,, including the electric force,
the drag force, and the pressure force, can be written as

_Zag ,0 (A0
P O0%%r 00
If we neglect the term with a very small parameter

T4 in the force balance equation, we get
P(eE —agnzu) = 0. (65)

This equation has two solutions. One of them corre-
sponds to the balance between the electric field force

Ty = (63)

F = +P(eE—agnzufs.  (64)
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and the drag force, and the other oneisP = 0. In aspa-
tial region where the electric field force is balanced by
the drag force, P is usually nonzero. This means that
there should be a boundary with ajump in the parame-
ter P. Since zis continuous, the dust density should have
a jump at this boundary. The term with the dust gas
pressure allows one to describe the fine structure of this
jump as a continuous but steep change in the dust den-
sity, probably with small oscillations on spatial scales

that are Tgl times smaller than the other characteristic
spatial scales of the problem.

Thus, we can conclude that, due to the presence of
the largefactor Z,in both the electric field force and the
drag force (which allows one to neglect the dust pres-
sure force, proportiona to the small parameter 1), a
new type of boundary can be created with all the param-
eters being continuous, except for the dust density.
Note that thisis not only atheoretical possibility. In the
experiments of [37, 38], dust distributions with sharp
boundaries were observed (see also theoretical papers
[39, 40Q]). In [37], the boundary observed was very
sharp and, outside the dust cloud, the dust was practi-
cally absent. In [38], several interesting structures with
sharp dust boundaries separating regions with dust
grains of different size (grains with the sizes a and 2a
were injected simultaneously) were observed. This
phenomenon requires future detailed investigations.
Also, the convection of dust was observed in [38].

The above relationships were obtained under the
assumption that ion—dust collisions are the most impor-
tant. Formally, these expressions survive in the case
where ion—neutral collision are dominant. In this case,
itisonly necessary to change the normalization accord-
ing to the expressions given in the previous section.

3.2. Temperature Gradients
and the Themophoretic Force

Thethermophoretic forceis proportional to the tem-
perature gradient of a neutral gas and becomes impor-
tant when ion—neutral collisions dominate over ion—
dust collisions. Thiswell-known phenomenon was con-
sidered for dust grainsin [41, 42]. The ratio of the cor-
responding friction forces depends on the gas pressure.
In experiments, thisratio is often on the order of unity.

The thermophoretic force F,, . isdetermined by the
neutral gas density n, and by the gradient of the neutral
gastemperature T,, [41],

2, OT

Fipa = 2.40,T& A"”EZ'

The main problem is the question of what processes

in aneutral gas determine the temperature gradient. It
can be some externa heat sources or the difference in
the electrode temperatures in a particular experimental
device. A question we need to answer is what kind of
temperature gradientsin aneutral gas can be created by

(66)
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the presence of dust. We exclude from consideration
externally created temperature gradients, because in
this case, the thermophoretic force is completely deter-
mined by Eq. (66). In the general case, the temperature
gradient is determined by heat conduction, which,
under conditions whereion—neutral collisions are dom-
inant, is described by a diffusion equation with heat
sources. We consider only sources related to the pres-
ence of dust and steady-state heat transfer.

Let usfirst consider the heat balance at the surface
of adust grain. The flux of electrons and ionsrelated to
the charging process continuously supply the surface
with the energy that is the energy of the captured ions
and electrons. This energy flux onto the grain surface
can easily be calculated using the OML cross sections.
Each ion is accelerated by the dust field aimost to the
energy corresponding to the electron temperature.
Therefore, the electron and ion contributionsto the heat
flux onto the dust surface are almost equal to each other
(the direct calculations show that these fluxes differ by
only afactor of z/2). The energy deposited on the dust
surface cannot stay there because, for a low degree of
ionization, the neutral density is much higher than the
ion density (in typical experiments, n,/n, = 10°) and the
rate of dust collisons with neutral gas atoms is
(n,/n))(1/2) = 10* times larger than the rate of collisions
with ions (the ion and neutral thermal energies in this
estimate are assumed to be approximately the same). In
this estimate, the factor 1/zis the ratio of the cross sec-
tion for neutral—dust collision (which isthe geometrical
Cross section &%) to the cross section for ion—dust col-
lisions (z/t)ma%. In neutral dust collisions, the neutral
atoms are attached to the dust surface for arather short
time (called the resident time), which is sufficient to
equalize the thermal energy of the attached neutral
atomsto the dust surface temperature. Then, the neutral
atoms take the excess of energy that was deposited by
ions and reemitted from the dust grain. As aresult, the
surface dust temperature becomes almost equal to the
neutral gas temperature. Heat transfer from the dust
surface to the neutral atomsisvery fast, and the surface
temperature of the dust grain is larger than the temper-
ature of the neutral gas (this determines the direction of
heat transfer); however, thisdifferenceisvery small. In
the above numerical example, the relative difference
between the dust surface temperature and the neutral
gastemperatureis aslow as[36]

(67)

Thus, the energy deposited on the dust grain in the
charging processis a source of thelocal heating of neu-
tral atoms (the heat source q,), which produces the tem-
perature gradient and thus creates aself-consistent ther-
mophoretic force that is not related to external heating.
Of course, the external source creates the ion flow
which also deposits energy in the neutral gas (the heat
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source @) via ion—neutral collisions and ion—neutral
friction.

The best way to write the heat conduction equation
with these heat sources on the right-hand side is to nor-
malize the distance to A,,/T = AT and the thermo-
phoretic forceto T,,/A,, (note that, above, the force was
normalized to T; /A;,.):

Ftp, ac)\nn

T, '’
where F,, is the thermophoretic force divided by Z, in
order to extract the factor Zy, which is common for all
forces acting on a dust grain (this simplifies the com-
parison of different forces). Then, according to expres-
sion (66) for the thermophoretic force, which contains
the first derivative with the respect to the neutral tem-
perature, we obtain the heat conduction equation for a
neutral gasin aform containing only thefirst derivative
of the thermophoretic force with respect to the dimen-
sionless distance. For simplicity, we will write this
equation in the one-dimensional form, assuming that
the temperature depends only on the x coordinate [ 36]:

ZgFy = (68)

z0F
Up—=? = T(Qg+ a), (69)
where ay, is a numerical coefficient on the order of
unity (when ion—neutral collisions are dominant, it is
0.8). The OML approach gives
1
= —Pn(z+2)ag, (70)
Qa " ( )0 e
and simple calculations with the friction force deter-
mined by ion-neutral collisions give for u < 1 (in this
case, the friction force is proportional to u and theion
mobility is proportional to the electric field)

2
_nu
di

Ao

For u > 1 (when the ion—neutra friction force is
proportional to the square of the drift velocity and, cor-
respondingly, the ion mobility is proportiona to the
square of the eectric field), we obtain an estimate for
g, which differs from expression (71) by the additional
factor u.

The appearance of the small factor T in Eq. (69) for
the thermophoretic force is very important. When all
the dimensionless parameters are on the order of unity,
the presence of the factor T on the right-hand side of
Eqg. (69) shows that, in most cases of interest, the self-
consistent thermophoretic force is fairly small and can
be neglected. The only exception isthe case of highion
drift velocities, where the heat source (71) can belarge.
This can occur only if the ion drift velocity substan-
tially exceeds theion thermal velocity, namely, if TU’ is
on the order of unity or if M > 16, which means M >
0.5 for existing experiments, where 1 = 0.02. Thus, the
thermophoretic force can be important in sheaths,

(71)

where M is on the order of unity. However, this also
requires high pressures in order that the characteristic
length of the problem be determined by ion—neutral (or
neutral-neutral) collisions, when the above expression
for the thermophoretic forceis valid. In existing exper-
iments, where ion—neutral collisions are dominant, uis
on the order of unity and M < 16, Under these condi-
tions, the thermophoretic force is small. The possible
presence of sharp dust boundaries does not change this
conclusion because Eq. (70) contains the parameter P,
but not its derivatives with respect to the distance.

If the characteristic length is not determined by the
nonlinear balance and is not directly related to the col-
lisonal mean free path of neutral gas atoms, then the
thermophoretic force can be rather important. In partic-
ular, it isimportant in the interaction of two dust grains
when the distance between them is larger than the col-
lisonal mean free path (below, we will consider this
problem in more detail). The thermophoretic force can
be used to remove dust from a system by an externally
applied temperature gradient [43].

3.3. Neutral Gas Drag Force, Gravity Force,
and Dust Inertia

The neutral drag (or neutral friction force) appears
when a dust grain moves with a certain drift velocity vy
through a neutral gas. When the neutral gasis moving,
thisforce can cause dust to move. Dust motion can also
appear when the gas is not moving and when the bal-
ance of the other forces acting on dust grains require
that the neutral gas drag to be included. For example,
when the ion drag force and the electric field force are
not acting in the same direction, they can be compen-
sated in one direction but cannot be compensated in the
other direction without taking into account the neutral
drag force. Then, the electric and ion drag forces create
dust motion in the direction where the force balance
cannot be established without the neutral drag force.
This leads to the dust convection observed in many
experiments. Therole of the neutral drag force in creat-
ing dust convection was first considered in [38, 44]. In
the presence of gravity, the neutral drag force can bal-
ance the gravity force and can lead to a constant-veloc-
ity fall of dust grainsinjected in the gas discharge. The
physical reason for the appearance of the neutral drag
force, which is aso known as the Epstein drag force
[45], isthat theimpact rate of neutral atomson the front
side of adust grain is larger than that on the rear side.
The difference in these impact rates, multiplied by the
average momentum transferred by impacts of gas atom,
is equal to the momentum transferred to the grain per
unit time, which isthe neutral drag force:

_ 4 2V,
Frgac = —énnTnna v::
where, as before, the index “ac” stands for the actud
value and v, g, is the Epstein collision frequency of

—MyV nd, Ede, acy (72)
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momentum exchange between the dust and the neutral
gas atoms.

We will aso introduce the normalized drag force.
The neutral drag force isimportant both when ion—dust
collisions are dominant (in this case, normalization is
related to ion—dust collisions) and when ion-neutral
collisions are dominant (in this case, normalization is
related to ion—neutral collisions). In thefirst case, when
ion—dust collisions are dominant, we have

1
— I:nd,ac}\gi =7 \ﬁ

Fnd_ Ta - d ]
e

- (73)

where we intentionally extracted the factor Zy, whichis
the common factor for all forces acting on dust grains,

and vfj isthe normalized dust velocity,

i Vnd,ac

Vg = , (74)
‘ Vd, *
with
_ 3T, n;
Vd,* - VTnanznn' (75)

This expression can be used to estimate the charac-
teristic dust velocities that can appear due to the disbal-
ance of other forces acting on dust grains. For T, = T;,

T=T;/Te=0.02, and n,/n; = 10°, we find vy = 7.5 x
103v4, = 120 cm/s for krypton. Note that this charac-

teristic velocity does not depend on the dust size.

When ion—neutral collisions are dominant, we have
another normalization:

Fra M’ Vg
F - nd, ac’'in - Z _d’ (76)
where

n Vndac
Vg = ——, (77)

‘ Vd,**

3Z,T, o,

Vi = Vo Td 'Lﬁ;z. (78)

n

This velocity depends strongly on the dust size a
(Vg p O 1/a, because Z; 0 @). For Zy= 104, T, = T;, 0y =
5x 1072 cm, and a=3 pm, wefind vy = 1.3 x 10
Vr, = 2 cm/sin krypton.

When the neutral drag forceis taken into account in
the force balance equation, we have

%
—eE +agznu— ;“ = 0. (79)
This eguation has the same form both when ion—dust
collisions are dominant and when ion-neutra colli-
sions are dominant. The only difference is in the nor-
malization of n, E, and vg. In Eq. (79), dust inertiais
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neglected, which is possible under steady-state condi-
tions when the drag friction force exceeds the inertia

force my(0 vi « )/20%,. or when ion—dust collisions are
dominant and the condition
MgV <My, (80)
is satisfied, where
y N
My = M 9zT:1 n_g
i

(81)

For v4; — 0, according to condition (80), dust
inertiacan be neglected; however, for vy ; = 1, dust iner-
tia can be neglected only for sufficiently light dust
grains, my < my  For n,/n; = 10°, Z4 = 10%, 1= 0.02,
T,=T;, and z= 3, wefind my ym,=3 x 10°. Thislarge
value appears because all other forces, except for the
inertia force, are proportional to Z, and, therefore, Z
appears in the expression for the critical mass. When
ion—neutral collisions are dominant, we obtain a condi-
tion for neglecting dust inertiasimilar to condition (80)
with a substitution of v , for vy ; and my p for my

For v4 , on the order of unity, we find

Tn 541'[8.252
"9Z,T,Ug,, 0"

which, in contrast to the previous relation, contains Z
in the denominator. For T,=T,,0,,=5 x 1075, anda=
3 um, wefind my/m, < 10'8. Thisrelationisusualy ful-
filled in existing experiments. Note that condition (82)
is independent of the dust size if my 0 a* and Z, O a,
which isvalid when dust grains are not hollow.

If there is a potential well for dust grains, then a
grain can reach the bottom of the well with a zero
velacity; in this case, the neutral drag force vanishes.

In the presence of gravity, the balance equation
should include the gravity force Fy ,. = gmy, wheregis
the free-fall acceleration. The neutral drag force, being
balanced by the gravity force Fy = gmy 0 &', leadsto a
constant dust drift velocity proportional to a.

my < m (82)

4. NONCOLLECTIVE DUST-DUST
INTERACTIONS

4.1. Electrostatic Energy of Two Charged Grains

Let us consider two charged grains of equal size
embedded in aplasmawith afixed electron temperature
T.. Then, the grain charge will be afunction of the dis-
tance r, , between the grains. We will consider dis-
tances at which the field of each grain is a nonlinearity
screened field (including the nonscreened long-range
field) and the tota potential is described by
Z4eV(r ))Iry », Wwherer, , = |r; — r,| istherelative dis-
tance between the two dust grains and V(a) = 1. Quali-
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tatively, the dependence of the dust charge on the dis-
tance between the two grains follows from the condi-
tion that the total potential on each grain be
approximately equal to the electron temperature,

(Z4€%a) + (Z42V(r »)Ir . 5) = Te Or [46]
Zd o
Zy = ————
‘ %l. + av(ry 2)%

M2

(83)

where Z4 ., is the dust charge when the distance
between the grainsisinfinite. Thus, the charge on each
dust grain decreases as the intergrain distance
decreases. In this case, the Coulomb interaction energy
increases; however, the total electrostatic energy
decreases because the Coulomb energy is added by the

intrinsic energy of two dust grains, 2 x Z§ a=

(Zim [2a)(1 — 2aV/r). The total change in the electro-
static energy when the grains are displaced from o to

r., will not be Z§V/r1,2, asfor the case where the dust
charges does not change with distance, but it will be

~ZiVIr, 5, asif the dust grains were attracting, rather

than repelling each other, as could be expected in the
case of two charges with the same sign [46].

This contradiction is well known in electrostatics.
The electrostatic energy of two charged conducting
spheres changes its sign if the potentia of the spheres
is kept constant. The potential can be kept constant by
external sources that under equilibrium conditions pro-
duce awork on the charges; as a result, the total force
should be calculated as the derivative of the total elec-
trostatic energy with an opposite sign [47, 49], which
leads to the repulsion of charges with the same sign.

There exists a large doubt as to whether this state-
ment, proven only for systemsthat are in thermal equi-
librium, can be applied to acomplex dusty plasmaas an
open system [48]. We will demonstrate by explicit cal-
culations that it is not applicable. The openness of the
system assumes the presence of not only two dust
grains, but of many dust grains, which resultsin collec-
tive effects. These dust grains create a constant sink of
energy (a homogeneous one if they are distributed ran-
domly) and lead to a decrease in the electron energy (or
the electron temperature when the distributions are
approximated by thermal distributions), which should
be compensated by external sources. Thus, attractionin
an open system could be of collective nature: many dust
grains are needed as asink of energy to produce attrac-
tion between two probe grains (see below). The only
conclusion that could be made from the present consid-
eration isthat the el ectrostatic energy of two dust grains
decreases when they come closer to each other; as a
result, electrostatic energy is gained. How this will be
compensated by the work of an external sourceisasep-
arate problem. However, the concept of minimum

energy does not work in open systems and we cannot
conclude from the decrease in the electrostatic energy
that two dust grains attract each other. The presence of
a reservoir of energy creates the possihility of the
attraction of grains with equal-sign charges with the
same sign. The realization of this possibility depends
on the type of external sources that make the system
open. Therefore, it is necessary to know the specific
properties of the sources to explicitly find the actual
forces between the grains. As we will see, these forces
can be attractive starting from a certain distance
depending on the type of the external source. Expres-
sion (83) [46] for the decrease in the dust charges when
the grains come closer to each other was confirmed by
numerical simulations [50]. For a distance source, the
time during which information on the produced work
reachesthe sourceis determined by the speed of sound.
In this case, the grains will be able to attract each other
or even agglomerate before this information will reach
the source. Thus, for open complex dusty systems, the
condition of thermodynamic equilibrium cannot be
used and the result of interaction depends on the exter-
nal source structure. However, we will show that, even
for a homogeneous external source, there exists an
attraction force related to plasma production by ioni-
zation.

4.2. Dust Attraction and Nonlinear Screening

Screening is often nonlinear. Due to nonlinearity,
the screenings of two dust grains cannot be superposed
on each other. The simplest way to treat this nonlinear-
ity isto consider large distances between the dust grains
where the screening of each of them is approximately
linear and the nonlinearity can be considered weak.
Nevertheless, it can be important when thefield of each
grain is screened exponentially as it should be in the
case of weak nonlinearity. We will show that two dust
grains with charges of the same sign can create a non-
screened potential in the direction perpendicular to the
line connecting their centers, i.e., tor, ,. This potential
can act as a potential well for the third negatively
charged dust grain. This means that, in this perpendic-
ular direction, the nonlinearity of the fields of two dust
grains can create a bunch of positive polarization
charges that can serve as awell for another dust grain.
This property is completely determined by nonlinearity
and is absent in the linear approach. We start with the
equation neglecting electron screening and electron
nonlinearities:

€Q
d—= 0
Ap = —4men[e  —1J+41Z, ,0(r —r,)

+ATZ,y ,0(r —1 ).
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The last two terms describe the charge densities of two
point charges at positionsr, and r,. Thelinear potential
of each of them is given by

_rlyzﬂ] dk
Aoi i+ 1" g5

Q2 = +}\ezd, 1, 2JeXp B k
Di

which leads to the screened Coulomb interaction

L4124 004
- expD W,

Vi, = (86)

The nonlinearity on the right-hand side of Eq. (84)
can befound by expanding the exponent and taking into
account the term with the product of potentials (85) of

each dust grain, @ ,@, (the terms 0@’ or 05, which

describe small correctionsto screening, were discussed
in [1] when considering the nonlinear screening of a
single dust grain). We consider the line connecting two
dust grains, r, ,; the distancer is counted from the cen-
ter of thisline or from any other point on thisline. The
latter makes no difference because we assume that r >
r.,=r;—r,|. Then, simple calculations |ead to an addi-
tiona potentia @, created by two dust grains, and to
an additional energy for the third dust grain; in contrast
to expression (86), this energy appears to be negative:

4Z122 My Zj

V3 = ezd, 3(pnonl = 271T: r)\DI pD }\

(87)

This energy does not contain the exponential term
exp(—r/Ap;); therefore, the interaction is nonscreened.
Of course, the use of the linear approximation as afirst
approximation assumes that the distances are large as
compared to Ap;. Thus, the exponent withr, , in expres-
sion (87) is acting; the only restriction is that the linear
approximation for the potential be applicable and the
nonlinearity be weak. We aso assume r > r, , and,
therefore, r > Ap;. We can therefore expect that this
attraction, which increases with decreasing r, will have
amaximum at r = r, ,. We can estimate that, at these
distances, theratio of the attraction energy V; toV, 5 (or
V,.3) will be on the order of

V3 _ 4L a
Vi3 21'[)\,3,

where z; = Z, ,€’/aT,. Obvioudly, this ratio can be
larger than unity. This result seems to be important for
the attraction of grainsin the plane perpendicular to the
line between two other grains. Therefore, nonlinear
screening can be accompanied by the appearance of an
“overshooting” of the screening charge and, accord-
ingly, the creation of regions with a positive space
charge. A similar effect can occur in the presence of an
ion flow when the ions can be concentrated behind the
grain forming the potential well for other grains, aswas
discussed in [1]. This effect can also appear due to the

(88)
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work done by an external source, as will be discussed
below.

4.3. Shadow Noncollective Attraction Force Created
by lon Flux

We consider here the so-called noncollective
shadow effect [50-54], which occurs in the interaction
of two isolated dust grains in the absence of other
grains (P = 0). We assume that the distance between
two dust grainsislarger than theion Debye length (fur-

ther, this distanceis set to be on the order of )\Ei /@) and
is much less than the ion—neutral mean free path A,

The physics of shadow attraction isvery simple: the
plasma flux onto one of the grains is shadowed by
another grain, and, therefore, the ram pressure from the
outer sides of dust grainsis larger than from the inner
side. The force arising due to the shadowing of the ion
flux can be easily estimated when the distance between
the grains is large compared to the grain size, which
corresponds to the case where the shadow solid angleis

small, a2/ri2 < 1/z In this case, the shadowing force
Fy, ; is determined by the product of the shadow solid
angle[see (1.41)] and thetransfer of theion momentum
mvql; through the midplane between two dust grains
(here, according to [54], we take into account momen-
tum conservation in the grain interaction); i.e, it is

approximately equa to nT,./1+1/z). The force is
directed along the line connecting the two dust grains;
l.e,itisalignedwithr, ,/r ,:

2
Foi=a LGTTta

r12

g (89)
The last expression corresponds to the case where
Z/t > 1. This calculation oversimplifies the problem,
because it takes into account only the flux of the cap-
tured ions, whereas the flux related to ion scattering by
a dust grain is ignored. In the absence of the second
dust grain, the latter flux is scattered isotropically from
all sides of the grain and the net momentum transferred
tothegrainiszero. Inthe presence of another grain, this
symmetry is violated. Thus, the shadow effect has two
parts. one is related to the capture flux and another is
related to the scattering by the grain field (which can
also include the effect of nonlinear screening and long-
range nonscreened field). We will discuss these pro-
cesses quantitatively. Nevertheless, the we will refer to
the simplest expression (89) as a standard one and will
find additional coefficients that mathematicaly
describe the mentioned effects. Expression (89) has
some general features:

(i) The force is attractive and has the same depen-
dence on the intergrain distance as the nonscreened

Coulomb force (O 1/ri 5).
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(ii) In contrast to the Coulomb force, thisforceisnot
screened and should be dominant at distances larger
than the Coulomb field screening length.

(iii) The shadow force is smaller than the Coulomb
force at distances where the Coulomb field is not
screened (1, , < A,). Indeed, by substituting one of the

factorsa? by Z5e*/2°TZ, we have

2 2

- Zde a2

Foi=———=%-
ry2 Api

(90)

The first factor in this expression coincides with the
nonscreened Coulomb field (with the opposite sign);
the estimate of the second factor should beimproved by
taking into account the shadow effect related to scatter-

ing. Themost important factor isthe last onea?/ A éi <1,

which shows that the absolute value of the attraction
forceisindeed much less than the absolute value of the
nonscreened Coulomb force. Thus, it can be dominant
only at distances larger than the screening distance,
where the Coulomb force is screened, whereas the
shadow force is not screened.

(iv) The shadow attraction is proportional to a* and
increases rather sharply with increasing dust size. In
many existing experiments on etching, the grain sizeis
continuously growing; under these conditions, the role
of shadow forcesincreases with time.

(v) The shadow force appears only for finite-size
grainsand is zero for point charges. For strong coupling
in complex plasmas, the grain size is not small and is
even a fraction of the screening length; hence, the
shadow effect is very important.

These general features are common to al attraction
forces, except for the fact that under certain conditions
the attraction force caused by neutral particle shadow-
ing can exceed the Coulomb force (see below). Thisis
related to theinequality n,,/n, > 1. Using the above esti-
mate, we will write the general expression for the
shadow force in the form [50]

v Ua(ryo) = Ne—=
slly2 sh X

Di

where the shadow coefficient ng, is the sum of the
shadow coefficientsng, i, N i 8NA Ny, , related toion
capture, ion scattering, and neutral flux shadowing (see
the next section), respectively:

Nsh = Nanic T Nenyis T N, - 92)

First, we quantitatively consider the shadow effect
related to ion capture. We take into account exact
expressions (1.40) and (1.41) for the shadow angle. To
find the shadow force related to ion capture, we invert
the problem and cal cul ate the capture force for the case
where the ions are present only in the shadow angle
cone, because, by virtue of zero momentum transfer in

the absence of a shadow, the effect calculated in this
way is just opposite in sign and equal in magnitude to
the effect we are interested here. We will integrate the
expression for the momentum transferred by a single
ion over angles and velocities, assuming that the ion
distribution far from the grain is thermal. Taking into
account that the shadow flux far from the grain is
almost uniform and the cross section is &2, we obtain

112 77
ic = ——= + =5 exp(-y)dy,
Nen, 4ﬁ1z2f5/ T exp(-y)dy
Ymin (93)

2
a
2
1,

_ Z
Ymin = .E

F1,2

Forzt> landr, ,> a.z/t, wehave

1
.= ——==0.14.
r]Sh, C 4/\/]—_[

L et us estimate the shadow effect related to ion scat-
tering. Note that the advantage of the OML approach
used to evauate the shadow capturing force is that it
uses simple conservation laws that do not require the
knowledge of the potentia distribution close to the
grain (the only requirement isthat the potential far from
the grain should be much less than at the grain surface).
For shadowing related to scattering, we need to know
the potential profile. The potential is strongly nonlinear
for z/t > 1, and the Coulomb potential can be used
approximately only for z/t on the order of unity. In the
latter case, calculations with a Coulomb potential [51]
showed that ny, ;; is approximately on the order of
In(Ap; /). For existing experiments, the case where
Z/t > 1 ismore appropriate. In this case, due to strong
screening we can expect that ng, ; will be lessthan that
obtained for the case of apure Coulomb field. The exact
results for z/t > 1 can be obtained only numerically
with the use of an explicit expression for the nonlinear
screened potential; in the general case, the problem has
not yet been analyzed.

The shadow attraction potential is a long-range
potential operating at distances larger than the screen-
ing distance, where the nonscreened long-range repul -
sion potential also operates (this potential was calcu-
lated and discussed in detail in[1]). We remind that the
potential energy related to the latter is approximately

(de2 /r.2)(@%/2r, ,), whilethe potential energy related
to shadow attraction is on the order of
—r]sh(Zsez/rl,2)(a2/)\§i ). It follows from here that in

the long-range domain (at distances larger than the
screening distance), the attraction due to the shadow
effect becomes comparable with the repulsion at

(94)

2
1 Ap;
[~ ——, (95)
Na @
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which is on the order of the charging length )\éi /a.

From the physical standpoint, the ion capturing attrac-
tion is directly related to the charging process; in this
context, the last important result seems to be natural.
The attraction due to neutral flux shadowing can be
larger, and the distances where it can dominate can be
shorter. Under conditions where the attraction due to
neutral atoms can be neglected, the whole potential
curve corresponding to the interaction of two dust
grains becomes similar to the usual molecular potential
curve: at short distances, the Coulomb repulsion domi-
nates, and at distances larger than the screening dis-
tance, thereis apotential well with the minimum value

222a

= —(Ng) Ze€ —5 (96)

D|
For typical experimental conditions (Zy = 104, T; =

0.02 eV, and a = 10 ym), we find V,, = 310r]s.2q eV,

which corresponds to the characteristic binding energy.
Thus, two dust grains with equal sizes can form a dust
molecule, and several dust grains can form dust clus-
ters. Two-dimensional dust clusters (clusters on a
plane) were investigated in a number of experiments
[55-57] by using a small external confining potential.
Although the role of shadow attraction in the formation
of these clusters has not yet been investigated, it is obvi-
ousthat the attraction playsanimportant roleif the con-
fining potential is lower than estimate (96). The
shadow-force theory predicts that clusters can exist
without any external confining potential, which can be
verified experimentally. Experiments can also be per-
formed in the presence of an external transverse confin-
ing potential to measure the value of n, and to check
the shadow force physics (existing and planned experi-
ments of thistypewill be discussed below). The general
theory of modes, oscillation frequencies, and stability
of two-dimensional clusters recently developed in [58]
can be used for the experimental detection of attraction
forces.

4.4, Shadow Attraction Force Created
by Neutral Flux

In low-temperature plasmas, the flux of neutral
atoms on the dust grain surface substantially exceeds
theion flux. Thisflux is not related to the charging and,
for the most part, is usualy returned back. The neutral
atoms are absorbed by the dust surface, are kept at it for
arather short resident time, and then are reinjected into
plasma. Nevertheless, the resident time is sufficient to
exchange energy and amost equalize it to the surface
temperature. Thus, in the presence of asmall difference
between the temperatures of the neutral gasand the dust
surface, there can exist a net transfer of energy and
momentum, which can result in a shadow force. One
can rigorously prove that, if the collisions of neutral
atoms with the dust surface are completely elastic, then
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the net force dueto the neutral atom flux is exactly zero.
If al of the neutral atoms are absorbed by the surface,
then this force can easily be calculated when the dis-
tance between the grainsis|ess than the mean free path
in the neutral gas A4, which is on the order of A, [52,
53]. In this case, one need to calculate the momentum
transferred to the dust surface, assuming that neutral
atoms reaching the grain move along straight trajecto-
ries. Then, the attraction force is[52, 53]

Foam = —= 122na N

M1

97)

This expression corresponds to the previous qualitative
estimate; however, since n,/n; = 10° in the existing
experiments, force (97) is many orders of magnitude
larger than that related to the ion flux. We emphasize
that the attachment coefficient Kk, in expression (97) is
taken to be equal to unity, while the detachment coeffi-
cient Ky, is taken to be zero, which is incorrect.
Actually, the difference between them is very small
(0K = K, — Kyer <€ K,), and the temperature of the dust
surface T isnot equal to the neutral gastemperature T,
Taking into account these differences, we find instead
of expression (97)

Foan = —== 123Tta4n T B( Kda[ :

Aswas a ready noted, the dust surface temperature
isusually higher than the neutral temperature and when
the they differ substantially force (98) describes the
repulsion. However, under certain conditions, the dust
can be cooled quickly (this happens under astrophysi-
cal conditions where the radiative cooling is very effi-
cient). Under laboratory conditions, both the tempera-
ture difference and the difference between the attach-
ment and detachment coefficients is very small. Thus,
the sign of the force is determined by the interplay of
two small parameters, dk/k and dT/T. The latter, aswas
discussed above, is on the order of 10-3. The relative
difference between the attachment and detachment
coefficients [59, 60] can be larger than this value, espe-
cialy for rough dust surfaces (e.g., for fractal dust). In
this case, an attraction appears that depends on the
structure of the dust surface and other delicate prob-
lems of surface physics; however, the attraction force
will be two to three orders of magnitude weaker than
that described by estimate (97). Since estimate (97) is
larger than the ion capturing shadow force by the large
factor n,/n;, the neutral shadow force can exceed theion
shadow force by several orders of magnitude. Neglect-
ing the temperature difference, we obtain the estimate
[53]

(98)

3Tn

n
6 2n —OK (99)

r]sh, nd =~
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When the temperature of the dust surface is substan-
tially lower than the neutral gas temperature and,
accordingly, 8T/T ison the order of unity, the attraction
forceis much larger because, in this case, the small fac-
tor OK/K is absent.

When the distance between the grainsislarger than
the mean free path of atoms in the gas, the physics of
interaction changes and the main role is played by the
thermal flux g equal to the difference between the ther-
mal fluxes onto and from the dust surface. The thermal
flux created by one dust grain at the position of another
dust grainis

r 2
q= _%nnazf\/.,:_[an(KaITn_Kdeth)- (100)

M2

This leads to a temperature gradient in the place of the
other dust grain,

9T,
ory,

where K isthe thermal conductivity of the gas. A dust
grain situated in this temperature gradient experiences
a thermophoretic force, which can be expressed
through the thermal conductivity as

16/\/?[ 2 a-I-n
Fo = —= |ZVma Kys—.
1527 ™ Mory,

Thus, the thermal conductivity cancels and we again
find expression (98) for the neutral flux shadow force
with the additional numerical coefficient 64/4511= 0.45
[53].

For high gas pressures or large dust sizes, the neutral
shadow attraction can obviously be stronger than the
Coulomb repulsion even at distances shorter than the
Coulomb field screening length. This means that if the
grains are continuously growing in a gas discharge,
then they should eventually reach the stage at which
they will only attract each other and, therefore, will
agglomerate. The phenomenon of dust agglomeration
is the common phenomenon in most etching devices
operating for a long time sufficient for dust grains to
grow [8-12]. Observations show that dust grains grow
up to sizes on the order of few fractions of a millimeter
[8] and that many of them finally take the form of cau-
liflower agglomerates. Theoretically, the criterion for
dust agglomeration due to neutral shadow attraction
was first obtained in [12, 59, 60]. Dust grain agglomer-
ates that were observed in tokamak plasmas [12] are a
big issue in fusion research (see [61, 62]). This phe-
nomenon can aso be applied to interpret new observa-
tions of fast dust creation in H-stars and behind super-
nova shocks [63].

It is expected that the further development of the
physics of shadow forces can provide anatural explana-
tion of the observed phenomenon of dust agglomera-
tion in both space and laboratory plasmas.

-9

= KT’

(101)

(102)

5. COLLECTIVE DUST ATTRACTION

In this section, we consider collective dust attraction
in a simple model, assuming that at large distances
between the grains (such that the collective effects are
important), the linear approximation for the responses
is valid. We will self-consistently consider the basic
state in which many dust grains are present with the
dust number density nyg. We will find the electrostatic
potential created by atest grain and the pair interaction
of two test grainsat large distances. Thislinear assump-
tion is reasonable because, as we have already demon-
strated, the attraction mainly occurs at large distances
between the grains. The assumption that the collective
effects also occur at large distances can be checked
from the final result, assuming that the parameter P, is
not extremely small (see below). Dencting by @,(r) the
potential of one of the two test grains (grain 1) in the
presence of many others grains, the potentia of the
interaction of the two grains can be written as
eZ,@(r ). Since, in the linear approximation, the
potential of grain 1 can be described by a static dielec-
tric constant €, we have

_ Z5e” exp(ik 1) g
- 2 2 '
2T[ k Ek

The collective effects change the usual interactions
and open the possibility of the existence of new collec-
tive attraction forces. The possibility of attraction
appears when the dielectric constant €, is negative in a
certain range of wavenumbers k, which denotes the
possibility of changing the sign of V, ,. As was dis-
cussed at the beginning of the previous section, such a
possibility existsin an open system in which the energy
is gained with decreasing distance between two grains,
which can result in their attraction. The openness of the
system can be provided by the presence of many dust
grainsthat create a plasmasink balanced by ionization.
Thus, we assume that many grains are present in the
unperturbed state with a certain average dust charge
density P equal to P,. The two grains that we will con-
sider here can be any two probe grains in the “sed’ of
dust grains; in this sense, we will consider collective
effects in the dust—dust interaction as functions of the
parameter P,. The latter will be considered constant (a
homogeneous distribution of the “sea’ grains), and the
two probe dust grains will be considered at rest, so that
their interaction is described only by the static dielec-
tric constant. lonization will also be assumed to be
homogeneous. Thus, in the ground state, there is a bal-
ance between plasma production by ionization and
plasma absorption by dust grains. This balance creates
a difference in the basic state of a complex dusty
plasma from the basic plasma state in the absence of
dust, when only the condition of charge neutrality is
used. In the perturbation of the basic state, both theion-
ization source and the “sea’ of dust grains are per-
turbed. These perturbations are reflected in the dielec-

Vi, (103)
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tric response, which creates the possibility of attraction
between two test dust grains. The presence of ioniza-
tion isan important property of complex dusty plasmas
because, in the absence of ionization, the dusty plasma
disappears due to the absorption of plasma particles by
the grains on the time scale of dust charging. Experi-
ment proves the latter statement. Thus, collective inter-
action can be quite different from the interaction of two
individual grains in the absence of the “sea” of other
grains. Of course, such an approach is a rather rough
approximation of the more realistic conditions where
the interaction of al the grains should be considered.
However, this approach gives certain information about
collective interactions and the new physics introduced
by them in complex plasmas.

5.1. Callective Attraction (Isotropic Case)

First, we will consider the case of a completely iso-
tropic basic state and will show that there exists collec-
tive attraction between the grains. For sufficiently large
P, values, this attraction can be substantially stronger
than noncollective attraction and can substantially
affect screening [64]. For the first time, collective
attraction was studied in [27] for a source that was
assumed to be independent of the plasma parameters.
Here, we consider the case that is closer to the condi-
tions of the existing experiments, namely, we assume
that the ionization source power is proportional to the
electron density [64]. This is the case in most of the
existing experiments with RF plasmas, where ioniza-
tion is permanently produced by an RF source. The
case where the ionization power is proportional to the
electron density turns out to be simpler for consider-
ation than that with a constant source [27].

First, we consider the case where the distance
between the two dust grainsis shorter than the ion-neu-
tral mean free path. Remember that, in this case, the
friction of ions is determined by ion—dust collisions.
Therate of ion—dust collisionsison the order of v P, =

Vri Poa/)\.ii , and the characteristic mean free path for

ion—dust collisionsison the order of A,y = )\gi /aP,. The
latter estimate is of importance because one can expect
that the attraction will be somehow related to this mean
free path, which differs by a factor of 1/P, from that
previously obtained for noncollective attraction. For
P, < 1, thismean free path is much longer than the pre-

viously found distance )\Si /a, at which noncollective

attraction can be found. For P, on the order of unity,
one should take into account collective effects even at

distances on the order of A3, /a.

Then, we can define the basic state as a state in
which the ionization the balances plasma absorption by
PLASMA PHYSICS REPORTS  Vol. 29
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dust. In this case, the dimensionless electron density
[see Egs. (40) and (41)] is

— ne,ac —
I']e,o - - Tipoachv

(104)

ni, ac
where T; isthe ionization time in units of the character-

istic charging time )\Si /avy,. For given ratio (104), the
charging equation determines the dust charge z, in the
basic state. The digectric constant describes the
response of the system to linear perturbations of the
basic state. We use the static balance equationsto deter-
mine the static dielectric constant; continuity equation
(40) with ionization source (41); and the ion force bal-
ance equation with the electric field force eE, friction
force (48), and ion pressure force (T;/n;)(9/0r), which,
in the dimensionless units used in Eq. (48), is 1(0/0r).
We also use the electron force balance equation with
the electric field force balanced by the electron pres-
sure. Then, in dimensionless units, the linearized sys-
tem of equations takes asimple form:

P
ik U = 1ESne— pocxchén—zf’achéz, (105)

T

eE = —iikéne, eE = 1ikdn+ a4 Pyzu, (106)

e0

wherethedrag force and charging coefficients are taken
for u =0 and, in Eq. (105), an account is made of dust
charge variations oz, which depend on the wavenumber
k (i.e., it is taken into account that the dust charge
changes with the intergrain distance). To make the
description as ssmple as possible, we will first consider
only the changes of theion and electron densities by the
two probe charges. Of course, in this case, we also take
into account variations in the dust charges. The dust
charge density also changes; however, this effect affects
the final result only dightly (by afactor on the order of
unity). Later, we will also give the result that takes into
account the changes in the dust charge density. Varia-
tions in the dust charge when varying the electron and
ion densities are taken into account exactly. We will see
that the openness of the system due to the charging
effect is the most important and that the change of the
dust charge with the intergrain distance quantitatively
(but not qualitatively) changes the attraction forces.
From Eq. (106), we obtain for the dielectric constant

0 Ppa’dy0e,
2
T O Kpi(1+2)0]
5 3|1~ Pot
Aok

= . (107)
O + Poa 040,
0 KApi(L+2)0

We note that dielectric constant (107) can indeed be
negative for k < aPozo/)\,";i (1 + z) = 1/A;,. Inthe limit
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Fig. 2. Screening factors for collective dust attraction. The
regions where the screening factors are negative correspond
to dust attraction. The solid line describesthe case of therel-
atively small value of the collective parameter (n..; = 1/3),

and the dotted line describes the case of the relatively large
value of the collective parameter (n.,; = 3). The Debye

screening can be seen at the beginning of the solid line and
isless pronounced at the beginning of the dotted line.

P, — 0, expression (107) corresponds to the usual
sum of the permittivity of a vacuum (unity) and two
terms corresponding to electron screening (the first
termin parentheses) and ion screening (the second term
in parentheses). We note that, according to the
quasineutrality condition, (1 — Py) = Ngy o./Nig - TaKiNG
into account variations in the dust charge density gives
a contribution proportional to the electron density; in
this case, one should substitute into Eq. (107) 1 — P, +
P,/(1 + z,) for 1 —P, and, in front of the second termin
parenthesesin Eq. (107), one should introduce the coef-
ficient 1+ Py/(1 + z,). For P, on the order of unity, these
changes result in a factor on order of unity, and, for
P, < 1, they are negligible. Therefore, keeping in mind
these corrections, we will still analyze the simplest
expression (107).

Integration of expression (103) with respect to k can
easily be performed by calculating the residues of the
poles determined by the quadratic equation for k. The
result contains two terms with the factor 1/r, , in front
of them. One of them corresponds to the exponential
screening and another one corresponds to cosinusoidal
variations of the potential energy, which changes its
signwith distance (i.e., the potential contains a series of
attraction minima). In a general form, the interaction
energy can be written as

Zze2
Vi, = [v expD 3 “E+ vbcosBL>O ] (108)

12

with the coefficients v, s,, v}, and s, depending on T,
Py, and Ny,
aszzga a
Neot = —————". (109)
T(1+25)Ap,

We will consider here only the limiting cases that
seem to be the most interesting, namely, the limits
Neon <€ 1 @andn,,; > 1. Notethat both the numerator and
the denominator of n,, are small: the denominator is
small because T < 1, and the numerator is small
because the ratio a/Ap; is small. Of course, for very
small values of P, the second limit is not possible to

satisfy. We assume here that Pya/Ap; > +/T, whichisthe
case of experimentswith large dust grainsand is almost
satisfied in existing experiments, where t = 0.02, P, =
0.5, and a/A = 1/5. It is clear that for complex plasma
condensation experiments, it is desirable to operate
with largest available dust size in order to satisfy the
condition n.,; > 1, which is the case where the collec-
tive effects are the largest. For n.,,; << 1, we obtain

728
V1'2=d—[eXpD lﬂ+ﬂcouCOS@rlcouPoT)\ D} (110)

li,2
and for n,, > 1, we have

V
, L2 (111)
Zde D My, ZD
= — =/ + COSD/TP i|
r1,2 |:r]coll r]co 0

We see that the collective attraction changes sub-
stantialy from expression (110), where it plays arela-
tively marginal role, to expression (111), where collec-
tive effects arelarge. In expression (110), the collective
attraction is similar to the noncollective one, for which
the usual Coulomb screening is dominant at small dis-
tances and the attraction beginsto be dominant at large
distances at which the Coulomb repulsion is screened.
The difference is that the collective attraction coeffi-
cient is proportional to P, and is absent as P, — 0.
However, in real experiments, P, is often on the order

of unity. The other factor, az/)\éi ,isthesameasin non-

collective attraction. The coefficient n,; depends also
on the product of the drag and charging coefficients, as
well as on z,. This dependence is aso important; how-
ever, in the absence of ion drift, these coefficientsareon
the order of unity (inthe presence of ion drift, the above
expressions are not valid because, in this case, addi-
tional terms proportional to the ion drift velocity and
derivatives of the drag coefficient appear). An impor-
tant feature of the collective attraction term is the
appearance of the small parameter T in the denominator
in front of the cosinusoidal term, which is absent for
noncollective attraction. This makes the amplitude of
collective attraction larger (provided of coursethat P, is
on the order of unity). The parameter T in expression
PLASMA PHYSICS REPORTS  Vol. 29
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(110) also determines the distance corresponding to the
first attraction minimum; for P, on the order of unity,
this distance is shorter than that for noncollective
attraction. Due to the condition n,; < 1, the coefficient
in front of the collective term in expression (110) is
small and the attraction operates only at distances at
which the Coulomb potential is screened, asisthe case
of noncollective attraction. Thus, we see that, in the
limit n.,; < 1, collective attraction has some similari-
ties with noncollective attraction. Figure 2 shows the

screening factor W = Vl,z/(Zsez/rLz) as a function of
the distance normalized to the ion Debye length, r
r../Ap;, for 1= 0.2 and P, = 0.5 for two cases: N =
1/3 [solid curve calculated from expression (110)] and
Neon = 3 [dotted curve calculated from expression
(111)].

An opposite situation occurs in the limit where the
collective effectsarelargeand n,;; > 1. Inthiscase, the
screened part of the potential is much smaller in ampli-
tude than the Coulomb potential and the screening
length is much shorter than in the previous case; how-
ever, the amplitude of the cosinusoidal part becomes
equal to the Coulomb potential amplitude, and the first
attraction minimum appears at much shorter distances.
At small distances, the cosinusoidal part still describes
repulsion. The cosinusoidal-type attraction force was
first found in [27] for a plasma source independent of
the electron density; therefore, the results of [27] differ
in the attraction length and the strength of attraction
forcefrom that given here. No substantial changein the
shape of the potential was found in [27]. According to
[64], our model, in which the ionization source is pro-
portional to the el ectron density, isthe most appropriate
one for the RF plasmaused in the existing experiments.
In this case, collective effects substantially change
screening and lead to the enhancement of collective
attraction.

A similar type of attraction can be obtained when
the distance between the two dust grainsis larger than
theion—neutral mean free path. In this case, ion—neutral
friction should be substituted for ion—dust friction and
the effect of diffusion should be taken into account in
the continuity equation [36]. It appears that, for 1 < 1,
diffusion can be neglected (it contributes T! times less
than theion pressure); in this case, the balance between
the plasma sink and ionization is determined by the
charging process, as was described in [1]. Then, the
only differenceis the change of the value of the collec-
tive parameter n.;, which now depends on the ion—
neutral mean free path A;,. We denote the new parame-
ter Neon, in- Simple calculations yield

= Poachzoi
r]coll,m 1+ZO )\in.

(112)

Since a < Ay, the coefficient .y i, is always less
than unity. This means that in the case where ion-neu-
tral collisions are dominant, the collective effects are
2003
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described by expression (110) and the attraction occurs
at distances where the screened part of the potential is
small. Since N i, does not depend on T, the attraction
can dominate for exp(—r, ,/Ap;) << aPy/A;,, athough
the distance corresponding to the first minimum
(=ApiAin/aP,T) depends strongly on T.

5.2. Role of Dust Pressure

In the previous simplified consideration, we
neglected the effect of dust density perturbation. Here,
we briefly discuss the dust pressure effects. We present
here the final result in the form of an additional termin
dielectric function (107) that appearswhen wetakeinto
account the change in the dust charge density. We also
assume P, > 1. Asaresult, wefind

- T _ Poz
€ = l+7\[2)ik2 1 T+z,

O _Ptz)azadrach
P 00 KAni(1+2)]
4l | Platugds

O KApi(1+2)0

(113)
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% + 0 g0y PoZo(1 + Po)
K2 U
+ PO » ,
%. + adrachPO

d 2
O K*(1+2z,)0

where

oo T o T,
T TeZso  Tlaz,

For high dust pressures, the role of the dust pressureis
negligible; however, for low pressures, it plays a stabi-
lizing role. Notethat, in the general case, it is necessary
to takeinto account the effects of ion—neutral and dust—
neutral collisions.

5.3. Collective Attraction in the Presence
of an lon Flow

In the presence of ion drift, which usually existsin
the plasma sheath, the distribution of all the parameters
isinhomogeneous and the definition of the basic stateis
much more complicated. We will consider here a
homogeneous state with ion drift in a model approach.
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Fig. 3. Numerical resultsfor the attraction well in the down-
stream direction in the presence of an ion flow with M = 1.

When the friction of ions on dust is balanced by other
forces (e.g., by some neutral flux), a homogeneousion
drift can arise. If the external force that creates the drift
does not depend on the plasma parameters, then this
force will not appear in the responses. Of course, such
amodel can serve only for the qualitativeillustration of
the problem. In this case, the static dielectric constant
can be found by taking into account small perturbations
of the basic state, as was done in the previous section.
Here, we note a very important point, namely, the large
rate of dissipation in complex dusty plasmaswill even-
tually destroy the Mach cone and will destroy the wake
intheforminwhichitisusually expected to be present,
although the asymmetry of the interaction forces with
respect to the direction of the flow is naturally con-
served. As a result, we obtain the rather cumbersome
expression

T PoZy

€ — l+ —
S

(114)
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Here, k, is the component of the wave vector along the
ion flow and k; is the absolute value of the component
of the wave vector perpendicular to the flow. The struc-
ture of the dielectric function is the same as before but
the coefficients have large imaginary parts, which
makes the response highly dissipative. This means that
the oscillationsin the screening factor are decaying and
under certain conditions, only one attraction minimum
is even possible. This dissipation substantially
smoothes the Mach cone and modifies the interaction.
Although the attraction in the downstream direction is
maximum, there are still large attraction minima at
large anglesto the downstream direction and also in the

upstream direction. For k < 1 < 1/./t, when the last
term in formula (114) has a negative sign, the terms
with f and g are canceled and for Mach numbers on the
order of unity, one can use the asymptotic expressions
for ag and o ,:

1 M M MO
Oy = nA +
“ 2|ug® 2" 4z

|(1+|\/| ?22), M = J2tu,.

(119)

ach 2| 0

The derivatives of the coefficients are negative for
Mach numbers somewhat less than unity and positive
for Mach numbers somewhat larger than unity. Esti-
mates show that, for M on the order of unity, o, ison

the order of T2 and a, is on the order of ./T. In the

range T, T2 < k < 1 < 1/./1, we have A/B = 1 and the
attraction more weakly depends on the direction, as it
did in the previous case. Nevertheless, such a depen-
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dence exists, and detailed numerical calculations [65]
show that the attraction in the downstream direction
substantially exceeds the attraction in other directions.

We illustrate the result obtained by numerically cal-
culating the potential energy of a grain in the down-
stream direction, where the attraction is the strongest.
The computations were performed for the following
parameters: the grain size is 7 um, the ion density is
10° cm3, the electron temperature is 5 €V, T = 0.02,
P, = 0.6, and the Mach number isM = 1, which gives
Z,=8 x 10* Theresults are presented in Fig. 3, which
shows the presence of a deep attraction potential well
for the other dust grain. Similar potential wells are
observed for rather large anglesto the stream vel ocity;
however, the potential wells in the perpendicular
direction and in the upstream direction are not

so deep.

5.4. Dust Attraction in the Presence
of a Magnetic Field

Recent experiments with a complex plasma in a
magnetic field showed interesting structures, dust rota-
tion, and the modification of dust motion [66, 67]. We
consider here the simplest effects of the influence of a
magnetic field on the collective dust—dust interaction;
namely, we assume that the basic state isthe same asin
the absence of both a magnetic field and an externally
excited ion drift. Since, in the existing experiments, the
magnetic field is not so strong asto change the charging
and drag coefficients, we consider only the distur-
bances of the basic state related to the influence of the
magnetic field on theion motion, while at the sametime
the dust grains move according to the forces exerted on
them by ions. Since we are interested in the electro-
static forces acting between two test dust grainsin the
presence of a magnetic field, we should take into
account that disturbances of the basic state should lead
to the appearance of ion drift caused by the grain field.
Thisdrift will be changed by the magnetic field, which
inturn will affect the dust—dust interaction. In the pres-
ence of a magnetic field, the equilibrium conditions of
the force balance and quasineutrality are the same asin
the absence of a magnetic field because the Lorentz
forceiszerointhe absence of ion drift inthe basic state.
A straightforward calculation of the static dielectric
constant is similar to that performed above; the only
additional term is the Lorentz force acting on ions. As
for electrons, the magnetic field changes their motion,
but does not change their contribution to the static
dielectric constant because, as in the absence of a mag-
netic field, they only contribute to Debye screening. We
introduce the dimensionless magnetic field H and the
dimensionless Lorentz force F:

2
H.../2ev- A5
H=-—2"T"T"0B  F =uxH, (120)
acT,
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where, as before, the index “ac” stands for the actual
magnetic field strength. Straightforward calculations
give the following expression for the static dielectric
constant in the form corresponding to formula (114):

O
0
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& I PRZad + H
For H — 0, we obtain the previous result. There-
fore, the critical magnetic field strength at which the
magnetic field starts to influence the dust—dust interac-
tion correspondsto the value at which the Lorentz force
is equal to the force of ion friction on dust, which in
turn is completely determined by the drag coefficient.
Since both forces are proportional to theion drift veloc-
ity, the latter does not enter into the expression for the
critical magnetic field. In dimensional units, we have
H 2
= 2 ptial.
21mNyM;C

> (123)
Ao T

For practical applications, we can write the critical
field in Gauss units

H [G]

124
_94x104[0021] }Dl _DPOZO)\ InA, (124)
O Di

whereInA isthe Coulomb logarithm. Note that this crite-
rion depends strongly onthedust size a. Expression (122)
shows that the magnetic field introduces an anisotropy
in the attraction: as the magnetic field increases, the
attraction is enhanced both in the direction perpendicu-
lar to the magnetic field and along the magnetic field. In
the direction perpendicular to the magnetic field, the
distance to thefirst minimum of the potential decreases
with increasing magnetic field.

We conclude this section with the following
remarks:
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Fig. 4. Sketch of an experimental setup for measuring the dust—dust interaction potential in the dust collision experiments.

(i) The attraction of dust grainsisanatural phenom-
enain complex dusty plasmasand isrelated to the shad-
owing of the collective action produced by many dust
grains.

(if) Noncollective attraction can serve for the dem-
onstration of the shadow effect; however, in complex
plasmas with many dust grains, the main attraction
effect is collective attraction.

(iii) The attraction force strongly increases with the
dust size, which istypical of all the shadow effects.

(iv) lon—neutral collisions affect collective attrac-

tion for A, < )\éi/a. The latter condition depends on

the gas pressure and the size of the grains. In the exist-
ing experiments, it is satisfied fora << 1 um.

(v) The presence of an attraction force is rather
important for the problem of transition to a strongly
correlated state. Although the attraction potential wells
usually appear at distances larger than the dust size and
on the order of or even much larger than the screening
length, the depth of the attraction potential well can be

relatively large because it is proportional to Z7 .

(vi) The presence of a molecular-type potential that
isrepulsive at small distances, while attractive at large
distances, opensthereal physical possibility of forming
a strongly correlated state with nonrigid regquirements
on the coupling coefficient I".

(vii) Neutral—grain collisions cause only noncollec-
tive attraction, which can exceed Coulomb repulsion
even at small distances between the grains. It can cause
dust agglomeration and serves as one of the most prob-

able explanation for the observed agglomeration of
large-size grains.

(viii) In order to reach a strongly coupled state, it is
desirable to operate in the range of parameters where
the agglomeration is inefficient. Therefore, a deeper
understanding of the phenomenon of dust agglomera
tion (where the attraction force can exceed the Cou-
lomb force) is rather important for the problems of
plasma condensation.

6. MEASUREMENTS OF THE SCREENED
POTENTIAL IN DUST-DUST COLLISIONS

The potentia distribution around a charged grain in
a plasma can be measured by performing scattering
experiments similar to those already used many years
ago to determine nuclear potentials and by deriving the
force field from the measured trajectories of the inter-
acting grains. Such experiments were performed for the
first timein [68-70].

6.1. Experimental Technique

Scattering experiments conducted so far use RF dis-
charge plasmas. The plasma chamber is basically a
GEC reference cell [68—70], modified so that it is pos-
sible to view itsinterior from the side and from the top
through the upper (grounded) electrode (Fig. 4).

Depending on the research requirements, the work-
ing gases are helium, argon, or krypton. An RF dis-
charge isignited using a 13.56-MHz signal applied to
the lower (powered) electrode. Previoudly, this experi-
mental technique was used in complex-plasma experi-
PLASMA PHYSICS REPORTS  Vol. 29
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ments that were not intended to take measurements of
the screened potential. The requirementsfor the studies
of complex plasmas in the strong coupling limit (espe-
cialy to the investigations of phase transitions to the
liquid and crystalline states) imply the use of low RF
power and, hence, alow degree of ionization (typically,
from 10~ to 107%). This ensures that both ions and neu-
tral atoms are in collisional equilibrium at room tem-
perature. Let us briefly review this requirement. In
order to ignite an RF discharge with a 13.56-MHz sig-
nal, the electron—neutral collisiontime should be longer
than the time needed to accel erate an electron from zero
velocity to the first ionization potential of the working
gas (typically, about 10 €V). In practice, it is sufficient
that some electronsin the distribution reach the ioniza-
tion potential. The condition for this can be easily cal-
culated. We assume that the RF potential varies as
V(t) = V,sinwt, where w = 21tf and f = 13.56 MHz is
the signal frequency used. We also assume that the
instantaneous electron energy isE.(t) = eV(t) and con-
sider only the initial (linear) phase of the cycle, at
which E.(t) = eV, wt. Thisassumes wt < 1; however, in
any case, calculations can easily be repeated for the
sinusoidal dependence sin(wt). Writing the kinetic
energy intheform Eq(t) = (m,/2)(dx/dt)? and integrating

Aen Ceoll, en
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for the electron—neutral collision time, where the elec-
tron—neutral collisional mean free path is A, = 1/n,0,,
with n, being the neutral gas density and o, being the
electron—neutral collision cross section. After some

algebra, the condition Eg(t,, o) > Ee yields
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For the frequency w used and typical values of the

gas density (10'® cm=3) and cross section (10-1° cm?),
we obtain

eV, > 36.7Ee; (128)

in other words, a typical peak voltage on the order

100V is sufficient to initiate the discharge. This also

implies that low-power RF devices can be used; in this

case, the gas and ion temperatures are essentially the

environment (room) temperatures, as is desired for
many applications.
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6.2. Collision Experiments

An advantage of using microsphere grainsfor colli-
sion experiments is the possibility of visualizing their
trajectories by fast microscopy; a disadvantage is that
not al regions of the plasma are accessible for such
experiments because the microspheres have to be elec-
trically suspended against gravity. For instance, the
electrostatic field required to support a typical micro-
sphere of mass 10-1° g carrying a surface charge Q =
eZ,= 10*eis about 10 V/cm, as can be calculated from
the force balance

QE = mg. (129)

This means that only the sheath regions of aplasma
[71] or striationsin aDC discharge [2] (in other words,
substantially inhomogeneous plasma regions) can be
investigated in this way. Fortunately, the sheath regions
themselves are of great interest to plasma physicists,
because they mark atransition from subsonic to super-
sonic ion flow. From the standpoint of applications, the
sheath regions are important because they are sites for
many types of plasma processing, deposition, and
etching.

The collision experiment proceeds in two stages:

() Inthefirst stage, asingle grainisinjected into the
plasma. Its trajectory is mainly governed by gravity,
electrostatic forces, and neutral drag and ion drag
forces. Under the low-pressure and low-power condi-
tions used in the pioneering experiments by Konopka et
al. [68], other forces related to thermophoresis, photo-
phoresis, pressure gradients, neutral convection, etc.,
were negligible. The neutral gas was at rest and pro-
vided the damping of grain motion. From the grain tra-
jectory, it is possible to derive the form of the electro-
static trapping potential @;(R) as afunction of the dis-
tance R from the axis of the axisymmetric plasma
chamber.

(ii) In the second stage, a binary-collision experi-
ment is performed. From the trgjectories of two collid-
ing grains, which both move in the known confining
potential @, (R), it ispossibleto derivetheir interaction
potential @ (r). Thetotal potential is@r= @y + @ .

The mathematical derivation isthe following. Since
in the first approximation the grain motion takes place
only in the horizontal plane, the vertical force balance
is assumed to be permanently satisfied. Grain observa-
tions taken from the side confirm this assumption.
Then, the equation of motionis

dv
md_td = -Qp 1—Fp,

where the drag force by neutral atoms, Fp, is given by
the Epstein drag law [see (72), (74)]. Thisdescriptionis
applicable when the neutral—neutral collisiona mean
free path is much larger than the grain size. The force
Fy islinearly proportional to the grain velocity vg. It is
also implicitly assumed in Eg. (130) that the charge of

(130)
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the microsphere does not vary either systematically or
stochastically. There are two possibilities of such vari-
ations: independent collisional variations of the charges
of each microsphere and the dependence of the charge
on the intergrain distance. The absence of the first type
of variation implies homogeneous plasma conditions
on the trajectory of each grain. The absence of the sec-
ond type of variation implies that the distance between
the colliding grains should be at least larger than their
size. From our previous discussion on charge fluctua-
tions, we may conclude that the constancy of chargeis
a good assumption for micron-sized grains. Also,
because of the rapid charging that microspheres experi-
ence in adischarge, it is reasonable to assume that the
equilibrium charge is attained instantaneously as com-
pared to the dynamic scales involved. This means that
the experiments should be conducted with grains mov-
ing with velocities substantially lower than theion ther-
mal velocity.

The experiments were performed with equal-size
grains, hence, both of them should experience nonlin-
ear screening, which does not obey the law of linear
superposition. Therefore, this experiment is dealing
with a new phenomenon that has been poorly investi-
gated theoretically. In experiments in which one of the
microspheres serves as a test grain with linear screen-
ing, it is necessary that this grain be small; in this case,
the detection of itstrajectory can require methods other
than fast microscopy used in this experiment.

In thefirst stage of the experiment, it was found that
the grains injected without initial angular momentum
oscillate radially through the center of axial symmetry.

This fact considerably simplifies calculations
because, in this case, the one-dimensional equation of
motion can be used; i.e.,

d'x _ _ 09 dx
2

=~ g (131)

d

Expanding the confining potentia in powers series
and fitting the theoretical grain trgjectory to the mea-
surements allows one to determine ¢ and the friction
constant . It turns out that in almost all applications
the potential is fairly accurately described by a para-
bolic function

@r = Qo+ b(x—xp)’,

where X, is the position of the center and b and ¢, are
constants.

At the second stage, experiments on collisions
between two grains showed the following. Without
angular momentum and in the case of central collisions,
both grains move purely radialy and their motion, as

with singlegrains, isagain described by the one-dimen-
sional equation

] dt2 - I9x
for thejth grain interacting with theith grainand asim-
ilar equation for the ith grain interacting with the jth
grain. Using two identical grains (m = my=mand Q, =
Q = Q), we can write the difference equation by sub-
tracting the equation for theith grain from the equation
for thejth grain:

d2xr dx, Q| _
m—at—2—+r]aT+2bx,+2Q5;(- L 0,

oQy dx;
_QjW xj—ﬂa (132)

Xj =X

(133)

T

where X, = x; — x;. The sum of theith and jth equations
leads to the differential equation for the center of mass,
Xo =X + X

dx,

d’x
—+n—=+2b(X,—X,) = O.

m dt? dt

(134)

Measuring the trajectories of both grains, we can
determine b and n from the last equation (the obtained
values can be compared with the corresponding values
determined using asingle grain), and from Eq. (133), it
is possible to obtain the interaction potential between
thetwo grains asafunction of the separation distance x. .

Figure 5 shows the trgjectory of the center of mass
of two colliding microspheres. The solid line isthe cal-
culated trajectory for a parabolic potential with allow-
ance for the friction damping due to collisions with
neutral gas atoms. The fitted values are in agreement
with the Epstein drag calculated from the known gas
pressure and temperature.

Figure 6 gives the derived interaction potential
between the grains. The solid lineis calculated from the
grain motion in a parabolic potential and a Debye—
Hueckel interaction potential. Note that the grains
finally come to an equilibrium state corresponding to
the separation between them X, (= 2.2Ap, where Ap is
the screening length fitted to the measurements.

Figure 7 shows that the screening length depends
weakly on the pressure of the neutral gas (neutral parti-
cle density).

Summarizing the results of the experimental deter-
mination of the screened grain potential ¢, we may
conclude the following:

(i) The experiments performed so far have probed a
region 0.5Ap <1 < 3Ap, in which the interaction poten-
tial is described very well by the Debye-Hueckel
potential; no attraction potential is observed in this
region. According to the above theory, the screening is

still nonlinear in this region because r < J/1/zZAp; =

16Ap;. The screening potential predicted by nonlinear
screening in the investigated range of distances can be
PLASMA PHYSICS REPORTS  Vol. 29
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s
Fig. 5. Trajectories of the center of mass x.. of two colliding dust grainsin the plasma sheath in an argon RF discharge at a pressure

of 2.1 Paand avoltage of 145 V. The solid lineis calculated for a harmonic oscillator with the damping constant n = 2.5 x 102 kg/s
andb=1.1x 10" kg/s’.
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Fig. 6. Interaction potential between two charged dust grainsin a plasma sheath. The solid line shows the fit with an exponentially
screened Coulomb potential.
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Fig. 7. Evaluated screening length of the grain field as a
function of the neutral gas pressure for agrain sizeof 6.9 +
0.2 pm.

approximated by an exponential dependence (Debye—
Hueckel potential), but with the screening length Ap <
Api - Experiments were performed for equal-size grains.
In thiscase, it isimpossible to distinguish the nonlinear
screening of each grain, and new theoretical investiga-
tions are required to quantitatively compare the calcu-
lated screening length with experiments. The measured
value of Ap islikely to be closer to the electron Debye
length.

(if) The ratio Ap/a in these experiments was large
(onthe order of 100); inthis case, thelong-range attrac-
tionisweak. Therelative value of the shadow attraction

potential is on the order of a/A>. = 10-%. This means

that the long-range shadow attraction should be very
weak and the associated attractive forces related to ion
flux are hard to detect. On other hand, the detection of
these forces at least needs r > 5Ap, which was not the
case in those experiments. The shadow forces due to
neutral flux can be appreciable at higher gas pressures.
Experiments with bigger grains, larger distances, and
higher gas pressure are required to detect these new
forces.

(iif) The intergrain distance for closest collisions
was much larger than the grain size. Under these condi-
tions, it is hardly possible to detect the change in the
grain charges in collisions. Experiments with bigger
grains or smaller distances between colliding grainsare
required.

(iv) The experiments have to be performed in a
plasma sheath. Being accelerated in the vertical direc-
tion in the sheath electric field, the ions acquire super-
thermal drift velocities. This meansthat the shielding is
quite different from that in the absence of ion drift (in
the linear approximation, it is determined by the elec-
tron Debye radius, rather than the ion Debye radius).
Nonlinear screening in this case is poorly investigated
both numerically and analytically. As was discussed in
the previous sections, ion drift a so changes the shadow
attraction. Experiments with vertically interacting

grains could be designed to investigate the wake field
and flow shadowing effects.

(v) So far, the estimates of the grain charge have not
been compared with the charging theories. Such acom-
parison is not simple due to the mutual influence of
charging and screening. This should be atask for future
experiments performed under different conditions and
with different plasmas (e.g., €l ectronegative or photoe-
mission plasmas).

(vi) Thebinary collision techniqueisanovel tool for
investigating the basic physics of dust—plasma interac-
tions. Thistechnique can be extended to answer a num-
ber of important questions, including the questions of
the absence of nonlinear interference in the interaction
of two grains with substantially different sizes, the
asymmetry of shielding in the presence of an ion flow,
and the existence of a long-range attractive potential
predicted by the theory.

(vii) It israther important to investigate the interac-
tion of two grainsin the presence of many other grains
in a complex plasma, e.g., the interaction of two dust
grains which differ from other grains by their size
(being smaller or larger than the “sea” grains). This
seems to be the way to investigate the collective inter-
actions in complex plasmas, which can be very impor-
tant for creating strongly correlated states.

7. CONCLUSIONS

Some points were already emphasized in each sec-
tion. Here we will only stress that the aim of this paper
was to present the main tools to be used in current
research in thisvery rapidly developed field, tolist sim-
ple physical arguments and simple elementary physical
processes in complex plasmas, and to introduce the
reader to the atmosphere and new physical intuition
appearing in thisfield of research.

In summary, we can draw the following conclu-
sions:

(i) The material presented here for elementary pro-
cesses in complex plasmas can be used to analyze the
conditions for strong coupling and strong correlations,
to consider the transitions to a complex dusty plasma
state, and to discussthe effect of different typesof dust—
dust interactions on the criteriafor phase transitions.

(ii) The understanding of elementary processes in
complex plasmas is important for estimates in experi-
ments on strong coupling (including experiments in
which the plasma—dust crystals were observed), exper-
iments on melting and phase transitions, and experi-
mental investigations of waves and instabilities in the
crystalline and disordered states of a complex plasma.

(iii) The knowledge of elementary processes in
complex plasmasisimportant for technological, indus-
trial, environmental, and astrophysical applications.
PLASMA PHYSICS REPORTS  Vol. 29
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Abstract—Results are presented from experimental studies of the dynamics of dust grains charged via
photoemission under microgravity conditions. The experiments are performed with bronze grains exposed to
solar radiation on board the Mir space station. The velocity distribution, temperature, mean charge, and friction
and diffusion coefficients of dust grains are determined. An analysis of the data obtained shows that the polar-
ization caused by the separation of opposite charges can significantly affect the transport processes in a two-
component dusty plasma consisting of dust grains and the electrons emitted by them. © 2003 MAIK

“Nauka/Interperiodica” .

1. INTRODUCTION

The dusty plasma is an ionized gas containing
micron-sized charged condensed grains (dust). The
combined action of the interaction between dust grains
and dissipative processes in a dusty plasma can lead to
the formation of both steady-state dusty structures
(similar to fluid or solid) and complex vibrational or
dynamic configurations associated with large-scale
transport processes [1-10].

Plasma—dust structures play an important rolein the
processes occurring in the upper atmosphere, where the
main ionization agents are cosmic rays and solar radia-
tion [11-13]. Under these conditions, the charging of
atmospheric aerosolsis governed by the two competing
processes. the absorption of the atmospheric ions and
electrons by grains and the emission of electrons from
the grain surface. Under the action of intense solar radi-
ation, the grains are mainly charged via photoemission.
Micron-size grains can acquire a positive charge of
10>-10° elementary charges, which can result in the
formation of ordered structures [6, 14]. Moreover, the
emission processes make it possible for two-compo-
nent system consisting of positively charged grains and
the electrons emitted by them to exist.

Recently, experimental studies of dusty plasmas
under microgravity conditions have attracted great
attention [6-10]. These experiments allow oneto inves-
tigate various phenomena (such as the charging of
atmospheric aerosols and the dynamics of large dust
grains~100 pm in size) that cannot be studied on Earth
[6-8]. In recent experiments performed by the Rus-
sian—German scientific team on board the International
Space Station, a number of new phenomena (dust beat-

T Deceased.

ing, the formation of complex lattices, the opposite-
sign charging of dust grains, etc.) were observed in RF-
discharge dusty plasmas[10]. Note that analogous phe-
nomena cannot be observed under ordinary laboratory
conditions.

The main process responsible for dust mass transfer
isdiffusion, which determines the dynamic characteris-
ticsof dust systems (such asthe phase state, wave prop-
agation conditions, and instabilities) and governs the
energy losses (dissipation) inthem. Both thedust grains
suspended in the buffer gas and the gas molecules or
charged plasma particles can undergo diffusion
(Brownian motion and self-diffusion, respectively).
The transport properties of a plasma—dust cloud con-
sisting of charged dust grains, ions, and electrons can
be significantly affected by the concurrent diffusion of
the oppositely charged particles (ambipolar diffusion).
A simple case of ambipolar diffusion in the absence of
a magnetic field was investigated by W. Schottky
(1924). However, direct experimental observations of
this phenomenon without attendant processes, likeion-
ization or eddy currents under the Earth’'s gravity con-
ditions, are still lacking. The first results on the polar-
ization effects related to the separation of opposite
charges in a two-component system consisting of dust
grains and photoelectrons under microgravity condi-
tions are presented in [7, §].

Most experimental methods for determining the dif-
fusion coefficients of ions and electrons are based on
indirect measurements of the particle mobilities in an
external electric field [15]. However, these methods
introduce significant perturbations in the system under
study and hence are inappropriate for diagnosing parti-
clesin a plasma. In order to determine the transport
properties of dust grains, spectroscopy and photon cor-
relation methods are traditionally used. The range of
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applicability of these methods is limited by the short-
range ordering related to the interaction between grains
[16]. The methods rely on different hydrodynamic
models; thus, the main problem is determining the con-
ditions under which these models are applicable.

Dusty plasma is a good object for experimentally
studying transport phenomena in a system of interact-
ing particles because dust grains can be shot with a
video camera, which greatly simplifies the use of per-
turbative and nonperturbative diagnostics. A weakly
ionized dusty plasma can be regarded as a dissipative
system of grains with the Yukawa interaction potential
¢ = eZsexp(—1/A)/I, where ez isthe dust grain charge, A
is the screening length, and | is the intergrain distance.
In such systems, the correlation between grains is gov-
erned by the dimensionless coupling parameter I, =

(1 + K + K¥2)exp(—K)[, where I = (e2)’n; "> [Ty, Ty is
the kinetic temperature of the grainsin energy units, ny

is their number density, and kK = n;m/)\. Numerical
simulations show that at I',, > 1, short-range ordering
arises in Yukawa systems, the critical value of the cou-
pling parameter I, at the melting point being close to
106 [17, 18].

In this paper, we report the results of the first exper-
iments on the grain dynamicsin adusty plasmainduced
by solar radiation under microgravity conditions. The
experiments were performed on board the Mir space
station. The photoemission charge, velocity distribu-
tion, and friction and diffusion coefficients of dust
grains, as well as the coupling parameter of the dust
system, are determined. The polarization effectsrelated
to the separation of opposite charges in a two-compo-
nent system consisting of positively charged dust grains
and the electrons emitted by them are observed. The
experiments were briefly described in [7, 8]. Most of
the results reported here are being published for the
first time.

2. EXPERIMENTAL SETUP

A schematic of the experimental facility isshownin
Fig. 1. The main component of the working chamber
was a glass ampoul e with bronze grains (with aspecific
mass density of 8.2 g/cm?® and diameters of 50-100 pum,
the average radius being a4 = 37.5 um) covered with a
cesium monolayer (with a work function of W =
1.5eV). The grains resided in a buffer gas (neon) at a
pressure of P = 40 torr. The ampoule was a cylinder,
one end of which wasaflat uviol window for illuminat-
ing the grains with solar radiation (Fig. 2). The grains
inthe ampoulewere additionally illuminated with arib-
bon laser beam (“laser blade’) with a thickness of
~500 pm. For this purpose, a 0.67-um semiconductor
laser was used. The image recorded with a CCD video
camerawas stored on amagnetic tape (with aframefre-
quency of 25 s ™). The viewing field of the camerawas
arectangle 8 x 9 mm in size. The camera was focused
on the ampoule center. The depth of focus (at a chosen
irisvalue of 16) was~9 mm (Fig. 2). The video record-
ing was treated with a special computer code enabling
the identification of the displacements of the individual
grainsthat reside in the viewing field of the video cam-
era. Under intense solar radiation, the number of the
observed grains was determined by the depth of focus
of the video system, which allowed one to monitor the

grain positions during thetimet > 5\){,1 (wherevy, isthe

friction coefficient, determined by the collision fre-
guency of the dust grains with the buffer gas mole-
cules), long enough to analyze the transport properties
of the system. The number of the identified grains was
less than 40% of the total number of grains initially
recorded with the video camera.
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3. EXPERIMENT

At thefirst stage of the experiment, the grain behav-
ior under microgravity conditions in the absence of
solar radiation (dark regime) wasinvestigated. Theaim
of the experiment was to evaluate the characteristic
time it takes for the grains to lose the vel ocity acquired
with the initial shaking of the ampoule. Since direct
measurements of the damping rate of the initial pertur-
bations in the narrow cross section of the laser beam
were unfeasible, the grain dynamics was analyzed by
measuring the dependence of the grain number density
Ny (determined by the number of grainsinside the laser
blade) on time t. These measurements showed that 24 s
after shaking the ampoule, the grain density ny sharply
decreased from ~10° to ~250-350 cm>. One can
assumethat thefast loss of grainsisrelated to their dep-
osition onto the ampoule wall due to the high adhesion
coefficient. Then, for time ~20 min, the number of
grainsin the viewing field of the video camera changed
only dlightly (ny = const).

At the second stage of the experiment, the shaken
ampoulewas exposed to solar radiation. During thefirst
10 s, the grain density remained almost equal to theini-

tial density ny = ny(0) ~ 900 cm3. The time it took for
the grains to depart to the ampoule wall was ~5 min.
Comparing with the dark regime, it is reasonable to
assume that the electric field arising due to the irradia-
tion of the system somehow impedes the grain adhesion
on the ampoule wall. The time behavior of the grain
velocity V after the dynamic action on the system is
shown in Fig. 3 for different regions of the viewing
field. It can be seen that over thetimet = 5-10 s after
the dynamic action, the grainsareinvolved in the vibra-
tional motion with afrequency w~4.5-5.2 s™! (aperiod
of ~1.2-1.4 s) against the background of their transla-
tional motion toward the wall.

At thethird stage of the experiment, the dynamics of
grains under the action of solar radiation was investi-
gated. Initially, the bronze grains resided on the
ampoule wall; hence, the experiments were carried out
asfollows: (i) dynamic action (kick) upon the system at
the closed porthole curtain; (ii) aging in darkness for

thetimet=4s> v{,l inorder to reducethegrain veloc-
ities acquired with the initial kick; (iii) exposure to
solar radiation; and (iv) the relaxation of grains to the
initial state (return to thewall), after which the porthole
curtain was closed again. This procedure was repeated
several times. Thekinetic temperature and the degree of
correlation of the dust grains increased for the first 3—
5 s after the beginning of solar illumination. The pair
correlation functions for the illuminated dust cloud
obtained by exclusion of the intergrain distances

shorter than 14/2 (wherely = n;m) areshownin Fig. 4.

Although these functions cannot be used for the quan-
titative analysis of the degree of grain correlation in a
PLASMA PHYSICS REPORTS  Vol. 29
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dusty structure, they reflect the qualitative changes in
the system under study.

At theinitial stage of illumination, the grain veloci-
ties are randomly directed. 1-3 s after the beginning of
illumination, the grain motion evidently develops into
ordered motion toward the ampoule wall. The time of
the grain migration to the ampoule wall is 3-4 min,
which is nearly five orders of magnitude shorter than
the characteristic time of the total diffusion losses due
to Brownian motion at room temperature. The grain
parameters measured at the instant ~5 s after the begin-
ning of illumination are shown in Figs. 5-9. Figure 5
shows the trajectories of 40 grains, and Fig. 6 demon-
strates the time behavior of the relative grain density
nd(t)/ng. The initial grain density ng varied in the
range 195-300 cm3, which corresponded to the results
obtained at thefirst stage of the experiment. The spatial
distributions of the drift and thermal grain velocities,
the velocity distributions of dust grains, and the self-
diffusion coefficients during the first 10-15 s of the
experiment are shown in Figs. 7-9. An analysis of the
experimental results is presented in the next section; it
is mainly based on the data from the third stage of
experiments, which were repeated several times and
demonstrate the necessary repeatability.

4. DISCUSSION OF THE MEASUREMENT
RESULTS

4.1. Temperature and Vel ocity Distribution
of Dust Grains

Irregular variations in the magnitude and direction
of the velocities of individua grains against the back-
ground of their general drift motion (Fig. 5) can be
associated with the grain kinetic temperature, which in
the case of aMaxwellian distribution over the vel ocities
Vy and V, can be expressed as

f), (1)

where the angular brackets stand for averaging over the
ensemble and time. During the first 10-15 s, the spatial
distributions of the mean (drift) velocities [V, [of dust
grains toward the ampoule wall and the thermal veloci-

ties VI(y) =( D/f(y)D — Vyy, 3> changed only slightly
(Fig. 7). The recorded grain distributions over the V,

and V, velocity components turned out to be close to
Maxwellian with the temperatures calculated by for-

mula (1) (Fig. 8). At ng = 195-300 cm3, the tempera-

tures obtained by formula (1) for different regions of
theampouleare T, = (51 £5) eV and T, = (22 +2) eV,
i.e., they are much higher than room temperature (T =
0.03 eV). We note that the kinetic energy of random
grain motion in plasmacan be nonuniformly distributed
over the degrees of freedom (i.e., Maxwellian distribu-
tionswith T, # T, can occur) and the kinetic grain tem-

_ 2
Tuy) = My( DV E= Dy
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Fig. 3. Grain velocities Vy and Vi, along the (8) x-axis and (b) y-axis vs. time for different viewing-field sections: x = (1) 0-1, (2) 4-
5,and (3) 7-8mmaty=0-8mmandy = (4) 0-1, (5) 1-2, and (6) 67 mm at x = 0—9 mm. The dashed line shows the approximation

V(t) = V(0)exp(— UTpfaxw), Where Ty = 1S

perature can substantially exceed the temperature of the
surrounding gas. These effects can berelated, for exam-
ple, to the grain charge fluctuations or the spatial inho-
mogeneity of the plasma—dust system [3, 5, 19, 20].
The anomalous heating of grains was repeatedly
observed in experiments on dusty structures in labora-
tory plasmas [3, 20-22].

4.2. Friction and Salf-Diffusion Coefficients
of Dust Grains

In the system under study, the grainsresidein avis-
cous medium; hence, dissipation due to collisions with
the buffer gas neutrals significantly affects the grain

motion. At room temperature, the mean free path of
neon atoms is determined by the relationship | [pum] =
50/P[torr] [15] and, under the given experimental con-
ditions (P = 40 torr), it isl,= 1.25 pum, which is much
less than the minimum radius of the bronze grains a4
(25 pm). In this case (a4 > 1,,), the friction coefficient
vy, for around grain in the Stokes approximation [23]
can be written as

Vi, = 6TtNay/my = 45n(pag) 2)

where p is the specific mass density of the grain mate-
rial andn = 10~ g/(cm s) is the neon viscosity at room
No. 1
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Fig. 4. Pair correlation functions g(x = r/ly) for an illumi-
nated dust cloud at different timest.

temperature. Thus, for bronze grains with the radius
aq=37.5um, wehavev;, =4 s

The diffusion coefficient of the noninteracting
(Brownian) grains can be caculated by the measured
grain temperature as

Dc))((y) = T()j((y)/vfrmd' 3)

Then, forv,=4s",T,~51eV,and T, = 22 eV, wehave
Do = 105 cm¥sand Dy = 4.4 x 106 cm?/s,

The grain sdf-diffusion coefficients D can be

directly determined from the experimental data, taking
into account the regular grain drift velocities [V, [ (see
Section 4.1):

Di(t) = [r(t)T- (W, d)/2t, @

where [Ar(t)’Ois the mean sguare displacement of an
individual grain aong either the x- or y-axis. When the
interaction between grains is negligible, the self-diffu-

sion coefficient DX att —» o should obey Einstein

relation (3); i.e., D3 (t — o) = DA . Figure 9illus-

trates the dependences D" (t) measured in some

regions of the ampoule and the results of averaging
these dependences over all the experiments. Att =4s,

the measured DX (t) values are equal to DY = 1.3 x

105 cm#s and D) = 5.7 x 10° cm?/s; i.e., they are
higher than those obtained by formula (3) by ~30%. We
note that the value v, = 4 s7!, obtained for the grain
mean radius a4 = 37.5 pm, may not correspond to the
effective friction coefficient for a polydisperse dusty
system. We also note that in the preliminary dark
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Fig. 5. Grain trajectories after irradiation.

regime, the probability of a grain departing to the wall
is higher for smaller and, hence, more mobile grains
(i.e., grains with relatively small values of v;my).

Fig. 6. Measured time dependences of the relative density
ng/ ng for ng =195 and 300 cm™> (closed and open circles,

respectively). The light curves show the calculations by
method of molecular dynamics, curves 1 and 2 correspond
to approximation (15), and curve 3 shows the function

ng/ ng = exp(—Vgjst). Closed and open diamonds show the

time behavior of A/R for ng =195 and 300 cm >, respec-
tively.
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Fig.7. Spatia distributions of the drift velocity [V (open

diamonds and circles) and thermal velocity vT (closed dia-
monds and circles) of dust grains over the (@) x- and

(b) y-axes for ng =195 and 300 cm™ (diamonds and cir-

cles, respectively). The dashed-and-dotted line shows the
minimum radial grain velocity for a dust cloud transparent
to the emitted electrons.

The time dependence of the self-diffusion coeffi-
cient for noninteracting grains can be represented as
[18]

D;V(t) = DYV[1—(1—exp(—vut))vet].  (5)

Thus, one can evaluate both the friction coefficient vy,

and the diffusion coefficient Dg” = DX (t —» o)

x(y)

from the measured D, (t) values. The approximation

of the experimental D% (t) dependences by formula

(5)for T,=51eVand T, =22 eV (Fig. 9) givesthefric-
tion coefficient v, = 3.1 s7! and the diffusion coeffi-
cients Dy ~ 1.4 x 105 cm¥sand DJ =~ 6.2 x 106 cm?s.
It can be easily seen that the measured behavior of
DY (t) isin good agreement with formula (5) for non-
interacting (Brownian) grains. Note that for grainsin

100
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Fig. 8. Grain distributions over the V, velocity component
(diamonds) in theregion (x = 7-8 mm, y = 0-8 mm) and the
\jy, velocity component (circles) in the region (y = 5-6 mm,

X = 0-9 mm) for ng =300 and 195 cm™> (open and closed

symbols, respectively). The dashed lines show the approxi-
mation of the experimental data by Maxwellian distribu-
tions with temperatures T, = 51 eV and Ty, = 22 eV.

strongly correlated dusty systems (I, > 40-50), the
time dependence of the self-diffusion coefficient Dy is
nonmonotonic; in contrast to the experimental data
shown in Fig. 9, it has a pronounced maximum [18].

4.3. Grain Charge

Photoemission charging plays an important role
when irradiating grains with photons with energy hv
exceeding the photoelectron work function from the
grain surface. The number of the emitted electrons
(photocurrent) is proportional to the intensity of the
incident radiation. The maximum kinetic energy of
photoelectrons K, = hv — W increases linearly with
the incident radiation frequency v and does not depend
on the radiation intensity. Thus, the maximum photoe-
mission grain charge Z,,,, can be found by equating the
surface potential @, = €Z,,,,/84 to the quantity K. /e
[14]:

Zmax = (hvmax - Vv)ad/e27 (6)

where hv,,,, is the maximum photon energy, which, in
our case, is determined by the transmission coefficient
of the experimental chamber and corresponds to the
wavelength A, = 0.35 pm [11]. Thus, for a4 =
37.5 pym, we have Z,,,, = 53000. Generally, the photo-
electron flux depends on the radiation source proper-
ties, the efficiency of radiation absorption Q, and the
quantum yield Y and temperature T, of the emitted
electrons. Moreover, the grain charge is affected by the
thermoemission properties of grains and the presence
PLASMA PHYSICS REPORTS  Vol. 29
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of photoelectrons that return back to the grain surface.
The latter circumstance can significantly decrease the
equilibrium grain charge Z, as compared to its limiting
vaueZ,,, [14].

Let us evaluate the charge of bronze grains exposed
to solar radiation. To calculate the photon flux J, the
solar radiation can be considered blackbody radiation
with the temperature T, = 5800 K [13]:

Ao
J= I f C A I[{ eXp(C,/AT) — 1 he]dh,  (7)

A

min

where f, = 0.85 is the transmission coefficient of the
experimental chamber, A, = 0.35 um, and A, is the
boundary wavelength for the photoeffect. Thus, we
have J = 3.4 x 10'7 photon/(s cm?). Since the photons
with energies of <4 eV are incapable of ionizing the
buffer gas, the positive grain potential will be deter-
mined by the balance between the electron recombina
tion on the grain surface and the flux of the emitted pho-
toelectrons. Assuming that the system is opague to the
emitted electrons, their density n, in a dust cloud will
obey the quasineutrality condition n, = Z4ny. When the
electron mean free path |, in collisions with neutralsis
comparablewith or exceedsthegrainradiusay (I,,.> ay),
the electron balance equation can be written in the form
[24, 25]

BTar” _ chv —W-—eqg
Zdnd[ﬁmg] —JYexpD T 0
< e Tpe [V ma =W — €07
JY thaX—WeXpD T L (8)

where m, isthe electron mass, T, isthe plasma electron
temperature, and Y* is the mean quantum yield of
cesium-covered bronze in the spectral range under
study. The temperature T, of the photoemission elec-
trons depends on the grain material and, in most cases,
lies in the range 1-2 eV [12, 13]. Then, under the
assumption T, = T, = 1.5 eV, we obtain from Eq. (8)
that for the grain radius a; = 37.5 um, the limiting
charge Z,,, = 53000 is attained at the densities ny =
400-2000 cm (which corresponds to Y* = (0.8—4) x
1072). Thus, at ny < 400 cm3, the electrons returning to
the grain surface will not significantly affect the equi-
librium grain charge. The higher ng, the lower the equi-
librium charge; thus, at ng = 900 cm (Y* = 8 x 107%),
we have Z; = 40000.

The electron temperature in the system under study
may be different from the temperature T, of the photo-
electronsleaving the grain surface. Thus, in the absence
of an electric field, the characteristic time of the elec-
tron energy relaxation (the time during which the elec-
tron energy falls by a factor of ~2.7) is determined as
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Fig. 9. Time dependences of the diffusion coefficients Dg

and Dg (dashed curves) measured in one experiment in the
regions (x = 7-8 mm, y = 0-8 mm) and (y = 5-6 mm, x = 0—
9 mm), respectively, and the values of Dg(y) averaged over

several experiments (circles) and their fits by formula (7)
(solid curves).

1,=10! (wheret = v;i , Ve ISthe electron—neutral col-
lision frequency, and &' is the number of effective col-
lisions for electron—neutral energy transfer) and the
effectiverelaxation lengthis A, = 1,072 [15]. For neon,
0 = 10* and the relaxation length is AJcm] =
12/P[torr]. At the given pressure, thislengthis~0.3 cm;
i.e, it is longer than the mean distance Iy ~ 0.15-
0.18 cm between the dust grains, which are the sources
of background electrons. Hence, the emitted electrons
loose about 30% of their initial energy over a distance
of ~l4/2. Such an insignificant energy loss can readily
be balanced by the stochastic energy input due to the
presence of electric fieldsin the system [15].

The electron energy loss can be estimated by com-
paring the electron—neutral thermal equilibration rate
Ve = (Vo/l,e)m/m, with the electron—dust grain collision

rate Vg = 2na§ ngVe (at e, = T,), where V, isthe electron

velocity [14]. If vy > ve (i.e, 2na§ Nglem,/me > 1),
then the rate of electron recombination at the grainsis
much higher than the rate of thermal losses dueto elec-
tron—neutral collisions; consequently, the el ectron tem-
perature T, in the system should be equal to the temper-
ature Ty, of the emitted electrons. For neon, we have
my/m,=2.7 x 107 and |, =30 um (at P = 40torr); hence,
for a;=37.5 pmand ny > 200 cm3, we obtain v,/ Ve > 2.
It should also be taken into account that for the elec-
trons with energies T, = 0.5-2 eV, the electron mean
free path is 24 times longer than the table value
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lLcm] = 0.12/P[torr], which is commonly used for the-
oretical estimates. Thisis because at energies of ~1 eV,
the cross section for the electron—neutral collisions in
neon has a pronounced minimum (Ramsauer effect)
[15]. Accordingly, in further calculations, we assume
that Tpe = Te.

The theoretical estimates of Z; by formulas (6) and
(8) can only provide the order of magnitude of the pho-
toemission charge acquired by a grain because they
strongly depend on the accuracy with which the grain
parameters and the spectrum of inducing radiation are
determined; in turn, this accuracy depends on the spe-
cific experimental conditions. To measure the charges
of individual grains moving with velocity V in the
known electric field E, one can use the equation of
motion [6]

dV/dt = —v,,V + EeZy/my. )

To solve Eq. (9), one needs a priori data on the electric
field E, which (as well as theoretical estimates of the
grain charge) depends on the transparency of the dust
cloud to the emitted photoel ectrons. L et us suppose that
at t > 100 s, al the emitted electrons have already |eft
the dust cloud and the electric field E is equal to the
field of a uniformly charged cylinder: E = 21Z N XR,
where Xy isthe distance from the tube axis. In this case,
estimating the grain charge from Eqg. (9) with the use of
the measured values of dV/dt and V for individua
grains [6] gives charges ranging from Z, = 4 x 10*
(Vp=3s1H1t0Zy;=3 x 10* (v, = 4 s7), depending on
the chosen value of the friction coefficient v,,.

In acloud transparent to photoelectrons (n, = 0), the
grain charge Z, can aso be evaluated from the mea-
sured time dependence of the grain density ny(t), which
characterizes the rate with which like-charged dust
grains escape from the measurement volume due to
electrostatic repulsion. If the electric forces acting on
an individual grain from all the other grains are bal-
anced by the friction forces, then the dependence ny(t)
can be approximated by the function [6]

ng(At) = n(1+ 3wiAt/v,) ™, (10)

where wy, = eZy| n;° /my} 2, nff isthe dust grain density
at acertaintimet=t, and At = (t - t,). Approximation
(10) allowsoneto determine wy, by fitting the cal culated
results to the experimental data; the result obtained
makes it possible to find the grain charge. Figure 6 pre-
sentsthe results of approximating the experimental data

by formula (10) under the assumption that the system
becomes transparent as the grain density decreased to

values lower than n(t) = 90 cm (t > 45 s) and n;" =ny
(t, = 45 s). Hence, it follows that 3(05 /Vg = 0.0023 7!

for nd =195 cm3 and ny = 0.37ng and that 3 wg /v, =

0.0033 s~! for n§ =300 cm® and n’ = 0.3n7. There-
fore, thegrain chargeisZy = (4.3 £0.2) x 10* at v, =
3s LAty =457, Zyislarger by ~15%.

Figure 6 aso presents the results of calculations of

the dependence ny(t)/ ng by the method of molecular

dynamics for the parameters close to the experimental
ones under the assumption that the system is transpar-
ent to the emitted electrons. A set of three-dimensional
equations of motion was solved for a cylindrical
ampoule (Fig. 2) with allowance for the random (Lan-
gevin) force F,,, assuming that the grains have zero ini-
tial velocities and are absorbed on the cylinder wall:

2
mdrk
d .2
dt
re—r;

dr
For] Mgy Fore (1D
J

= ZCD(r)
j

Here, ®(r) = (e2)¥/r? and r is the distance between the
two interacting grains. It can be easily seen that the
assumption of the system transparency (Coulomb
repulsion) alows one to describe the experimental data
within the applicability range of formula (10) fort > 45s.
Att < 20s, therate at which grains escape from the mea-
surement volumeissignificantly lower. This effect man-
ifestsitself in the magnitude of the recorded drift veloc-
ities of dust grains, which are lower than those expected
for a transparent cloud: V = 211(€Zy)’nNgXg/(V;,My) [see
(9)]. The estimated minimum drift velocity V = 0.1xg s
for this caseis shown in Fig. 7a by the dashed-and-dot-
ted linefor Zy = 4.3 x 10* and ny = 200 cm3. This phe-
nomenon can be related to the presence of the polariza-
tion electric field, whose magnitude is lower than the
eectric field in a transparent system of charged grains
by a factor of ~(A/R)?, where A is the electron Debye
radius[15] (A% = T./41e’n). The possibility of polariza-
tion caused by the separation of opposite charges is
determined by the requirement that the dust cloud is
opaque to the emitted electrons (see the last section for
details).

In atwo-component system consisting of grains and
electrons, the approximation of the dust cloud opacity
corresponds to the quasineutrality condition

r= \rk—rj\

dn = |ng—ng < n=n,=Zyn,.

For acylinder of radius R, thisis true when [15]
dn/n=\/R? < 1. (12)

Thus, for a dust cloud in a 1.5-cm-radius tube, condi-
tion (10) ismet at n, = Zyny > (2.5-4.9) x 10° cm3 (for
To=1-2 V).
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The other limiting case is that where all the emitted
electrons freely escape from the system (n, = 0):

eAp <T,,

where Ap = TiZ;nyR? is the potential difference in the
electric field of a uniformly charged cylinder of radius
R. Hence, the criterion for the dust cloud to be transpar-
ent to photoel ectrons can be obtained from the condi-
tion

A¢/R>0.5, (13)
where )\§ =T/(4Te’Zyny) isaquantity equivalent to the
Debye radius squared of an opague system. Thus, the
condition that the system is transparent to the emitted
electrons is determined by the parameter A/R, where
A2 =T /(4TEZ3ny) both in the case of n,= Zny (whenthis
quantity can be associated with the screening length in
atwo-component system) and at n,= 0. The experimen-
tal time dependence of A/R is shown in Fig. 6 for the
grain parameters (Z;, ny) measured at T, = 2 eV. Here,
the dashed-and-dotted lines show the marginsA/R= 0.5
and A/R = 0.33 corresponding to the limiting cases of a
transparent and an opaque dust clouds [see (12) and
(13)]. It can be seen that the region A/R > 0.5, in which
the system can be assumed to be transparent (t > 60 s),
approximately corresponds to the time domain in
which the grain charges were measured by using this
assumption.

4.4. Estimated Characteristic Times
for Different Dynamic Regimes

The data on the grain charges and friction coeffi-
cients allow us to estimate the characteristic times and
frequencies in a dusty system for different dynamic
regimes. Sincein our experiments wy = Zye(Ng/my)'? <
V., thetimetyy,,,, during which dynamic equilibriumin
asystem of charged grainsis established is determined
by [6, 15]

TMaxw = Vfr/4nw§ . (14)

At ny = 195-300 cm~3, we have Ty, ~ 46 S, whichiis
close to the relaxation times for the temperature and
intergrain correlation observed in our experiments (see
Section 4.1). The minimum value of the coupling

parameter I™" in the state of dynamic equilibrium can

be estimated by choosing the maximum temperature
(Tq =T, = 51 eV) and minimum grain density (ng =
195 cm3). Since in our experiments K < 0.5-0.7 (T, =
1-2eV), wehave ', = (1 + K + K2exp(K)[ =T =
(€29)*/14T4. Consequently, at Zy=4.3 x 10* (v, =3 s,
we have I =32,

In the experiments performed under solar irradiation
(see Section 4.1, second stage of the experiment), the
PLASMA PHYSICS REPORTS  Vol. 29
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time Ty, during which the dynamic equilibrium in a
dusty system is established can be measured by moni-
toring the decay of the initial grain velocity V(i)
acquired with the shaking of the ampoule. Thisvelocity
should behave as ~exp(—t/Ty,yw) [15]. The approxima
tion of the V(t) dependence by the curves V(t) =
V(0)exp(—t/Tyaxw) & Tyaxw = 1 SiSShownin Fig. 3. The
obtained value of Ty,,,, 1Sin excellent agreement with a
value of ~1 s, calculated by formula (14) for the mea-
sured parameters ny = 900 cm3, Z; = 4.3 x 10* and
Vi, = 3 S_l.

We note that the high-frequency (w ~ 4.5-5.2 s7!)
dust grain oscillations (Fig. 3) during the relaxation to
dynamic equilibrium can also be dueto the polarization
effects related to the separation of opposite charges.
Thus, for charged particle oscillations with frequency w
and amplitude A, which is close to one-half of the char-
acteristic spatial scale for charge separation (2A=A), in
the polarization electric field (which is proportional to

~T.), We can write my(wN2)%/2 = 4T Z5 NGA? = Z,Te.
Hence, at ny = 900 cm= and Z, = 4.3 x 10*, the oscil-
lation frequency is w = eZ4(321Ny/my)'? = 4.6 s71.

4.5. Ambipolar Diffusion

L et us consider a two-component system consisting
of positively charged grains and the photoelectrons
emitted by them. Because of a significant difference in
the electron mobility Y, and the dust grain mobility L,
the components of this system will be separated in the
entire ampoule volume and a negative surface charge
will arise on the wall. The arising polarization electric
field will impede the further separation of the charged
components; consequently, the electrons will diffuse
together with heavy grainswith acertain effective coef-
ficient of ambipolar diffusion D,. The D, valueis deter-
mined by the diffusion coefficient of the less mobile
component; in the absence of external magnetic and
electric fields, it can be written as[15]

D, = {Delg + Dold /{ Mg+ Hd »

where D, is the coefficient of free diffusion,

(15)

De=To/VenMe, (16)

and D, isgiven by formula (3). Since . > [, the coef-
ficient of ambipolar diffusion can be written as D, =
Dy + DeMg/He- Then, with allowance for formulas (3)
and (16), we have

Da= (1 + Z4Te/Ty)D.

We note that formulas (15)—17) are valid only in the
case of aweakly ionized plasma—dust system, in which
dissipation is determined by the buffer gas neutrals,
whereas the collisions between charged particles are

(17)
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unimportant. On the other hand, the coefficient of
ambipolar diffusion describes the polarization effects,
which are absent in ararified plasmawith low densities
of the charged components. In such aplasma, the parti-
cle diffusion is determined by coefficients (3) and (16).
Diffusion is ambipolar when the plasmais quasineutral
and condition (12) is met. Hence, the regime of ambi-
polar diffusion is determined by the inequality A/R <
0.33 (i.e, dn/n, < 10). Thus, for t < 10 s (Fig. 6), the
polarization effects rel ated to the separation of opposite
charges are feasible in the system under study.

Assuming that at t < 10 s, the charge loss in our
experiment is related to the ambipolar diffusion toward
thewall, the mean diffusion loss rate for dust grains can
be written as [15]

dng/dt = —nyvis, (18)

where v is the effective diffusion loss rate,

A E_Da//\jifv (19)

and A is a characteristic scale length. For a cylinder

of radiusR= 1.5 cm and length L = 4R, we have /\jif =
((2.4/R? + (TYL)»' = 0.6 cm (Fig. 2) [15]. The diffu-
sion loss rate v4; can be estimated by the rate at which
the relative grain density changes. The experimental

curve nyt)/ ng isin good agreement with the exponen-

tial solution ny = Ngexp(—vgit) to Eq. (19) with vy =
0.035 s at t < 10 s(Fig. 6). Hence, the estimated coef-
ficient of ambipolar diffusion isD, = /\jifvdif =13 x
102 cm/s, which ismuch larger than the measured coef-

ficients D& of grain self-diffusion (see Section 4.2). To
compare the obtained coefficient D, with its theoretical
value D, = Z;T.Dy/T4 [see Eqg. (17)], we use the
obtained values Z; = (4.3 £ 0.2) x 10* and Dy/Ty = 2.8 x
107 cm?/(s eV) and assume that T, = 1-2 eV. Then, we
have D, = (1.2-2.4) x 1072 cm?/s, which agrees with the
coefficient of ambipolar diffusion measured by the rate
at which the grains depart to the wall [see Egs. (18),
(19)] to within the accuracy in determining the charac-
teristic length Ay; and the grain parameters and the
validity of the assumption T, = 1-2 eV.

5. CONCLUSION

We have presented the experimental results on the
dynamics of dust grains charged via photoemission
under microgravity conditions. The velocity distribu-
tion, temperature, mean charge, and diffusion coeffi-
cient of the dust grains are determined. An analysis of
the experimental data shows that in the initial stage
(t< 10 9), the particles undergo ambipolar diffusion;
i.e., thedensities of the charges of both signsare so high
that the charge separation leads to the formation of a

significant space charge, which inducesthe polarization
electric field. The polarization caused by the separation
of opposite charges decreases the drift velocities of the
dust grains with respect to their velocities in a system
transparent to photoelectrons and affects the excitation
of high-frequency oscillations observed after the
dynamic action on a dust system exposed to solar radi-
ation. We emphasize that direct experimental observa-
tions of the phenomena related to charge separation in
a two-component dusty plasma are hardly possible
under the Earth’s gravity conditions.

To conclude, the experiments show that the interac-
tion between dust grains only dightly affects both the
grain self-diffusion coefficient, which remains close to
the Brownian one (D,), and the ambipolar dust transfer,
whose theory is based on neglecting Coulomb colli-
sions between oppositely charged particles. Thus, we
can suggest that if the coupling parameter I is no
higher than 30-35 (see Section 4.4), then the transport
properties of strongly dissipative systemsof dust grains
(0y/ Vg < 1) with aweak screening of the grain charges
(k < 1) can be described with good accuracy in the gas-
dynamic approximation.
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Abstract—A study is made of the influence of |arge-scale plasma turbulence on the results from a diagnostic
method that is based on enhanced scattering of microwaves near the upper hybrid resonance and is highly sen-
sitive to small-scale fluctuations. The resolution in radial wavenumbers that is provided by an enhanced-scat-
tering correlation analysis of small-scale fluctuations with allowance for multiple small-angl e scatterings of the
probing and scattered waves along their paths is determined. The frequency spectrum of a wave that is back-
scattered by the small-scale fluctuationsinvolved in large-scal e turbulent motion and undergoes multiple small-
angle scatterings is analyzed. © 2003 MAIK “ Nauka/lInterperiodica” .

1. INTRODUCTION

At first, the diagnostics based on measuring the sig-
nalsfrom microwaves that undergo enhanced scattering
in the vicinity of the upper hybrid resonance (UHR)
was used to study small-scale oscillations and wavesin
guiescent plasmas of linear laboratory devices [1]. In
recent years, this diagnostic technique has been widely
applied to investigate plasma turbulence and the propa-
gation of microwaves in tokamak plasmas. Thus, in
experiments carried out in the FT-1 tokamak [2], in
which this method was used to study spontaneous
plasmadensity fluctuations, a substantial broadening of
the frequency spectra of the backscattered signal was
observed and was found to increase in proportion to the
wavenumber of the fluctuations by which the probing
wave is backscattered. In our recent paper [3], it was
shown that such behavior of the frequency spectrum
may stem from the fact that in a tokamak, a probing
wave propagating in aturbulent plasmais scattered pri-
marily by predominant large-scal e plasma density fluc-
tuations. The frequency shift and spectrum broadening
may be associated not only with the frequency of the
small-scale density fluctuations responsible for back-
scattering, but also with the effects of multiple small-
angle scatterings of the probing and scattered waves by
large-scale plasma turbulence along their paths. In the
enhanced-scattering diagnostics, these effects may also
influence the resolution in radial wavenumbers that is
provided by a correlation analysis of the backscattered
signals from two probing waves with different frequen-
cies[4].

In [3], we considered the evolution of the frequency
spectrum of a plane extraordinary probing wave during
its multiple small-angle scatterings in a turbulent
plasma. In the present paper, which isalogical contin-
uation of [3], we examine the influence of multiple
small-angle scattering on the resolution of the
enhanced-scattering correl ation diagnostics with all ow-
ance for the directional pattern of the antenna generat-
ing a probing wave. The analysis is performed by the
eikonal method; however, in the UHR region, the prob-
lem is investigated exactly. These two approaches are
shown to yield the same results in the spatial region
where both of them are applicable.

In this paper, we also analyze the frequency spec-
trum of the backscattered wave recorded by the
enhanced-scattering diagnostics. This spectrum may
form as a result of multiple small-angle scatterings of
the wave along its path or as a result of the Doppler
broadening, when small-scale fluctuations responsible
for backscattering are involved in turbulent motions.

2. CORRELATION ANALY SIS OF ENHANCED
BACKSCATTERING IN THE EIKONAL
APPROXIMATION

We consider a cold collisionless plasma in a mag-
netic field directed along the zaxis. Let an extraordi-
nary wave be emitted by an antenna in the x direction,
in which the plasma density is nonuniform, and let the
signal of the same polarization, backscattered by small-
scale fluctuations near the UHR, be received by the
same antenna. In the elkonal approximation, the elec-
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tric field of the emitted extraordinary wave can be writ-
ten as (see, eg., [9])

K2(x) " i, dk,

koo d 2y

El(r) =

X exp%J’kX(x')dx‘ +iky+ ikzzg.
04 0

In deriving this expression, we omitted the harmonic
dependence on time and used the relationship kf (X) =

—kf Je(X) — k; — AX) kf (with A(X) = -n/e(x) and k, =
g(Xyw)/c), which holds near the UHR in the paraxial
approximation. Here, €, g, and nj are the elements of the
dielectric tensor; the plasma density profile is assumed
to belinear, € = (x — xyy)/€ with x, the position of the
UHR; k, = w, /c is the wave vector of the probing wave
in avacuum; and Ev,«, is the wavenumber (over k, and
k,) spectrum of the field generated by the antenna.
Following [3], in the expression for the phase of the
electric field of the probing wave, we take into account

large-scal e plasma density fluctuations, which giverise
to the wavenumber perturbations

K on(x,y, z,1)
c 3/2°
2n[—e(x)]
In this case, the fluctuation-rel ated phase increment can
be obtained by integrating the density fluctuations with

the corresponding weighting factor along an unper-
turbed path of the ray [3]:

X

¢ = _['5k[X', y(X), z(x), ] dx,

ok(x,y,z1t) = -

where the functions y(x) and z(x') describe the ray tra-
jectory. Taking into account that the ray passes in the
axial region and that the main contribution to the fluc-
tuation-related phase increment comes from the UHR
region, in which the small-angle scattering is enhanced
[5] and the wave propagates predominantly in the direc-
tion in which the plasmais nonuniform, we set y(x) = y
and neglect the dependence of the fluctuations on z,
assuming that they are very long-wavelength in the
direction of the magnetic field.

In this way, we can readily calculate the extinction
of the averaged electric field by multiple small-angle
scattering:

[EO0 @0
Under the assumption that the distribution of the fluctu-
ation-related change in the eikona & is normal, we
obtain

EQe® ™
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which yields the following expression for the Poynting
vector of the probing wave:

—[£7

S = conste (1)

The expression for [§?Cwas obtained in [3]:

o [5”2']% KA, Xou—x3 L.,
EEZD _ %BkcnUH

BNy, o —x < Lo,

0 nUH

where €. is the correlation length of the large-scale
plasma density fluctuations.

Note that the approach used here agrees with the
approach developed in our earlier paper [5] for a
description of the small-angle scattering. In that paper,
using the Born approximation, we obtained the depen-
dence of the total Poynting vector of the probing wave
that had undergone multiple small-angle scatterings on
the coordinate measured from the plasma boundary to
the UHR. This dependence can readily be reduced to
the form

S = (XS,

0000 00 180, x—x > £,

2
s(x) = EBkcnUH (@)

D[Bn O]
T 0C(X),  Xun
g nUH

where the Poynting vector S of the probing wave in the
Born approximation is assumed to be constant. In actu-
aity, however, small-angle scatterings weaken the
probing wave; thisweakening can be taken into account
by means of formulas (2). In order to determine the law
by which the Poynting vector of the probing wave
changes, we write

-x< ¥,

ds dsﬁ(x)
i — S,
which yields
S = const - exp(—A(x)). 3)

Since formulas (1) and (3) coincide, we can conclude
that a more convenient phase approach, which makesit
possible to determine the spectral properties of amulti-
ply scattered wave, does not contradict a more sophis-
ticated energy approach.

We consider the backscattering of a probing wave
with the frequency w, by plasma density fluctuations
with the radial wavenumbers satisfying the condition

Q<2 /<.

CAVre
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where v+, is the electron thermal velocity. This condi-
tion indicates that the wave is backscattered far from
the conversion point [6]; moreover, the probing and
backscattered waves are both extraordinary modes
(X —= X). Following [1], we use the reciprocity theo-
rem, according to which the power in the receiving
antennais P, = |AF, where

A(w) = ijjm(r)E*(r)dr.

Here, the integration is performed over the entire
plasma volume and E*(r) is the electric field of the
antenna for an oppositely directed magnetic field. The
nonlinear current

ju(r) = 226E(r)

with 6 =iw (&8 — 1)/(4T) being the plasma conductiv-
ity tensor, is determined by small-scale plasma density
fluctuations

+00

on(r,t) = J’

6no(r)e o

where it is assumed that © = w — W < w. Here and
below, ® and Q denote the frequency and wave vector
of small-scale fluctuations, and Q and q denote the fre-
guency and wave vector of large-scale fluctuations.

The amplitude of the backscattered signal depends
parametrically on time:

" dk, ok, _
At) = 16T[nUHI I(Z )

" dk,dK, kj(x)

I(2n) i kf(z m° 2% Kk,

x eXpEQiIkx(X)dX +i(ky tky)y+i(k, +k;)z
0

o o 0
+iQr [exp[Qlj'ék(x, y, )dxO.
0O 04 O

In the enhanced-scattering diagnostic method, the
radial-wavenumber spectrum of small-scale turbulence
is determined by calculating the correlation function of
the signals from two scattered probing waves with dif-
ferent frequencies [4]. With alowance for multiple
small-angle scatterings of the probing and scattered

waves along their paths, the correlation function in the
eikonal approximation has the form

CA (1) A% (t + T)0 = %Idrdr'
(16mmyy) 2

J (2m)
= Ek = ::K,Zexp[i(ky+ k;)y +i(k, +k)z
. A KKK
_I(Ky+ Ky)y _I(Kz+ Kz)z.]——li——)z—%f(—_)
kokc
o (4)
dQ 2
X on
:];(ZT[)Sl Q,®|

x exp{iQu(Xy =) +1Q(y—y) +1Q,(z-2Z)}

0. .
X expEQIJ'kl(x)dx +iQu(X—X;)
D 0

X

~2i ()X ~1Q(X ) E@xp[zial—ziaﬂm
0

Here, we have introduced the following notation: A
and A, are the amplitudes of the signals from the scat-
tered probing waves with the frequencies w, and w,,
respectively,

MO=0, i=12

k,(X) and k,(X) arethe projections of the wave vectors of
the waves with the corresponding frequencies onto the
direction in which the plasmais nonuniform; and x, and
X, are the positions of the UHR for waves with the cor-
responding frequencies. The influence of large-scale
fluctuations can be described by introducing the ran-
dom quantities

X X

&1 = J'ékl(X, y,t)ax, & = Iékz(x', y,t+1)dy’,
0 0

in which small- and large-scae fluctuations are
assumed to be statistically independent. In formula (4),
the averaging over small-scale fluctuations has been
carried out under the assumption that the fluctuations
are statistically uniform in both space and time:

[BNg oG o0 = (2)"3Ng, o|°3(Q - Q)3(O - ©).

In order to investigate the influence of large-scale
fluctuations on the correlation function of the scattered
waves, wefollow the approach developed in [ 3]; specif-
PLASMA PHYSICS REPORTS  Vol. 29

No.1 2003



MICROWAVE ENHANCED-SCATTERING CORRELATION DIAGNOSTICS 45

icaly, we assume that the distribution of the fluctua-
tion-related phase incrementsisnormal and analyzethe
correlation function

0= exp[4[E,&, - 2[E;0-2[E]. (5)

The integrals over dx and dx in expression (4) can
be evaluated by the stationary-phase method. This
yieldsthe Bragg condition, which determinesthe points
of backscattering in a nonuniform plasma. Probing
waves with frequencies w, and w, are backscattered at
the points X = X, and X' = Xy, satisfying the conditions

2kl(Xsl) = _Qx1 2k2(X52) = _Qxl
in which case we have

2i8, - 2iE,

K="[e

k€

" da,da,dQ
EiED= o | A=
a3, d

(2m)’

L jd

xxsd expligx —x) +igy—-y) +iQ1]
.r X 32 312
(X =X)""(x=X)

0
where dn, q isthe spectral density of large-scal e fluctu-
ations.

Let us consider this correlation function for the case
when the distances from the UHR at which the probing
waves are backscattered,

(6)

X1=Xs1 = Xp—=Xg2 = 4k§€/Qii (7

are much longer than the correlation length of large-
scale fluctuations, [x, — xg | > €.

To calculate theintegrals, we introduce the variables
U? = X, — X and u? = x, — X' and make the following two
assumptions. First, the small-angle scattering is nonlin-
ear; i.e, the correlation length and time of the wave
field are much longer than those of the plasma density
fluctuations. Second, the distance between the reso-
nances, X; — X,, and the corresponding time delay T,
which are both necessary for correlation anaysis, are
on the order of the correlation length and time of the
wave field. This latter assumption makes it possible to
expand the exponentials in the integrands in formula
(6). Neglecting small termsin this formula, we find

2k€

nUH _'[

dqxdqde
(2’

[8ng, ol

ﬁ 2
*[6:06=%)" +a,(y-y) + Q]| [ %Je
Pa=xa

In order to obtain the sought-for asymptotic expression
at X, — Xy > €, we use the relationship q,(x, — Xg) > 1.
PLASMA PHYSICS REPORTS  Vol. 29
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The coefficient in theterm with x, — x, can be calculated
from the approximate rel ationship

JX .

du iaw’_ expligy(x —Xe)]
| I rym——
NX1— X1

To evauate the coefficients in the terms with y-y' and
Q, we can use asimpler estimate:

()

-
(X1 —Xs1)

O epligX = X)]
dx [dx’ 2 73
{ I (xa=X) (% -x)*

Taking into account relationship (7), we obtain

Q¢ QBN

InK = 0 (X, —%,)°
64k2n3, O 2K - C

" dg,dQ
I dy zfon 0q. o 162y —y)’ +mm ®)

Introducing the corresponding notation, we arrive at the
following estimate:

2
InKz—ngic[ﬁznD
64k, nyy
2
x€c X ZD
<R iy -y)+ T

In the opposite limit x, , — Xy , < €. (which indi-
cates that the waves are backscattered near the UHR),
correlation function (6) can aso be simplified. In this
case, we have

S expligX =)
dx [ax'
{ { (x=X) (6 -x)*

~ 4

A/Xl - Xsl/\/xz —Xg2

which yields
AACHIACH
(£,8f1= ———=—==
Nun
dqxdqde 2 |qXAxUH+|qy(y y)+|Qr

[3nq,0"€

_{,(2)
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Assuming again that Ax,, < €. and expanding the
right-hand side of the last expression in a series, we
obtain

0°Qr

2nUH_Ioo

x[qa(Axn)’ +ay(y—y)* + Q%17. )

Hence, the expression describing the breaking of
correlations by multiple small-angle scatterings,

DAUH -v)? 1?0
Bxon)” (v Y _vg

O Lff I pn

dddQ
qy on

2
o

InK =

K= exp (10)

contains the effective correlation lengths and times,
which can be estimated as follows:

For Q2€,/(4k2€ ) < 1, the estimates are given by

eff = 82K /%?3 6nD

—
|

3N
" = o200,

TS = 8k/H; Jeea = 5”5
and, for Qf€c/(4 kf€) > 1, the estimates have the form

A/E/BQ €_ 6n[|

- legaquyfﬁm, (i

= 2 a2 5”5
Here, 0y, = o [ ,0, Q = /[0, and 3n = 4/ (BN

For k, ~ w/c./c/ v 1., an extraordinary wave converts
near the UHR into a Bernstein mode [6], which propa
gates from the UHR toward the plasma boundary. Near
the conversion point, the Wentzel—-Kramers—Brillouin
(WKB) approximation fails to hold, as does the cold
plasma approximation, in which the dispersion relation
has been derived. However, behind the conversion
point, the Bernstein mode at sufficiently long distances
from the UHR can be described in the eikonal approxi-
mation. Near the conversion point, the wavenumber of
the mode has the form

k(x) = J—€ltr, (12)

where the parameter {1 accounts for the thermal parti-

. 2 2 2 2
clemotion and €7 =3V 1 /(3Wce — Wpe)lx-y,, - FOr a

linear plasma density profile, (€ = (x— x,u)/€), the spa-
tial region in which the eikonal approximation and rela-
tionship (12) are both applicable is determined by the
conditions €/¢ < (—€)* < 1.

Let us consider the backscattering in the part of the
region of applicability of the eikonal approximation
where the probing and backscattered waves are Bern-
stein modes (B — B), which indicates that the follow-
ing condition on the radial wavenumber of the fluctua-
tions responsible for backscattering is satisfied:

C

(.k)'

>2— |—.

Q27 7=

For Bernstein modes with the frequencies w, and w,,

the fluctuation-related changes in the eikonal have the
form

Y

2nUH€T

dX’

£, = J-fm(x y, 1)

=X
N

2nUH€T

£, = J.ESn()( Y, t+T)d

Jxo =X

For aBernstein mode backscattered at distancefrom
the UHR that is shorter than the correation length of
large-scale fluctuations, we obtain the following
expression for the exponential index in correlation
function (5):

InNK = 40F,8,0-2F 0-20F0

0°QF

) 2nUH:[o

x [as(Axgn)’ + ap(y—y)* + Q%17

which exactly coincides with expression (9). In this
case, the effective correlation lengths and times in
expression (10) for the correlation function K are given
by formulas (11).

In order to evaluate correlation function (5) far from
the UHR, when both of the probing waves are scattered
behind the conversion point at distances from the UHR
that are much larger than the correl ation length of large-
scale fluctuations (x; , — X » > £.), we again introduce

thevariablesu? = x, — X and u? = x, — x'. Asaresult, we

" dg 09,40
(2m)’

N, Q|2

obtain
" dg,dg,dQ
nk = —=2¢ I b By, ol
nUHeT (2 )
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2
X1~ Xg1

. 2
igu
J’ due
0

The integral over u in this expression can be evaluated
by the stationary-phase method:

x[qa(Axgn)’ + gy (y—y)* + Q%17

X1 Xg1

I due ™ =1 [ TLgme
) 24|ay

Thisyields

dqX dqde
-, (2 )

2

InK = — dny ol

2n UH€TJ.

1
X m[qi(AxUHf +ar(y-y)2+ Q7.

The integral over g, is taken over the region I' =

(—€ =) 0 (q*, € ), where g* ~ 4/(Q5€ty) < € .
In the limit in question the contribution of the closed
interval [-g* , ¢*], in which the stationary-phase method
fails to hold, |s as small as €.qg*. This allows us to esti-
mate the integral over g, with logarithmic accuracy:

1/¢

c

dn 02 (5N,
IZT[|C{|| qQ| I2| | |

D—ﬁ|6n0, Q| In(g*€,),

which gives
d X
K O—"% 5~ I i |6nq| |0 (Bxyp)*
2€T lunl = (13)
" dg,dQ 20
_[ L |5 0.9, Q| [qy(y Y)Y’ +Q T]InQ4€ T}

In the case at hand (Qf%?/fc > 1), the correlation
lengths and times can be estimated as

L¥ = ¢ 20/l [pqu%g,

Qxeeim

= €T’\/é/myA/_ 6n 4€ D

(14)

sl 5n . Q¢
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Under the condition

C

W,
Q4 >~ v
the backscattering of the modes in the vicinity of the
UHR can be accompanied by their mutual conversion:
B — X and X — B. When such scattering occurs at
distances from the UHR that are much larger than the
correlation length of large-scal e fluctuations, the analy-
sis is far more complicated than for the X — X and
B — B processes. However, it can be easily seen that
in this case, the behavior of the correlation function is
governed completely by the fluctuation-related incre-
ment of the phase of the Bernstein wave and is
described by expression (13) under the Bragg condition
k(X9 = —Q, for backscattering. Below, the correlation
function in the UHR region will be considered with
allowance for all possible backscattering processes.

3. CORRELATION ANALY SIS
IN THE UHR REGION

Expressions (10) and (13) describe the influence of
multiple small-angl e scattering on correl ations between
the signals from two backscattered probing waves at
different frequenciesin the region in which the eilkonal
approximation is applicable. The backscattering in the

UHR region (at Q,~ wy/c./c/v+.), inwhich the eikonal
approximation fails to hold, should be described by an
exact expression for the electric field of the probing
wave [1]:

ECy.20)= o
yAtw

where we have introduced the dimensionless parame-
ters

® 3
D(y,2)[epids 24 &if]ax,
0

X —=Xyn(t)
ye

_ D% g b = (k£)'y, (15)

and the factor D(y, 2) takes into account the directional
pattern of the antenna. In expressions (15), the change
in the position of the UHR is determined by the influ-
ence of large-scale density fluctuations. We assume that
the scales on which the plasma density fluctuates are
sufficiently largefor both their dependence on the coor-
dinates and their influence on the density gradient to be
neglected:

on(t
Xun(t) = xgu—~ :( )

(16)

UH



48 GUSAKOV, SURKQOV

Using the reciprocity theorem, we write out the
amplitude of one of the signals from the backscattered
waves [1]:

+o00

Aq(t) =

leXl
ONg o€
2nnUHv:[(2n)3 ©°

IdydzD(y, 2D'(y, 26 >

I&SM

3

) Ork® b O
x [ex ——=+&Kk Odk
.[ pE’[sz K E}E

3

” Llrk b 0
x [ex — ——+ &K' OQdk’,
J; pgb e }E

where p = WQ,. We integrate over & and perform the
necessary manipulations to obtain

Aa(t)
” —iQuX, (t (17)
I(O'Q 3ng.0U(vEQ)e “F(Q, Q)

ynUH

where

1 3
3 O
U(p):Belp/lZIdX pi%xz_ 4b ZD1
2 2 04 p(1-—x")

+o0o

F(va Q) = J.ddeD(y Z)D (y, Z)e QY- 'Qz

Without allowance for large-scale density fluctuations,
the asymptotics of expression (17) inthe WKB approx-
imation coincide with the corresponding expressions
that were derived in[1] for the amplitudes of the signals
from extraordinary and Bernstein backscattered waves.

In the approximation at hand, in expression (17) for
the amplitude, the time dependence, which reflects the
influence of multiple small-angle scattering, is given by
the exponentia factor exp[-iQ,x,(t)] alone. With this
circumstance in mind, we can readily obtain the corre-
lation function of the signals from backscattered prob-
ing waves at two different frequencies. Using relation-
ship (16), we can write

A (D AS(t+T)O
I( |6nQ ol |U(V€Qx)|

IQXAXUH

IF(Q, Q)

x<exp%ani[6n(x1,t)—an(xz,t+r)15>. 18)
0 UH U

Assuming that the distribution of the density fluctua-
tionsis normal, we find

<exp%ani[6n(xl, t)—én(xz,t+n]%>
0 Nun 0

2
= exp %X(’E [EBN(X4, 1)BN(X,, t + T) - nZEJ]%
0

UH

DQJ

dqxdqde
D 2nUH I

(2m)’

|on a, Q| [qX(AXUH) +Q%t ]D
(19)

Together with expressions (8) and (9), relationship (19)
is valid in the limit of intense small-angle scattering.
This relationship coincides with expression (9), which
was obtained for the backscattering of extraordinary
and Bernstein waves near the UHR using assumptions
that arefar less restrictive than those made for the UHR
region. It is easy to seethat in the WK B approximation,
asymptotic expression (18) for the correlation function
of the backscattered signals can be matched with the
expressions for an extraordinary wave and for a Bern-
stein mode.

Generally, attempts to take into account the depen-
dence of large-scale density fluctuations on y in the
UHR region run into mathematical difficulties similar
to those arising when constructing the hybrid-reso-
nance theory in a plasmathat isinhomogeneous in two
directions [7]. However, the approach in which large-
scal e fluctuations are assumed to parametrically depend
on the y coordinate makes it possible to evaluate corre-
lation function (19), and the resulting expression will
be precisely the same as expression (9).

Presumably, for a weakly inhomogeneous warm
tokamak plasma, for which the geometrical-optics
approximation isvalid up to the linear conversion point
and in which, strictly speaking, the field does not grow
in a resonant fashion, expression (9) exhaustively
describes the influence of large-scale turbulence on the
propagation and backscattering of wavesin the vicinity
of the UHR.

When analyzing small-angle scattering in the UHR
region, we neglected the influence of large-scale
plasma density fluctuations on the plasma density gra-
dient and took into account only the changein the UHR
position. Let us derive the criterion for the validity of
this approximation. In the presence of large-scale fluc-
PLASMA PHYSICS REPORTS  Vol. 29
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tuations, the spatial scale of the density inhomogeneity
isequd to

t= E-?E X:XUH~€[1+§%].

According to [1], the function |U(p)], which deter-
mines the backscattering efficiency in formula(18), has
anarrow pesk at p = p;=2b" in the UHR region, the

peak width being about |p - p*| < p”

With allowance for large-scale plasma density fluc-
tuations, we have

~Bo=(p-po)[L+ 3720,

It is natural to write the criterion for the validity of the
approximation at hand in the form

|b_b* _(p_p*)l < p;:lJ21
which gives

1€
3€

This criterion reduces to the |nequaI|ty

(p p* <|o*

which ensures the existence of only one UHR point and
is not too strong.

Hence, in the correlation function of the backscat-
tered signals, large-scal e turbulence is accounted for by
the additional factor K(Q,, Axyy, T), which is deter-
mined by formulas (10), (11), and (14):

[Aq (D AS(t+1)0

dQ3|6 oo UEQ @0

| AXyy
* |F(Qy, Q)*K(Qe AXyn, T).

In the method of correlation analysis, first, the
dependence of correlation function (20) on the distance
Axyy between the upper hybrid resonances for two
probing wavesis calcul ated from the experimental data
and, then, the inverse Fourier transform of the correla-
tion function is taken:

+00

[ A, ALE

|qAxUH

dAXyH

I( 3|6nQ O| |U(y€Qx)| |F(Qy1 Qz)|
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As may be seen, in measurements of the radial-wave-
number spectrum of small-scale plasma density fluctu-
ations, multiple small-angle scattering limits the reso-
[ution of the correlation diagnosticsto the level

AQ, D/L(Q,).

Let us turn to the case of small-scale density fluctua-
tions with wavenumbers at which the backscattering is
most intense (Y£Q, ~ P and compare the resolution

AQ, of the diagnostics with the width dQ, of the peak
of the function |U(E)P. Under the condition
pf’z(?qxén/nUH < 1, it iseasy to obtain the relationship
AQ, < 0Q,. When this condition holds, multiple small-
angle scattering merely limits the resolution provided
by the diagnostics in measurements of the radial-wave-
number spectra, whilein the opposite case, the diagnos-
tics aways fails to reliably determine the radial-wave-

number spectra of small-scale plasma density fluctua
tions.

4. BACKSCATTERING BY SMALL-SCALE
FLUCTUATIONS INVOLVED IN LARGE-SCALE
TURBULENT MOTIONS

The multiple small-angle scattering of the probing
and scattered waves aong their paths is one of the
mechanisms responsible for the broadening of the fre-
guency spectrum of the scattered wave. For a probing
wave, this mechanism was analyzed in [3]. In that
paper, for the backscattered wave, we obtained expres-
sion (10), which describes the breaking of correlations
(in particular, the breaking of time correlations) and,
accordingly, the broadening of the frequency spectrum.

Another possible mechanism for the broadening of
the frequency spectrum from collective scattering is
associated with turbulent motions of the volume ele-
ments of the medium in which the wave responsible for
scattering propagates[8]. When the turbulent motionin
the medium occurs on a scale much larger than that of
the fluctuations giving riseto scattering, the broadening
of the scattering spectrum can be described in terms of
the Doppler effect. Assuming that the small-scale fluc-
tuations are completely frozen into the large-scale fluc-
tuations in the medium and thus have to move as the
large-scal e fluctuations move across the magnetic field
(in particular, in the radial direction), we write the
plasma density perturbation in the form

t

0 0
on(r,t) = dny¥ —J’v[r(t'),t'] dt', 1,
0 J O
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where the time t* is chosen to be sufficiently close to
the current time. Expanding on, into a Fourier integral,

+o00

iQr'

ony(r',t) =

Q
(2m)’

we obtain
on(r,t)

- 4Q
_Iw (2m s
Asaresult, in the WKB approximation, the parametric

dependence of the amplitude of the backscattered sig-
nal on timeis described by the expr on

dk dk

ALY = 16TmUHI I(g )
" dk dk. k3(x)
I(zm 5 kI(z 0 2Ok,

x expgzi [RO0TX + i+ Ky +iCk, +K)z+ iQrE

t

xexpEQiIék(x, y,t)dx—iQJ'v[r(t'),t']dtH 2D
04 0

Let us consider the frequency spectrum of the back-
scattered wave. To do this, we analyze the correlation
function

K= AMAI (t+1)0 (22)

where the average is taken under the assumption that
small- and large-scal e fluctuations are statistically inde-
pendent. We use the representation

t+1

[ vIr (@), et~ [vlr (1), t]dr

z‘[%[r(t'),t'](ri—l’i')dt"*V[r(t)vt]T’ (23)

whichisvalid under the conditionst—t* < t.and T << t,
where t; is the correlation time of large-scale turbulent
fluctuations. We also take into account the large-scale
character of turbulent motions and on the right-hand
side of expression (23), neglect the first term, which is
proportional to the gradient of the fluctuation velocity
and thus is small in comparison with the second term.
In addition, we employ thefact that the Bragg condition
determines the scattering point X = X' = X in a nonuni-

form plasma and annihilates the term with x — X In
order to check the validity of the approximation just
described, we estimate the terms in relationship (23).
The condition under which the remaining terms, which
are proportional to thefluctuation velocity gradient, can
be omitted has the form

-(=)t-t) < vt,
cy

where £, is the correlation length of the fluctuations
along the y-axis. This condition can be satisfied for
intense multiple small-angl e scattering, when the corre-

lation length of the field isy -y ~ L} < €. In this

case, theinequalitiest <t and t - t* < t., which were

used to derive expression (23), can also be satisfied.
We introduce the notation

X X

= _[6k(x, y,t)dx, &, = Iék(x',v,tﬂ)dx'
0 0

and, taking into account the relationships Q, > Q,, Q,,
we also introduce the notation

t+1

= QIv[r(t'),t']dt'zva[r,t]T.

The contribution of the large-scal e turbulence to corre-
lation function (22) is described by the expression

20§, -2i8,+i&y

K="[e U

Assuming that the random quantities &; obey normal
distributions, we obtain

0
K = expE—ZEEfD—ZEESD—%EﬁD

O
+A4LE & 1-20&,8 1+ 2 [EzEsDE

The expression 4(§,&,1-2 EEfD 2 [EZD can be evalu-
ated from formulas (8) and (9) by setting w, = w,. To
calculate the term [§,&,0n the correlation function, we
perform integration over x in formula (21) by the sta-
tionary-phase method, which determines the scattering
points X=X =X, Asaresult, we arrive at the expression

I(CQX_[€3/2 +oo

2nyy _.[o

i0,(X =) +igy(y —y)—iQrt

da,dq,dQ

[1=
&263 (2_,_[)3

Xs
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'!’(XUH_X)s/2
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We consider the case in which scattering occurs at dis-
tances from the UHR that are much less than the corre-
lation length of large-scale fluctuations, X, — X < €.
Assuming that the spectral density of large-scale fluctu-
ations is symmetric in g, and retaining terms up to sec-
ond order, we get

(€8 1— 1 184

_ er2€ - dg,dq,dQ
2nUH :IO-O (2-,-[)3

Then, we have

0
QXJQ)Aé%q[%w y):+ Q)

2nUH -

[Bn, o6V g4 o Q.

InK =

R

—%QETZEEVZD— nNedveQ.

Iz

Introducing the corresponding notation, we finally
obtain

0¢Q
=eXPD—2Q nf)

myE( Y) D

X exp sz{ 2[62n 00
0

Nyn

2€ dQ

nUHIZ

The density and velocity fluctuations are related by
the equation

Q&@mg+[&ﬁﬂﬁg (24)

O

on

T +divnv = 0.
We consider the drift fluctuations, for which we set
ov = ov, and

dvg = i Qeén" (25)
By substituting this expression into formula (24), we
seethat for adrift-related dispersion, there is no broad-
ening of the frequency spectrum in the approximation
at hand. This stems from the fact that the probing and
scattered waves undergo multiple small-angle scatter-
ings along their paths at distances from the backscatter-
ing point that are shorter than the correlation length;
i.e., they are scattered by the same fluctuations that are
responsible for the Doppler effect resulting from large-
scale turbulence motions.

During backscattering far from the UHR
(4kf€/Qf > {.), the frequency spectrum is always

PLASMA PHYSICS REPORTS Vol. 29 No.1 2003

broadened. In this case, assuming that the spectral den-
sity of the plasma-density and plasma-vel ocity fluctua-
tions are even in g, and gy, we obtain

O €€CQX Bn’

K = exp——2——g.y-y)’
O 64k nUH

—Qi Z[MCQX BN EQ O+ = EBV }D
kC nUH O

In the case of drift-related dispersion, the broadening of
the frequency spectrum occurs primarily owing to the
Doppler effect and is essentially insensitive to multiple
small-angle scatterings of the probing and scattered
waves along their paths.

It should be noted that during backscattering near
the UHR, the broadening of the frequency spectrum
may persist, at least for the following three reasons.
First, there remainsthe spectrum broadening associated
with scatterings far from the UHR. Second, the oscilla-
tions in the nonlinear stage of drift turbulence are
unlikely to satisfy the dispersion relation obtained in
linear theory and used in deriving formula (25). Finally,
one of the assumptions used in deriving this formula,
namely, the assumption that small-scale fluctuations
are completely frozen into the plasma and thus have to
move as the plasma moves in the radia direction, is
unduly restrictive, because it does not take into account
the fact that the regions where small-scale fluctuations
are generated are determined by the radial structure of
the magnetic configuration, in particular, by the posi-
tions of the rational magnetic surfaces.

We emphasi ze that according to the above formulas,
the frequency spectrum behavesin different waysin the
case of immobile small-scale fluctuations [3], in which
we can set v, = 0in expression (24), and in the case in
which small-scal e fluctuations are assumed to be frozen
into large-scal e turbul ence fluctuations and thus have to
move as large-scale fluctuations move in the medium.
In thelatter case, the broadening of the frequency spec-
trum of asignal backscattered far from the UHR should
depend linearly on the fluctuation wave vector. This
allows usto hope that the parameters of the large-scale
motions can be measured experimentally from the fluc-
tuation wavenumber.

The above anaysis shows that the contribution of
the Doppler effect to the spectrum broadening during
backscattering near the UHR is comparable with the
contribution of multiple small-angle scatterings of the
probing wave along its path, whereas the contribution
from the Doppler effect far from the resonance is dom-
inant. For this reason, when using the assumption that
small-scal e fluctuations are entrained in large-scal e tur-
bulence mations, it is necessary to take into account the
associated broadening of the frequency spectrum.
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5. CONCLUSION

The correlation function of the signals from back-
scattered extraordinary probing waves at two different
frequencies have been examined theoretically with
allowance for multiple small-angle scatterings of the
probing and scattered waves along their paths. We have
considered the region far from the UHR (for an extraor-
dinary wave), the UHR region, and the region behind
the conversion point (for a Bernstein mode). The anal-
ysis of theregion far from the UHR has been performed
by the approximate eikona method, and the UHR
region has been investigated in the limit of large-scale
plasma density fluctuations. We have shown that these
two approaches yield the same results in the spatial
region where both of them are applicable.

We have derived expressions describing the break-
ing of the spatial and temporal correlations by multiple
small-angle scattering. For the enhanced-scattering
diagnostics, we have determined the resolution in radial
wavenumbersthat is provided by a correlation analysis
of small-scale fluctuations with allowance for the influ-
ence of large-scale plasma turbulence.

We have investigated backscattering by small-scale
fluctuations involved in large-scale turbulent motion
and have derived expressions describing the frequency
spectrum broadening resulting from the Doppler effect.
Theanalysishas been carried out by taking into account
the influence of multiple small-angle scatterings of the
probing and scattered waves along their paths on the
frequency spectrum.

The results of our study will promote an adequate
interpretation of the experimental data obtained from
the microwave enhanced-scattering correlation diag-
nostics.
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Abstract—A scheme of tangential microwave launching is analyzed by using aweakly relativistic ray-tracing
code. The scheme makesit possible to minimize the thickness of the heated magnetic-flux tube. Numerical sim-
ulations show that with tangential launching, the attainable localization of the power deposition region well sat-
isfies the requirements for experiments on the stabilization of tearing modes in ITER-scale devices. © 2003

MAIK “ Nauka/lInterperiodica” .

INTRODUCTION

It is well known that the tearing instability in toka-
maks can be stabilized by modifying the temperature
profile with the help of either local auxiliary heating or
noninductive current drive.

Numerousinvestigations (see, e.g., [1, 2] and thelit-
erature cited therein) have shown that both of these
methods impose strict constraints on the width of the
power deposition region. For ITER-scale devices, this
size must be no larger than several centimeters. The
scheme of tangential microwave launching studied in
this paper is one of the possible schemes satisfying this
strict limitation. Note that, by tangential launching, we
mean the method of microwave launching in which the
rays propagate along a tangent to a chosen magnetic
surface in the electron-cyclotron-resonance (ECR)

region. A possibility of minimizing the heating volume
isseen from Fig. 1; of course, in this case, the aperture
of amicrowave beam must be smaller than the charac-
teristic size of the absorption region for a ray crossing
the magnetic surface. We note that the possibility of
minimizing the width of the electron-cyclotron current-
drive (ECCD) profile (which is, in fact, determined by
the width of the power deposition profile) for an ITER-
scale tokamak in the tangential microwave launching
regime was discussed, e.g., in[3]. The calculations car-
ried out in [3] with the use of the “cold” ray-tracing
code demonstrated that for beams with an angular
divergence of nearly 2°, it is possible to achieve current
profiles of width no less than 5-10 cm. At first glance,
afurther reduction of the width of the energy deposition
profile would always be possible with beams focused
into the tangency point on the magnetic surface. In this

Fig. 1. Qualitative illustration of the dependence of the thickness of the heated magnetic-flux tube on the microwave propagation
direction: theray propagates along atangent to the magnetic surface (on theright) and crossesit (on the left). The dissipation region

is marked with a heavy line segment.

1063-780X/03/2901-0053$24.00 © 2003 MAIK “Nauka/ Interperiodica’
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Fig. 2. Toroidal device: surfaces W = const (on the |eft), the temperature T, and the density N, (on the right).

paper, however, we will show that a substantially (sev-
eral times) narrower profile can only be achieved for an
optimally chosen tangency point on a given magnetic
surface (we have performed such an optimization for a
surface with the safety factor g = 2). We also use aray-
tracing code that takes into account the influence of the
thermal and relativistic effects on the ray trgjectories,
which improves the cal culation accuracy.

In this paper, we present the results from numerical
simulations of the propagation and absorption of
microwave radiation in atoroidal device. The calcula
tions were performed for the ITER parameters [4]. As
usual, the effective radiusp = 1 — W/W. was used as a
“label” of the surface of a constant magnetic poloidal
flux W (magnetic surface).: Here, W isthe poloidal field
flux through the circular contour that is perpendicular
to the symmetry axis of the torus and W, = 9.62 isthe
value of theflux P at the magnetic axis. Hence, we have
p = 0 at the magnetic axis and p = 1 on the separatrix
magnetic surface, separating the plasma from a vac-
uum. The temperature and density distributions [4] are
also specified as functions of the effective radius p of
the magnetic surface (Fig. 2).

The propagation of radiation in a plasmawas cal cu-
lated by using aray-tracing code in aweakly relativistic
approximation in which the permittivity tensor is
expressed through the so-called Shkarofsky functions
[5, 6]. In particular, we considered the q = 2 magnetic
surface, in the vicinity of which one might expect the
onset of thetearing instability, playing asignificant role

Linthe simplest case of a cylindrical plasma column with a circu-
lar cross section, where the magnetic surfacesin the cross section
congtitute a set of concentric circles, the effective radius p is a
usual magnetic surface radius, normalized to the radius of the
plasma column.

in disruptions. The results of calculations demonstrate
a satisfactory efficiency of tangential launching. For
instance, on this surface, we have managed to obtain a
power deposition profile with awidth lessthan one cen-
timeter, which satisfies the present requirements fairly
well.

The paper is organized as follows. In the first sec-
tion, we describe the procedure of numerical ray-trac-
ing cal culations with allowance for the thermal and rel-
ativistic effects. In the second section, we discuss the
features of the method proposed that should be taken
into account when implementing it in practice. Finally,
the third section demonstrates the computation results.

1. It is well known that the dissipation and energy
transport of normal waves in the ECR region possess
some specific features (see [7-9]). The dispersion rela
tion for aplasmawith the permittivity tensor €, hasthe
form

2

- 2 W, 0=

D(w, k) = det,,k —kpkm—?spnD =0. (1)

For red-frequency electron-cyclotron (EC) waves

propagating at a nonzero angle to the magnetic field,

Eq. (1) has a solution corresponding to weakly damp-
ing waves,

|Rek| > |Imk]. )

In this case, however, the imaginary and real parts of

the derivatives of the function D(w, k, r) with respect to

k and r in the vicinity of the center of the cyclotron
absorption line at the first and second harmonics of the

2 Thisis related to the character of polarization of the normal elec-
tromagnetic waves propagating at a nonzero angle to the mag-
netic field [7-9].
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electron gyrofrequency are of the same order of magni-
tude:

[@D oD |, 48D 9D
Refs- 5o D‘I B el 3)

Hence, if we formally consider the function D(w, k, r)
to be a ray Hamiltonian and take into account spatial
dispersion, then, in view of relationship (3), theray tra-
jectories will be defined in complex space.

To avoid complexities of this kind, the ray trajecto-
ries are usualy calculated in the cold-plasma approxi-
mation [7, 8]. In [10], it is shown that the influence of
the thermal effects on the ray trajectories can correctly
be taken into account by using the effective real Hamil-
tonian H(r, k) if the corresponding solution k(r) for
H = 0 coincides with the dependence Rek(r) obtained
in solving Eq. (1). It isimportant (see [10] for details)
that this effective Hamiltonian cannot be correctly
obtained by simply omitting non-Hermitian compo-
nents of the permittivity tensor.

Note that in some cases, taking into account kinetic
(thermal) corrections to the cold dispersion equation is
of fundamental importance. Thus, thermal corrections
can be important when solving the problem of the opti-
mum aiming of raysin the method of tangential launch-
ing. Thisis related to the fact that even a small differ-
ence between trgjectories calculated in the cold and
warm approximations may become comparable to the
size of amagnetic island, which is on the order of sev-
era centimeters (see Fig. 3). When qualitatively dem-
onstrating the advantages of tangential launching, it is
quite sufficient to restrict oneself to the cold-plasma
approximation (see [3]); however, in detailed calcula-
tions, taking into account thermal correctionsis of cru-
cial importance.

In this paper, we restrict ourselvesto the weakly rel-
ativistic description. This is explained by the fact that
gaining the computation time, the results of calcula-
tions in the weakly relativistic approximation usually
(seereview [11]) well coincide with the results of fully
relativistic calculations (at least, in the temperature
range T, = 30 keV, typical of most of the existing
devices).

1.1. We consider dispersion relation (1) with the per-
mittivity tensor in the form [12]

2 @ In/—1
W n"A
= = pe
Exx = &y = 1-p—5 z \n\l I \n\+3( ),
n=—o
PN
&y = - _pz Z Sg ( )T 3( )
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Fig. 3. Theinfluence of the kinetic effects on the wave prop-
agation (the fundamental harmonic of the O-mode): the

launching from top at T, = 26.6 keV and wie Jo* = 0.34 (on
the left) and the launching along a tangent to the g = 2 sur-

faceat To= 6 keV and ooie Jo? = 0.2 (on the right). Curves

1 and 2 show the results obtained with a “cold” code and a
weakly relativistic code, respectively.
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is the gth-order Shkarofsky function (see [5, 6, 13]) of
the arguments Y and ¢, the z-axis is directed along the
field B, the y-axis is directed along the vector product
B x k, N, and N are the paralel and perpendicular
(with respect to the magnetic field B) components of

the refractive index N = kc/w, U= c2/v$ isthe squared

ratio of the speed of light to the thermal electron veloc-
ity, wy = |e|B,/mc is the nonrelativistic gyrofrequency,

and A = Néwzl(uwf.) is the squared ratio of the Lar-
mor radius to the wavelength. The other notation is
standard.

Since the contribution from the nth harmonic to the
components of the tensor € is proportional to AlMl-1 ~
(vy/c)2=-Y and (v /c)> < 1, in calculations, we restrict
ourselves to considering the harmonics corresponding
ton=0, 1, +2, £3.

Dispersion relation (1) can formally be considered a
biquadratic equation in N;

A(Ng)N + B(Ng)NZ + C(Np) = 0,
A= 8xx(81 - 1) - N|2|81 _sxz(gxz + 2N||)!

B = _N|L|1€1_ I\||2|(X +8xx(1_281)) * € X

+ (Eix + 8)fy)(:l- - El) + 2N||(€xz(8xx - N|2|) - 8xysyz) (5)

- 2‘e':yz‘e':xz“':yx’

2

2
X = 80+éxz_éy21 gxz = sz/ND gyz = syz/ND

2 4 2 2
C = (2N — Nj =€ —€yy).
Here, the component of the dielectric tensor €, is rep-
resented as a sum of two terms,

2
€, = €t & Np,

where g, is the component of ¢, that is independent of
Ny (for the n = 0, it is equal to €,) and, in the term

€,(Np) Né , Which isresponsible for the thermal effects,

the factor Né IS separated out.

Near the ECR region, the factors A, B, and C in
Eq. (5), aswell asthe wave vector k, become complex.

The following considerations can be used to choose
thereal ray Hamiltonian and cal cul ate the wave absorp-
tion. Since the plasma parameters are homogeneous
along the magnetic field lines and the characteristic
width of a microwave beam is smaller that the charac-
teristic scale length of the magnetic field inhomogene-
ity, we can use an approximation in which the dissipa-
tive medium is considered to be locally plane-stratified.
Taking into account that in this approximation, the tan-
gential component of the wave vector is conserved, we
can choose the solution for which the imaginary part of

the complex vector N always lies in the plane perpen-
dicular to the magnetic field. Since the problem is
locally isotropic in this plane, we can assume that the
imaginary part of the wave vector is directed along the
real component of N (see [10] for details).

Then, we rewrite Eq. (5) in the form
A(NG)(NE =Xy (N)) (NS = Xo(No)) = 0. (6)

Two solutions X, ,(Nr) to dispersion relation (6) cor-
respond to eigenwaves propagating in plasma. Choos-
ing one of these waves (with either indexj=1or|j = 2),
we reduce Eq. (6) to the form

NZ —X;(Ng) = 0. )

In the dissipation region, the values N = N, + iN, and
X (Np) = X + iX; are complex; however, under condi-
tions of weak [in the sense of inequality (2)] absorption,
the following approximation can be used:

X;(Np) = X;(N;).
Then, Eq. (7) takes the form
NG = X{(N,). @®)

Inview of Eq. (7) and approximate equality (8), thereal
Hamiltonian discussed in Section 1 should have the
form

= 2
H = N*=Nj - (Re(No))’; )
where N, = N - B/[B| is the projection of the refractive

index N onto the B field direction and (Ng)j =.JX;(N)

isthe approximate solution to dispersion relation (1) for
the real-frequency eigenwave under consideration.

Hamiltonian (9) was considered in [10], where the
corresponding ray trajectories were compared with the
propagation of wave beamsin alayer medium. Numer-
ica analysis performed in [10, 14] showed that the
beam trgjectories in a plane-stratified medium can
indeed be represented by aray Hamiltonian inform (9),
inwhich casethetrajectory direction coincideswith the
direction of the energy flux. (We note that, in order to
obtain this result, one should take into account the fact
that in the case of a dissipative dispersive medium, the
standard expression for the wave energy flux is some-
what modified; see[14, 15] for details.)

For theimaginary part of the refractive index N, we
use the standard expression obtained under the assump-
tion that absorption isweak [7]:

Xc(N;)

2N, -
The calculations show that the numerical values of the
absorption coefficient N, coincide well with its values
calculated by well-known analytical formulas (see,

e.g., [7]). A comparison of the computation resultswith
analytical estimates from [7] is made in Appendix.

N, =

(10)
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1.2. As acharacteristic of the spatial distribution of
the absorbed power, it is convenient to use the quantity

s(p)
U(p) =dexp(-t)/dp, T(p)= J’ 2(Imk Cds), (11)
S

where T is the plasma optical depth measured from the
entry into the plasma column to the running point s
(where sisthe coordinate along the ray tragjectory).

Asanillustration, Fig. 4 presents several projections
(onto the xz plane) of ray trajectories (on the left) with
the corresponding cal culated dependences U(p) (on the
right). We note that the broadening of the power depo-
sition profile for trajectories passing at smaller angles
to the vertical direction is explained by the longer path
of these trgjectories along the z-axis; as a result, the
thickness of the heated magnetic-flux tube increases.

As a characteristic half-width of the function U(p),
we consider the quantity

A= p-p) = dp’-p" (12)

where

5 _ [pkU(p)dp

[U(P)dp '

2. The direction in which the microwaves are
launched into the plasma is optimized with respect of
minimizing the volume of the heated plasma layer. In
the first step, we choose the EC cutoff point r, (which,
at the same time, is the ray tangency point on a mag-
netic surface) lying on the surface W = W, inside the
plasma. At this point, we find the initial values of the
wave vector k, by solving the set of nonlinear equations

H(ro ko) = 0,
ko[Ny = 0,

(13)
(14)

()
Nj/2 = 1—n6H. (15)
We note that the solution k(r) to Eq. (13) coincideswith
the dependence Rek(r) given by Eq. (1). Equation (14)
is the condition for aray trajectory to be tangent to the
magnetic surface W, at the point r,, (here, Ny, isthe nor-
mal to the chosen magnetic surface W, at the point ry).
Note that in this condition, it would be more correct to
use the scalar product of the group velocity by the nor-
mal. However, since the poloidal magnetic field com-
ponent is smaller than the toroidal one, the angle
between the projections of the group velocity and the
wave vector onto the poloidal cross section of the torus
issmall (under our conditions, this difference is on the
order of 1078 rad); hence, condition (14) issatisfied to a
high accuracy.
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Fig. 4. Projections of ray trajectories onto the xz plane and
the corresponding power deposition profiles U(p) (for al
the trgjectories, Njj= 0 in the ECR region).

Equation (15) isthe condition of the EC cutoff inthe
weakly relativistic approximation. Since it is the anti-
Hermitian part of the dielectric tensor that is responsi-
ble for absorption, the onset of absorption is character-
ized by the appearance of anonzero anti-Hermitian part
in the tensor. In the case of aweakly relativistic tensor,
the equivalent condition is the appearance of imaginary
partsin the Shkarofsky functions[5, 6].

In the next step, we calculate the ray trajectory with
the initial conditions (r, k,) up to the plasma—vacuum
boundary from the low-field side. After the trajectory
has passed through this boundary, we fix the coordi-
nates and wave vector of thistest beam (r,,., k,,.) a an
arbitrary point on the outside of the boundary. Then, a
ray with the wave vector —k,,. is launched from the
point r,,. back in the plasma. In this case, smulta-
neously with theray trajectory, we cal cul ate the absorp-
tion power, construct the profile U(p), and determineits
half-width A.

Because of errorsin determining theinitial value of
the wave vector k, and in calculating the trajectory
itself, the ray returnsinto the close vicinity of the start-
ing point r,. The size of thisregion is smaller than one
millimeter. The relative error in the flux coordinate is
no larger than 103. A further improvement of the com-
putation accuracy (at the expense of alonger computa-
tion time) allows one to reduce this error, which, how-
ever, is not of fundamental importance in our case.

Let us return to relativistic cutoff condition (15).
This condition imposes a constraint on the parameters
w and N Hence, two calculation versions of the
scheme with tangential launching can be proposed. In
the first version, for a given initial point r,, the fre-
guency w in the ratio wy(r,)/w can be chosen such that
condition (15) is satisfied for a certain specified value
of N, And vice versa, for a fixed frequency w =
(whichisinvariant at any choice of r), the correspond-
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Fig. 5. Minimum width of the energy deposition region
A vs. parameter p for the heated magnetic surface at three
different values of N at the tangency point: (1) N, = 0.3,

2 N”: BT: 0.1, and (3) N”:O

ing values of N, which are determined by condition
(15) and are unknown in advance, depend on the choice
of the point r, and the value of k.

In the subsequent discussion of the results obtained,
the first version will be referred to as the matched-fre-
guency scheme, whereas the second version will be
called the fixed-frequency scheme.

3. Let us consider the results of calculations by the
matched-frequency scheme (Fig. 5). The tangency
point r, on different magnetic surfaces with the param-
eter p in the range from 0 to 1 is chosen such that the
characteristic half-width of the power deposition pro-
fileAissmallest among all possiblevalues(i.e., theval-
ues of the half-width A) obtained for any of the points
lying on this magnetic surface and chosen to be the tan-
gency point r).

To examine the efficiency of the tangential launch-
ing scheme, it isconvenient to choose acertain criterion
(the upper bound) for the A values. If the half-width of
the power deposition profile exceeds this bound, the
profile will be considered broad. As such a bound, we
use the quantity A ,;, = 0.005 (<1 cm); according to the
calculations of [1], thisisamaximum permissible half-
width of the power deposition profile for the tearing
mode to be stabilized by correcting the temperature
profile with the use of an auxiliary local EC plasma
heating at magnetic surfaces® corresponding to the

3 This stabilization scheme [1] imposes rigid constrains on the
localization of the power deposition region. For comparison, in
the scheme of tearing-mode stabilization by correcting the cur-
rent profile via ECCD, the alowable values of the half-width of
the power deposition region are one order of magnitude greater:
A = 0.03 (<6 cm).

safety factor g = 2. The effective radius of theq =2 sur-
faceisp = 0.7, and the value of the corresponding mag-
netic flux isW = 2.85. In Fig. 5, the effective radius cor-
responding to W = 2.85 (p = 0.7) is shown by the verti-
cal dashed-and-dotted line.

As can be seen in Fig. 5, over a broad range of N;,
values and over amost the entire plasma volume (up to
W ~2, depending on the value of N,), tangential launch-
ing does ensure the highly localized power deposition
with characteristic half-widths that are less than the
bound value A;.. For N, = B, = vy/c (N, a the tan-
gency point), the scattering in the half-widths A is
insignificant. For large N, values, the power deposition
profiles are broader; i.e., A increases. We note that the
large N, values are of interest because the ECCD effi-
ciency increaseswithincreasing N [16-18]. For further
calculations, we chose an intermediate val ue of the lon-
gitudinal wavenumber: N, = 3;.

A certainincreasein A near the magnetic axis (p = 0)
is explained by the fact that, here, the radii of the mag-
netic surfaces become comparable to the width of the
power depasition region.

Theincreasein A near the plasmaboundary (p — 1)
isexplained by the fact that the optical depth falls at the
periphery. If the dissipation region lies at the periphery
of the plasma column, where the optical depth is small
(Tax < 1, Where T,,,,, iSthe maximum optical depth on a
given trajectory), then the width of the power deposi-
tion region is determined, in fact, by the spatial distri-
bution of the absorption coefficient dt(p)/dp ~ Imk [see
(11)]. And vice versa, if absorption beginsin the high-
temperature region (lying not too close to the plasma
boundary), then we have 1,,,, > 1, and the width A
depends on how rapidly the optical depth approaches
thevaluet = 1.

Both these cases are presented in Fig. 6, where the
left plot compares the dependences dt/dp (dashed line)
and U(p) (solid line) for a trajectory passing through
the periphery of the plasma column. The right plot
shows the same dependences for a trgjectory passing
through the plasma core.

Let usagain consider the g = 2 magnetic surface. We
examine how the width of the power deposition region
depends on the choice of the tangency point r, on this
surface. For this purpose, we calculate several trgjecto-
rieswith the tangency pointsr, on the q= 2 surface that
are chosen asisshownin Fig. 7. Asalabel of each tra-
jectory (which characterizes the position of the point r,
on the magnetic surface), we use the angle 6 =
arccos(k,/|k|) between the z-axisand theray trajectory
at the chosen tangency point r,. Actualy, theangle @ is
the deviation of the ray trajectory from the vertical near
the tangency point (8 = 90° corresponds to the horizon-
tal line, and B = 0° correspondsto the vertical line). The
value of the longitudinal wavenumber at the tangency
point on each trgjectory istaken as N, = By = 0.1.
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Fig. 6. Influence of the position of the dissipation region
with respect to the axis of the plasma column on the width
of the power deposition region for ray trajectories passing
through the plasma periphery (on the left) and through the
plasma core (on the right). The dashed lines show the pro-
files of dt/dp, and the solid lines show the profiles of U(p).
The corresponding trajectories, the boundary of the ECR
region, and thevalue of 1,,,, areshownin theinsets. Arrows

indicate the microwave propagation direction, and the
crosses indicate the position of the magnetic axis (p = 0).

The results of this calculation are presented in
Fig. 8. On the left, the characteristic half-widths A are
plotted versus the angle 8. On the right, the values of
the frequency w satisfying condition (15) (therelativis-
tic-cutoff condition) at the point r,, (for given 6 and N))
are shown. The numerical simulations were performed
for both an individual ray and a parallel microwave
beam 1 cm in diameter.

The beam was modeled by a set of rayswith aGaus-
sian power distribution over the distance from the beam
axis. It should be taken into account that in areal exper-
iment, the initially broad beam should be focused in a
small region near the tangency point (Fig. 9). We note
that for atransversely launched horizontal ray crossing
the g = 2 magnetic surface in the equatorial plane (in

this case, we assume T, = 6 keV and wie /o?=0.2inthe

absorption region), the size of the power deposition
region along the ray amounts to ~6 cm. Hence, in the
case of tangential launching, the beam waist should be
no larger than 2 cm; otherW|se the use of tangential
launching make no sense.* To estimate the role of dif-
fraction, we use the following (—»(prons5 for the
Gauissian beam parameters (the width D and the radius
of curvature R of the beam phase front) at the distance
Z (see[20]):

2
47 1 z
D=D, 1+, == ——5—0
T kDd R Z+k’Dla

4 For abeam width of nearly 2 cm, we have A = A,
5 For more accurate estimates of the beam parameters until the
beam reaches the ECR region, it is possible, in principle, to use
the method of [19], which allows one to take into account diffrac-
tion and, thus, to go beyond the limits of vacuum estimates (16).

(16)
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Fig. 7. Trajectories tangent to the q = 2 surface (which is
shown with a dashed line) in the ECR region. The plasma
boundary is depicted with dotted line. The angle 6 =

arccos(k,/|K|) isshown on one of the trgjectories.

Let us consider aparallel beam with asmall diame-
ter (e.g., with D = 1 cm) in the ECR region. Such a
beam complies with an actual focused beam near its
waist (in Fig. 9, thisregion is enclosed by an oval con-
tour). In this case, the applicability condition for the
ray-tracing method consists, in fact, in that the beam
should not broaden strongly, at least over the length of
the absorption region (z= Al,). It is seen from formulas
(16) that, in this case, the following condition must be
satisfied:

2

(Al
( 2~1DAL5&1. a7
KD 2

Our estimates show that the length of the absorption
region Al, isin the range from 5 to 8.5 cm® i.e, for
wavenumber of k=30 cm! and abeam-waist diameter
of D = 1 cm, condition (17) (Al, = 15 cm) can easily be
satisfied.

6 The absorption length about 8 cm is achieved for almost vertical
rays, whereas for rays close to horizontal, the absorption length
amounts to 56 cm.
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Fig. 8. Half-width of the power deposition region A as a function of the angle between the z-axis and the ray trajectory at the tan-
gency point rq for atest ray and a 1-cm-diameter beam at N = By = 0.1 (on the left): (1) beam (D = 1 cm) and (2) test ray. The
corresponding angular dependence of the microwave frequency is shown on theright.

Let usreturn to the discussion of Fig. 8. Itisseenin
the figure that asthe angle 6 decreases (the ray trajecto-
ries near the tangency point become closer to vertical),
the width of the power deposition region increases. And
vice versa, the width of the power deposition region is
minimum for trajectories that are closer to horizontal.
The reason is that the path length through the region
where absorption is weak increases as the trajectory
becomes closer to vertical. Asaresult, the optical depth
T ~ 1 isaccumulated asthe ray crossesadistancethat is
longer than in the case of horizontal launching. In the
latter case, the ray reaches the strong-absorption region

Fig. 9. Assessment of the role of diffraction: areal focused
beam (on the left) and amodel parallel beam (on theright).

after crossing the shortest distance and the optical depth
T isaccumulated more rapidly.

Finally, the results obtained with the matched-fre-
guency scheme (for the g = 2 magnetic surface and
N, = B at the tangency point) allow usto conclude that
for moderate deviations of the ray trgjectory near the
tangency point r, from horizontal (our cal culation show
that, in this case, the angle 0 takes on valuesin therange
40° < 8 < 90°), the tangential launching ensures the
highly-localized power deposition.

In conclusion of this section, we consider the fixed-
frequency scheme. We chose the same tangency points
r, ontheq=2 magnetic surfaceasin Fig. 7. The calcu-
lated half-width of the power deposition region A is
shown in Fig. 10a. We emphasize that the microwave
frequency w is fixed in this case. As a result, the N,
value satisfying condition (15) increases as the tan-
gency point r,, shifts toward the greater values of x (or,
equivalently, as the angle 6 decreases; see Fig. 10b).
The corresponding angular dependence of the optical
depth is shown in Fig. 10c.

Hence, we can conclude that, in order to suppress
the tearing mode with the use of the fixed-frequency
scheme, we should restrict ourselvesto trgjectories sat-
isfying inequalities 55° < 6 < 90° near the tangency
point.

On the whole, based on the results numerical simu-
lations, we can draw a general conclusion that, for the
configuration of magnetic surfaces under consider-
ation, the minimum width of the power deposition
region is provided by the launching geometry in which
ahorizontal ray is tangent to the magnetic surface.’

7 In this paper, we restrict ourselves to the consideration of only the
lower part of the chosen magnetic surface. Results that can be
obtained for the upper part are generally the same.
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Fig. 10. Half-width of the power deposition region A, the longitudinal wavenumber N, and the optical depth T as functions of the
angle 6 between the z-axis and the ray trajectory at the tangency point for afixed frequency w21 = 148.93 GHz.

CONCLUSION

A numerical code taking into account the influence
of the thermal effects on the ray trajectories has been
developed. Computer simulations have demonstrated
the possibility of minimizing the width of the power
deposition region in the proposed launching scheme, in
which the rays propagate at a tangent to the chosen
magnetic surface in the ECR region. For the parameters
of alargetoroidal device, numerical simulationscarried
out for the case of a weakly relativistic plasma have
shown that, with this launching geometry, it is possible
to obtain a power deposition profile with awidth of less
than one centimeter. This meets both the possible
requirements for experiments on the stabilization of
tearing modes by noninductive current drive and the
more stringent requirements for the plasma stabiliza-
tion by ECR heating of alocal plasmaregion. Itisclear
that thisresult can be refined by self-consistently taking
into account the diffraction and scattering of the micro-
wave beam.
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APPENDIX

The weakly relativistic ray-tracing code described
in this paper was tested by using analytical relation-
ships for the absorption coefficients and the optical
depth (see, e.g., [7]). A comparison of the calculated
and analytical resultsis presented in Figs. 11-13.

Thus, for the transverse propagation across the mag-
netic field (the angle  between the wave vector and the
field B is close to 172, so that the inequality By > N, is
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satisfied), the O-mode absorption coefficient is

described by the well-known expression

I—”—'l((wa SWy)
Ko

2-s 2s-2

_ 27 s
~ gl(2s+3)!!

(18)
«/ﬁqN2S_ZB$S_2ZS+ 1.5e—Z’

whereZ = 2(swy, — w)/s, B2, N2 = 1 — /s istherefrac-

tiveindex, q= s%oﬁe /o, and sisthe harmonic number.

The calculated and analytical results are compared in
Fig. 11.

Let us consider another example. In the “classical”
interval of propagation angles

2-3] > B./IN,, (19)

in which the relativistic dependence of the electron
gyrofrequency on the velocity can be neglected, the
cyclotron absorption coefficients for the fundamental
harmonics of the O- and X-modes can berepresentedin
the form

Imk;
—k——] = BTq)j('qu)f(Zj)’
0
erZ
f(ZJ) = ZJ_ 27
1+ 4/nc(e 0
T
744

(; = (w—swy)/N;Brwcos?,

1 1 cosd
4./m1+K’qsin'9

(20)

®(9,9) =

x (2(1-qcos’9) + K;cos8[2(1—q) + qtan’9])’,
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Fig. 11. Absorption coefficients Imk/k calculated by formula (18) (dashed line) and by numerically solving the dispersion equation
(solid line) in the case of transverse microwave propagation for the fundamental (on the left, Nj;= 0.037 and By = 0.1) and second
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Fig. 12. Absorption coefficients calculated by formula (20) (dashed line) and by solving the dispersion equation (solid lin€) in the
“classical” interval of anglesfor the fundamental harmonics of the O-mode (on the left, Ny = 0.53 and Bt = 0.044) and X-mode (on

theright, N = 0.22 and By = 0.044) Vs. parameter @/ at wag /6 = 0.3.

where the refractive index N; and the polarization coef- 2v(1-v)
ficientsK and I'; are defined by the well-known expres-
sionsfor acold plasma[21]:

2(1-v) —usin’9 ¥ «/uzsin“ﬁ +4u(l- v)200328
K. = 2.Ju(1—v)cosd @D
| =

NS =1 usin’g + Ju’sin®9 + 4u(1-v)’cos’9
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(Imk)/ky

(Im)/k
0.0008
0.0006 -
0.0004 -
0.0002 - / O-mode ‘
,'/ | h | ] y/ N I
045 050 055 0.60 0.65 0.45 0.55 0.60
W/ W/

Fig. 13. Absorption coefficients calculated by formula (22) (dashed line) and by solving the dispersion equation (solid line) in the
“classical” interval of anglesfor the second harmonics of the O-mode (ontheleft, N = 0.53 and By = 0.1) and X-mode (on theright,

Nj= 031, By =0.1) Vs, parameter @/ at wog /6 = 0.3,

v.Jusind (1 +K;./ucosd

. = >
l1-u—-v +uvcosd

J

Here, u= . /o2, V= oo,fe /o, the upper sign standsfor
the X-mode, and the lower sign stands for the O-mode.
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Fig. 14. Squared refractive index N in the case of trans-
verse propagation for the fundamental harmonic of the
O-mode vs. parameter wy/w at wf)e /o’ = 0.3 and different
temperatures Tg: (1) 5, (2) 1, and (3) 0.1 keV. Curve 4 shows

calculations in the cold-plasma approximation by formula
(21).
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Figure 12 compares the computation results with calcu-
lations by analytic formula (20). Note that the certain
asymmetry of the absorption coefficient calculated
from the dispersion relation (Fig. 12, solid curves) and
the appreciable (in particular, for the second harmonic;
see Fig. 13, solid curves) shift of the point at which
absorption begins are caused by the contribution from
relativistic effects that are ignored in formula (20). In
particular, the beginning of absorption is determined by
the condition of ECR cutoff in weakly relativistic
approximation (15).

For the s = 2 harmonics in the angular range under
consideration (see[7]), we have

. 2s-2 2
vsn©® 9 s

Imkj - BZS—S
Ko lcosd| g9z
_J(1+K.cosd +T .sn9)* 2
xN$4( j _ ) . 22)
1+K;

The results of comparison for the second harmonic are
shownin Fig. 13.

Finaly, Fig. 14 demonstrates the presence of reso-
nant oscillations of the squared refractive index N2 for
the fundamental harmonic of the O-modein the vicinity
of the absorption region. Calculations were performed
for different temperatures. The figure also shows the
values of N? calculated in the cold-plasma approxima-
tion by formula (21). As could be expected, the differ-
ence from the results obtained with formula (21) is
most pronounced near the ECR region and increases
with increasing temperature.
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Abstract—Self-consistent steady-state axisymmetric configurations of a plasma envelope with a uniform
anisotropic conductivity around a rotating magnetized spherical body are considered. A set of electrodynamic
and magnetohydrodynamic equations is analyzed under the assumption that the mass velocity of a moving
weakly ionized plasma has only the azimuthal component. The equations describing the profile of the angular
frequency of the rotating plasma envelope, the magnetic field, the conduction currents, and the plasma density
distribution are solved in the limit of astrong anisotropy of the conductivity of aweakly ionized gas. The appli-
cability of the results obtained to a qualitative interpretation of the phenomena occurring in the plasmaspheres
of magnetized planetsis discussed. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The familiar problem of a unipolar inductor [1, 2]
has recently attracted renewed interest in connection
with the development of the theory of the rotating plas-
maspheres of astrophysical objects such as neutron
stars [3, 4] and magnetized planets [5-11]. In the plas-
maspheres of neutron stars, a dominant role in the co-
rotation of the plasmaenvelopeis played by relativistic
effects because at a certain magnetic field line, the co-
rotational velocity may be close to the speed of light.

In the nonrelativistic models that are referred to as
the models of the planetary electric generator [8, 9, 11],
an important role is played by the nonrigid rotation of
the plasma envelope (i.e., by the dependence of the
angular rotation frequency on the coordinates). The
nonrigid rotation gives rise to a number of phenomena
that may be significant in considering the structures of
the plasmaspheres of magnetized planets and other
astrophysical objects. These are, on the one hand, elec-
trodynamic phenomena associated with the generation
of electric fields, electric currents, and magnetic field
perturbations and, on the other hand, magnetohydrody-
namic phenomena responsible for the establishment of
the quasi-steady distributions of thefield of the rotation
vel ocities of anionized medium, the distributions of the
particle densities and particle temperatures, and the dis-
tributions of other parameters of the plasma envelope.
In the general steady-state case, the problem reduces to
solving a self-consistent set of hydrodynamic equations
and the electrostatic equations for the current in a con-
ducting medium with allowance for its motion. Among
thefactorsresponsiblefor the variety and complexity of
the processes occurring in systems of this kind, there

arethe possible nonuniformity of the angular frequency
distribution of arotating medium, the existence of cur-
rent structures, and the anisotropy of the conductivity
of the medium.

In this paper, we solve a self-consistent problem of
the steady-state axisymmetric rotation of a plasma
envelope with a uniform conductivity around a magne-
tized spherical body. We assume that the conductivity
of the envelope is anisotropic and consider a weakly
ionized plasma. The corresponding set of electrody-
namic and magnetohydrodynamic equations is ana
lyzed under the assumption that the mass vel ocity of the
moving plasma has only the azimuthal component. In
the model chosen for further analysis, the conductivity
of aweakly ionized gasis described under the assump-
tion that its longitudinal component is governed by the
magnetized electrons, whereas the ions are assumed to
be unmagnetized. We look for a class of solutions that
describe possible axisymmetric configurations of a
rotating plasma envel ope (the angular frequency distri-
bution of the rotating envelope and the distributions of
the plasma density, currents, and magnetic field pertur-
bations over the height and azimuthal angle). The ana-
lytic solution obtained in this work, being of interest in
its own right, may, on the one hand, provide additional
information about the possible ways of finding some
other solutions and, on the other hand, may be used as
a starting point for a more adequate formulation of the
problem in numerical modeling.

At the end of the paper, we discuss the possibility of
using the results obtained to describe and interpret var-
ious phenomena occurring in the plasmaspheres of the
Earth and other magnetized planets.
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Fig. 1. Geometry of the system.

2. FORMULATION OF THE PROBLEM

We consider a plasma envelope that is corotating
with a magnetized spherical body of radius R. In order
to construct a ssimple model of the envelope, we make
the following basic assumptions. We consider a steady-
state (0/0t = 0) axisymmetric (6/0¢ = 0) problem in
which the mass velocity V of the moving medium has
only the azimuthal component; hence, in spherica
coordinates (r, ©, ¢) (Fig. 1), it can be expressed in
terms of the angular rotation frequency w:

V = (0,0, wrsin®).

The parameters of the plasma envelope, as well as
the fields and the currents, can be described by Max-
well’s equations and magnetohydrodynamic equations.

For smplicity, we assume that the medium consists
of electrons, ions of one species, and neutrals, the cor-
responding densities being N,, N;, and N,,, respectively.
We also assume that the plasmais weakly ionized:

N, N, < N, (1)

Under condition (1), the plasma electrons and ions
should have an insignificant impact on the density dis-
tribution of neutral particles, which substantially sim-
plifies the problem. However, condition (1) does not
rule out the influence of charged particles on the veloc-
ity of the neutral plasmacomponent in asteady state. It
seems natural to assume that the velocities of the
plasma electrons and ions in steady motion differ only
dlightly from the mass vel ocity:

U, = V+3V,, U =V+3V, V.8V, <V, (2

whereu, and u; are the electron and ion velocities. Here
and below, the subscripts e, i, and n refer to electrons,
ions, and neutrals, respectively.

We introduce the density of the charged plasma parti-
cles, p,=M;N; + mN.. The viscosity coefficient isintro-
duced as a sum of the dynamic viscosity coefficients of
the electrons, ions, and neutrals: n = ne+ N; + N, Then,

using the equations of motion of the plasma compo-
nents [12] and taking into account conditions (2), we
can obtain the following anal ogue of the Navier—Stokes
equation for the charged plasma component:1

Pp(VIV)V = —=Vp,+p,g+nAV

1 .1, o 3)
+EJXB+pBE+EVXBD’

where p' = e(N; — N,) is the space charge density, j =
e(N;dV; — N.OV,) is the conduction current density,
Pp = Pe + P isthe pressure of the plasma electrons and
ions, and c isthe speed of light. Equation (3) takesinto
account the effects of the gravitational attraction of a
spherical body on the plasma particles (the free-fall
acceleration being g), as well as the presence of the
electric (E) and magnetic (B) fields. In what follows,
thelast termin Eq. (3), which isassociated with the vio-
lation of plasma quasineutrality, will be omitted,
becauseit isof the next order of smallnessinrelativistic
effects as compared to Ampére's force. Since, at low
altitudes (in comparison with the radius of the spherical
body), the centrifugal force is much weaker than the
gravitational force pyg, thefirst termin Eq. (3) can aso
be discarded. On the other hand, we stress that, in the
plasma flow geometry under consideration, the viscous
forcenAYV, which isorthogonal to both the gravitational
and centrifugal forces, plays an important role and thus
should be retained in the equation.

The Navier—Stokes equation should be supple-
mented with the equation of state and the heat balance
equation. However, at this step, we are not considering
heat sources corresponding to the sought-for plasma
flow and close the set of equations by the condition that
the mixed derivatives of the pressure be the same:

o’p, _ 9°p,
ard®  900r’

C))

This condition isvalid under the above assumption that
the pressureisisotropic. In turn, this assumption isjus-
tified under weak ionization condition (1), when the
isotropy of the plasma pressure can be maintained by
the neutral component, which plays the role of a ther-
mostat in the approximation at hand.

The fields, currents, and charges satisfy Maxwell’s
equations

VIB =0, VxB =‘%”j, V[E = 4mp,

VxE =0,

L1t turns out that the viscosity coefficient in Eq. (3) is essentialy
determined by the neutral component. This reflects the effect of
neutrals on plasma electrons and ionsin aweakly ionized plasma
under the assumption of a quasi-azimuthal motion of the plasma
components.
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which should be supplemented with the following
familiar Ohm’s law for a moving medium with an
anisotropic conductivity [12]:

j = sHE+ v xBif, s)

where X isthe conductivity tensor of the medium.

3. BASIC EQUATIONS

It is convenient to describe the magnetic field by the
vector potential A in the Coulomb gauge:

B=VxA, V[A=0

The current density component j, isrelated to A, by

. C -
jo = _ZﬁFA(A“’)’ (6)
2
where A = a—r +190 1 9 416 s a second-

ar? roosn®aio
order differential operator.
Using Ohm'’s law (5), we can algebraically obtain
the following local expression for the eectric field in

terms of the magnetic field, conduction current density,
and mass velocity:

OEDJ I:B
c’l‘jo B

GH BXJ

E =
O'DO'D B

L
Op

OIH

VxB-d-

Here, o), 0, and 0y, are, respectively, the longitudinal,
transverse, and Hall conductivities, which all depend
on the magnetic field strength. The quantity

2
~ Oy
GD = 0D+_

Op

is the effective Cowling conductivity. In the steady-
state axisymmetric problem, the azimuthal component
of the electric field is equal to zero, which yields the
following algebraic relationship:

j¢=%l

Combining Maxwell’s equations, assuming that the
Cowling conductivity o is constant,? and taking into

OEDJ EBB +%[ij]¢_

(7)
0||D B2 ¢ GD B

2In the limit of a strong anisotropy of the conductivity of an ion-
ized gas (see below), the Cowling conductivity is equal to the lon-
gitudinal conductivity, which is, in turn, assumed to be constant.
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account the expression for the electric field, we arrive at
the equation

VXEEVXB—VxB

By
_"_EDJ£3 LOuBxjn_
+%1 o g2 GD B O 0,
2
\~)ZC—~
4moy’

where v isthe magnetic viscosity. Ther and © compo-
nents of this equation reduce to the condition E, = 0,
which has already been used above. The ¢ component
of the equation has the form

10(w, rsn©A,)

TN A )

% Gg]jEB %[ij]@
- 90 oH o, B U

_0my OqiBg |, On [BXilay
% 0||D B’ BO+0D B U ©

0(U,V) _oUov 9uaVv

3(r.0) ~orao _aoor 'StheJacobian.
Let us consider Eg. (3). On the right-hand side of

this equation, we omit the term that accounts for the

centrifugal force. Then, turning to the above assump-

tions, we reduce the r and © components of the equa-

tion to the form

6p !

where

0=-

- _19pp, 1 1

roo 4nDr2 -

G)69(3|n®A¢)/\A¢

1

rsneB‘*’ae(s'”OBq’)D

Since the gravitational attractive force only has the
radial component, it isnatural to writethedensity inthe
form

Pp = P (r) + Pe(r, ©),

where psar (r) isthe barometric density distribution at a
constant plasma temperature T,

Py = Ps expERﬁ, 5 H

o = 2T /gM,,

and K is Boltzmann’'s constant.
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Using condition (4), which implies that the mixed
derivatives of the pressure are the same, we can easily

obtain the following equation for the term f)p (r, ©):

art o drla
arDae(SneA"’)/\Aﬂ smea@Em (rA¢)/\A@
)

d(rsin®, By)
A, 0)

_ 0P,
= 4Ttgrsm@ae.

The ¢ component of Eq. (3) hasthe form

d(rsin®©B,, rsnOA,)
o(r, ©)

+4mtnr’sin@A(wrsin®) = 0.

(10)

We thus arrive at the set of equations (6)—(10),
which can be regarded as equations for the five
unknown functions j,, Ay, By, w, and 5p because the
meridional components of the magnetic field and con-
duction current are obtained by differentiating A, and
By, respectively. Hence, this set is closed and deter-
mines the unknown parameters of the plasma flow,
magnetic field, and conduction current.

An analysis of Egs. (6)—<10) shows that the current
structure forming in the envel ope distorts the magnetic
self-field of the spherical body; in particular, it gener-
ates the magnetic component B,. Also, the anisotropy
of the conductivity gives rise to the current component
Jo- As aresult, the electrodynamic processes (the cur-
rent and field generation) and the magnetohydrody-
namic phenomena (the steady-state distributions of the
angular frequency of the rotating envelope and the
plasmadensity init) aremutually coupled to each other.

It is convenient to switch from A, to the quantity ®,
which has the meaning of the magnetic flux through a
spherical surface of radiusr intheangular interval from
0to ©, and to introduce the quantity |, which is propor-
tional to the total current through the same part of the
surface:

® = 2Irsin@A,, | = 2rsinG@B,.

Inwhat follows, wewill work in dimensionless vari-
ables f = f PIMENSIONAL/f " The corresponding normaliz-
ing factors are the radius r, = R of the spherical body,
the angular rotation frequency w, = Q,, the magnetic
field strength B, = |B(R, 0)| at the pole of the body, and
the neutral density r =R, at thelower boundary p, of the
plasma envelope. The remaining normalizing factors
are expressed in terms of the factors just given: ®, =

T[rgBo N IO = roBo, jo = CBo/4r0, and EO = (A)OroBo/C

4. LIMIT OF A STRONG ANISOTROPY
OF THE CONDUCTIVITY OF AN IONIZED GAS

The set of equations constructed under the basic
simplifying assumptionsturns out to be extremely com-
plicated. Without additional assumptions limiting the
applicability range of the sought-for solution, further
analysis of the equations runs into serious difficulties.

In order to solve the equations, we develop the fol-
lowing model of the conductivity of anionized gas. For
simplicity, we assumethat the electron andion collision
frequencies, v, and v;, are independent of altitude. We
also make the following assumptions:

(i) thelongitudinal conductivity o) is determined by

ee<1

(ii) the electrons are magnetized, wye > Vg,

(iii) the ions are unmagnetized, wy; < v;; and

(iv) the following inequality is satisfied: Wy <
VAVS

Here, the electron and ion gyrofrequencies, w,, and
Wy, depend on the magnetic field. Accordingly, in this
approximation, which will be referred to asthe strongly

anisotropic conductivity approximation, the expres-
sions

the electrons,

eB,
M.CV,

Onl _
o,B

=B>1,
0 eB, eB
%L_G_Egiz _ 5 €5 _,
o-B m.CV.M;cv;

do not contain the magnetic field. This alows the equa-
tions to be substantially simplified:
- 1 AD )
lo Gsm(d]
o 1 B o019
o 4T[r3sn2@a(r,@),

(11)

(12)

d(w, ¢’) 0ol g
RM()( Q) AGSHG]

o
sne” O pl

a(r, ®)
o | D 0 sinG,
ap 21_[6%') rsine E

G50 a(r, ©)

o(l, d)
a(r, ©)

a(rsino, 1)
r’sn°@ 0(r, ©)

v (13)

2
o
r sine’G)D

o(r,0)

» (14)

+xrzsin2(97\(oorsin®) =0. (15)
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The simplified set of equations involves the follow-
ing dimensionless parameters: the magnetic Reynolds
2

, theHall parameter B = €Bq

Wl
number Rey, = —— ,the
e e
_ 161r ypog .
gravitational parameter G= ————, and the viscos-
0
: 161t
ity parameter X = — Ny

0

The Hall parameter istheratio of the electron gyrof-
requency to the eectron collision frequency and thus
characterizes the anisotropy of the conductivity. In the
model of conductivity developed here, the transverse
conductivity o4(B,), the Hall conductivity oy (B,), and

the Cowling conductivity o (B,) at the magnetic field
strength B, are related to the longitudinal conductivity
by the formulas

o
ou(B,) = =,
H( 0) B
Thegravitational parameter istheratio of the character-
istic potential energy density of the mediuminthegrav-
itational field of a spherical body to the magnetic field
energy density. The parameter x, which will be called
the viscosity parameter of the medium, is proportional
to the hydrodynamic viscosity coefficient and deter-
minestheratio of thework done by the viscousforcein
one period of rotation to the magnetic field energy
within the envelope. Formally, the parameter x can be
expressed in terms of the interaction parameter S
(known from the theory of MHD generators [13, 14]),
the magnetic Reynolds number, and the Reynolds num-

ber Re obtained from dimensionality considerations:

65(80) = 0. (16)

21

0n(Bo) = %l

_ aRe,
" SRe’
G.B2 AN
where S= —— and Re = ——>2. The interaction
C PoWy n

parameter Sis the ratio of the internal force from the
magnetic field to the kinetic gas pressure.

The approach used here has much in common with
the method based on the Grad—Shafranov equation [1]
and can be regarded as a generalization of this method
to the case of a viscous plasma in a gravitational field
(in ageometry with the corresponding symmetries).

In the conductivity model in question, the current
density component j, is nonzero, and, accordingly, the
related magnetic field perturbations come into play
only in a plasma flow with nonzero hydrodynamic vis-
cosity. Thiscircumstance signifiesthat it isimportant to
describe the processes occurring in a plasma envelope
in a self-consistent manner, by allowing for both elec-
trodynamic and magnetohydrodynamic forces.

PLASMA PHYSICS REPORTS  Vol. 29

No.1 2003

In the approximation at hand, the set of equations
has a first integral that relates the angular frequency w
of arotating plasma envelope and the magnetic flux ®

to the known solution W to the equation A (W) =
Combining Egs. (11), (12), and (15), one can obtain

AG_sinG)+ Zoorsmda 0,

_®_ L BXrsino =
rSinG)+2(;orsm(9 Y(r, ©).

5. LINEARIZATION OF EQUATIONS
AND THEIR FURTHER SIMPLIFICATION

We linearize the set of equations assuming that the
magnetic flux ® isasum of the unperturbed flux @, of
the magnetic self-field of aspherical body and the small
perturbation ®;:

CD
¢=¢H+¢1,where/\% gj =0,
0y < [@], [2P1 < |9Pu| |0Py 0Py

ar or 00 00

We aso assume that the quantity | (or, in other
words, the magnetic field component B,) isasmall per-
turbation such that in Eq. (13), the terms quadratic in |

and the term A (I/rsin®) can be neglected. The condi-
tions for this neglect will be discussed bel ow.

The set of equations ssmplified by this linearization
procedure has an additional first integral that relates w
to j, through an arbitrary function Q(®y,) of the unper-
turbed magnetic flux:

= TB

Re,rsn® Q(Pn),

(17)

in which case the simplified set of equations takes the
form

Rew . _ 42+ . 14,
4T)Trj¢ = /\J¢+T[—I3/\(rsn@Q(¢)H))’ (18)

- R"_J;r;%a Q(dy), (20)
EGSDH’ rs:.l?;G% _ 5_5;, Q1)
G 20’

q)rHsmG) Bzxwrsme W(r, ©). (22)



70 SOLDATKIN, CHUGUNOV

These equations contain two arbitrary functions, Q(®,)
and W(r, ©). Clearly, the sought-for quantities j,, I, w,
f)p, and ®, corresponding to the chosen functions
Q(d,) and W(r, ©) can easily be determined from
Egs. (18)—(22), respectively.

Thesolutionislargely determined by theform of the
arbitrary functions. Below, we will choose their partic-
ular forms and, in this sense, will obtain a particular
solution to the linearized problem. For simplicity, we
assume that the function Q(®,,) is constant and choose
the value of this constant from the conditions at infi-
nitely large values of r. Under the assumptionsjy —— 0
and W +— W, Eq. (20) yields Q(®y) +—o W, Thus
we fix the function

Q(dy,) = w,. (23)

Note that since A (®,/rsin®) = 0 and A(rsin®) =0,
the combinations ®,;/rsin® and w,rsin® in Eq. (22)
can beincluded in W. As aresult, we obtain

®, | Bx oA
rsin@+ > (w—w,)rsn® = Y, (r, ©).

Since the quantities @, and w - w,, are small perturba-
tions, we can set W,(r, ©) = 0 by choosing

Y(r,0) = + W, rsin®. (24)

>,
rsn®

Under condition (23), the solution to Eq. (18) has
the form

. _ exp(—er) " [ by ]oP,(cos®)

$T nZ{Zo(srk)k} 3(cas0) ="

n(n+1)—k(k+1),n
2(k+1)

P, are Legendre polynomials; and the coefficients by
are connected through a recurrence relation. Using
expression (25), the integrals of the equations, and the
equations themselves, we can determine the remaining
sought-for quantities:

(25)

where b,,; = be, k=0,1,...,n;

| = 1(®,)

%ﬁ A @)D r3sin2@j¢(r,e)5dr, 26)

0

_ T exp(—€r) " [« by ]oP,(cos®) o7
@ Q)"°+Re,\,I er? nzl[kzo(er)k} 0(cos®) (2D
o

~ ZHOGBDHU’ ), Jqr)(sirne')g

p = P(r)+€_[ (. 0) do, (28)
0

21
P, = —;5 exp(—¢r)

(29)

[ n n
by }dPn(cose) . 2
x sn" o,
n;[k;(sr)k 9(cos®)
where P (r) and T () are arbitrary functions of their
arguments. The integrand in expression (26) should be
written as a function of r and ®,,, in which case the
integration should be carried out only over r.

An important point is that the expressions contain
the dimensionless parameter

€ = 4%:@&
N OB € Np™n

which determines the characteristic dimension dh =
ro/€ of theregion where the plasmarotation in the enve-
lope is nonrigid and where the azimuthal current j,
flows and the perturbations of the plasma density and
magnetic field are localized.®

The particular form of the solution is determined by
the boundary conditions. It is clear that based on the
symmetry of j, with respect to © =172 (i.e., to the equa-
torial plane), the solutions may be divided into two
classes. symmetric solutions, constructed from har-
monics with odd numbers n, and antisymmetric solu-
tions, constructed from harmonics with even numbers
n. For a prescribed form of the unperturbed magnetic
flux &, each class of solutions is characterized by a
certain symmetry of the physical quantities. Let us con-
sider the symmetry properties of Egs. (18)—<22) with
arbitrary functions chosen in forms (23) and (24). One
can seethat the following possible changes of variables
leave the set of equations invariant:

(30)

©—T-0, jy—=]p Pu— Py,
Ww—w ®—=P, p, —p,, |—=-I
O —T-0, jo—jp Pu—-Py
Ww—w O >, p,—>-P,, |—1
O —1-0, jy—>-pp Py—= Py,
Ww— -, O —-D, p,—-p,, |—1
©-——>T-0, jj—=-lp Py—-By,
W— -, O®—=-P, p,—p,, |—-l

3Us ng the first of relationships (16), we can rewrite expression

(30) as 6hBOC‘1 IGD(BO)n_1 . Then, we can see that the charac-

teristic scale on which the plasma flow is nonuniform follows
from the condition that the Hartman parameter corresponding to
the conductivity o(B) be equa to unity [1]. In turn, this condi-
tion can be interpreted as reflecting the bal ance between the mag-
netic force acting on the medium and the viscous forces in the
medium in the established equilibrium state.

PLASMA PHYSICS REPORTS Vol. 29 No.1 2003



STEADY-STATE AXISYMMETRIC CONFIGURATIONS 71

Regardless of the form of j,, the symmetry of @, with
respect to the equator is of the samekind asthe symme-
try of the angular frequency distribution w and mag-
netic flux perturbation @,. At the same time, the sym-
metries of the distributions of the density E)p and quan-
tity | with respect to the equatorial plane are determined
by the form of the unperturbed magnetic flux: when j,
and @, are symmetric with respect to the equator, the
function f>p is symmetric, while the function | is anti-
symmetric.

We point out the following important consequence

of the symmetry conditions in our problem. For sym-
metric distributions of j, and @y, the distributions of
the angular frequency and density f)p may remain sym-
metric during nonrigid rotations even under appropriate
boundary conditions only if the distribution of | is anti-
symmetric with respect to the equator, in which casethe
azimuthal component B, of the magnetic field should
be antisymmetric. Inthis case, it is necessary to impose
the condition B, = 0 in the equatorial plane; or to intro-
duce an external current that flows, e.g., in the equato-
rial plane and closes the current system under consider-
ation [15]

|
(o) = =By —5

(introducing this current goes beyond the scope of mag-
netohydrodynamic description); or to choose another

appropriate form of the function T (®y,).

6. THE SIMPLEST SYMMETRIC SOLUTION

Asan example of the simplest solution, we consider
a symmetric solution constructed solely fromthen=1
harmonic. One can readily see that under the above
conditions j¢ —= 0 and W —— W,, this solution cor-

respondsto the boundary condltlon
w(Ry, ©) = w,.

It is also necessary to impose the additional condi-
tion By(r, 0) = By(r, 12) = By(r, ™) = 0 in order to not
go beyond the limits of hydrodynamic description, i.e.,
not to introduce the externa localized radial current
that closes the current system under consideration.

The geometry of the configuration in question is
illustrated in Fig. 1. Supposing that al of the above
assumptions are satisfied in the region r > R;, we con-
sider the solution only in this region and impose the
corresponding conditionsat itsboundary r =R,. Wecan
consider the region r > R, separately, neglecting the
interaction between a plasma envelope and a spherical
body and assuming that the following condition is sat-
isfied: 0, < 0g < 0, where 0, is the conductivity of
theisotropic interlayer and og isthe conductivity of the
body. The correctionsto the solution that come from the
current system in the body should be proportional to the
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ratio of the conductivities of the ball and of the enve-
lope. Under the conditions in question, these correc-
tions are certainly small.

We adopt a dipole field as an unperturbed magnetic
field; moreover, to be specific, we assume that the mag-
netic moment M of the spherical body and the vector of
its angular rotation velocity are oppositely directed
(Fig. 1). Then, the unperturbed magnetic flux has the
form

We consider the simplest symmetric solution under
the assumption that the localization parameter is large
(e > 1), because it is the assumption that is consistent
with the applicability range of the solution:

2

W=+ (w - w) 2 exp(e(R,—T)),

. _ (0 —w,)Rey Rl
J¢ - T[B
sn’0

exp(e(Rl—r))smG)

b = -

- (col—oom)%foexp(s(Rl— r))sinze.

We determine the function | in the upper and lower
hemispheres separately, by choosing the arbitrary func-

tion T(®y) in such a way that the current density is

finite everywhere and the function | itself vanishes at
O =172:

W)X R exp(e(R, —T))

smo .4 ;
><[-)—cosG)+sJ' /1_rsm @r (sr)

O
O
x exp(e(r—r))dr'Q
|
O

I = (0, —

Here and below, the plus sign refers to the upper hemi-
sphere (0 < © < 172) and the minus sign refers to the
lower hemisphere (T92 < © < ). It is easy to show that
at small angles ©, the solution | so constructed is pro-
portional to ©%; hence, taking into account the antisym-
metry of the function |, we see that the condition
By(r, 0) = By(r, M = O is stisfied.

Themeridional component of the magnetic field and
the meridiona current density are determined by



72 SOLDATKIN, CHUGUNOV

Rl r

Fig. 2. Simplest symmetric solution to the linearized prob-
lemforM 1!  and 0, > w,. Thedistributions of the angu-

lar frequency of arotating plasma envelope are shown.

differentiating the magnetic flux:
1 09 _ 1 09

Br = " 5,20(cosO)’ Bo = Zranoar
1 a1l
Ir omr20(cosO©)’ le = Zmranoar

The plasma density component f)p is obtained by
integration:

- 2ReMst . 2 ~
Pp = w1~ @) pE=—3 PRy ~1)sin'©+ ().

Since we have incorporated the plasma density compo-
nent that depends only on r into the barometric density

pie = 3007 — 1)

| Jo
(woo - wl) ReM

nf

)

Fig. 3. Simplest symmetric solution to the linearized prob-
lemfor M 11 ® and W, > w;. The lines of the meridional

component of the perturbed dipole magnetic field and the
profilesjy(R;., ©) and jo(R, + &', ©) of the azimuthal com-
ponent of the conduction current are shown.

distribution p,tjar (r), we can set the free function equal

to zero, P (r) =0, taking into account, in particular, the
boundary condition

ppmo-

In this case, the plasma density has the form

Ri-my. ~ R

bar - ~ s 2

Pp = P1 X, B+p1r—§exp(s(R1—r))sn o,
p

~ 2Rey,€

pl ((L)oo wl) BG R]_ .
This expression impliesthat if the magnetic moment of
the body is directed opposite to the angular velocity of
the rotating envelope, then, for H, < 1/¢, the conditions
Pp > 0and p, == 0 can be satisfied simultaneously
only when w,, > w;, which, in turn, indicates that the
plasma envelope should undergo super-rotation, i.e.,
the upper layers of the envelope should rotate at higher
angular speeds than the lower layers. Depending on the
ratio between the parameters H, and 1/¢, therotation in
the chosen atitude range is dominated either by a
spherically symmetric barometric density distribution
or by electromagnetic forces, which are accounted for
by the second term in the expression for the plasma
density. Inthe latter case, we have p, > 0; consequently,

the quantity p,; should be positive. The amplitude plfar

of the barometric density distribution is determined by
external factors, e.g., by ionization sources in the cho-
sen dtitude range.

Byie = 3007 — 1)

Fig. 4. Simplest symmetric solution to the linearized prob-
lemfor M 11 ® and w, > w;. The lines of the meridional

component of the conduction current and the profiles

By(Ry. ©) and By(R, + &', ©) of the azimuthal component

of the magnetic field shown are shown.
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Theresults obtained areillustrated in Figs. 2-5. For
definiteness, the plots were cal culated for the following
parameter values, which are consistent with the appli-
cability range of the solution and refer to altitudes of 80
to 100 km in the Earth’s ionosphere:

R = 1.00125, Rey=40, B=90, X=2x 10,
G=42000, w.=14, o =1. (31

Figure 2 shows the angular frequency profile. The
angular frequency distribution is spherically symmet-
ric; in accordance with the above analysis, it is neces-
sary that w,, > w,. At distances of about several oh, the
angular rotation frequency becomes constant. Note
that, at these distances, the corresponding kinetic
energy density p,w’r?/2 exponentially decreases to
zero.

Figure 3 shows the pattern of the lines of the merid-
ional component of the perturbed magnetic field and
the profiles of the azimuthal current component Jo at
constant r (the direction of the ¢-axis is |nd|cated)
Inthe case € > 1, which we are considering here, the
meridional component of the magnetic field perturba
tion isstrongly localized, unlike the unperturbed dipole
magnetic field of a spherical body. The figure displays
two patterns of the lines of the meridional component
of the magnetic field perturbation: shown on theleft are
thelinesintheregionr > 1 onascale enlarged by afac-
tor of 30 in the r direction, and the inset in the upper
right corner of the figure shows the lines on an ordinary
radial scale. The dashed line in the larger scale image
indicates the position of the boundary r = R, + €. The
current with the density j, isseento formajet, whichis
dlightly localized in the angular coordinate and in
which,a M 11 o and w, > w,, the current flowsin the
direction opposite to that of the mass velocity of the
moving medium. A comparison between the profiles of
the azimuthal component of the conduction current
density, j,(R;, ©) and j4(R, + €', ©), illustrates how the
azimuthal current density distribution changes with
altitude.

Calculation of thetotal azimuthal current density in
the system for € > 1 yields

- n. (0o
= [dr(rj,do©=
o

Figure 4 shows the structure of the lines of the
meridional component of the conduction current den-
sity and the profiles By(R;, ©) and By(R, + £, ©) of the
azimuthal component of the perturbed magnetic field.
The figure displays two patterns of the lines of the
meridional component of the conduction current:
shown on the left are the linesin theregionr > 1 on a

(32)

— ) /X Rey
- )

4 The conduction current in the form of a delta function at the ori-
gin of the coordinates, which is generated by the dipole compo-
nent of the magnetic field perturbation, is not shown in the figure.
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Pp
pbar . pbar_/
1 ' 1
~ /
bl p]_
R1\7'=R1+H r—R1+€_ r 0 C]

Fig. 5. Simplest symmetric solution to the linearized
problem for M 11 @ and w,, > w;. The density distribution

Pp Of the charged plasma component in the equatorial plane
a pi’ar =4p,, and the boundariesr =R, + Hyand r = R; +
g! (on the left) and the corresponding density profiles

pp(R1. ©). pp(R; + Hp, ©), and py(R; + €7, ©) of the
charged plasma component (on the right) are shown.

scale enlarged by a factor of 30 in the r direction, and
the inset in the upper right corner of the figure shows
the lines on an ordinary radial scale. The dashed linein
the larger scale image indicates the position of the
boundary r =R, + €.

We can see that the azimuthal component of the
magnetic field is localized near the eguatorial plane.
The localization results from an intense quasi-radia
current that flows in the equatorial plane and forms a
closed circuit between the current loops in the upper
and lower hemispheres. The reasons for the onset of
this current are twofold. On the one hand, in the casein
guestion, specifically, in the strongly anisotropic con-
ductivity approximation (3 > 1), in which the longitu-
dinal conductivity is much higher than the transverse
and Hall conductivities, the current should flow along
the magnetic field. On the other hand, in the system
under consideration, the current cannot flow along the
magnetic field lines in the equatorial plane because of
the symmetry properties of the problem: the current
loops in the upper and lower hemispheres should be
closed in a circuit through the equatorial plane.
Because of these two circumstances, the current lines
should concentrate in the equatoria region, in which
the current should flow perpendicular to the magnetic
field lines. In [5], such considerations led usto the sug-
gestion that the generation of electric fields and cur-
rentsin a system in which the conductivity of aplasma
envelope is anisotropic can be described at a qualitative
level by using an isotropic conductivity profile corre-
sponding to a transverse conductivity in an actua
anisotropic envelope, because it is the transverse con-
ductivity of the medium that ensures the closing of the
current loops. The present analysis of the solutioninthe
case of ahighly anisotropic conductivity of the medium
shows that this suggestion appearsto be justified. First,
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it is the transverse conductivity that enters into the
expression for the parameter €, which determines the
form of the solution. Second, let us consider the ampli-

tude jﬂ of the meridional conduction-current density

component, which has been cal cul ated above. Weintro-
duce the dimensionless coefficient A = |w, — w,| (char-
acterizing the degree to which the rotation of the
plasma envelope is nonrigid) and write the amplitude

jQ in dimensiona form:

. . AxszR2 A
Jrﬁ = Jo o L = EEOGD(BO)-

(33)

From this expression, we can see that, in the system
under discussion, the transverse conductivity indeed
predominatesin the meridional current, which was con-
sidered in [5].

It isalso of interest to consider the amplitude j$ of

the meridional current density. In dimensional form, we
obtain

Ie = Jo B = AEy04(Bo) (34)

and, consequently, arrive at the relationship

A
Im L o9

is P
which indicates that the meridional current is far less
intense than the azimuthal current. The expression for

the total current |, circulating in meridional loopsis

fairly difficult to analyze. However, based on the above
relationship for the ratio of the amplitudes of the total
currents, we can conclude that the following condition
is satisfied:

I Ol B <15

The question then arises of how to close the mag-
netic field lines and how to form closed current loopsin
the upper and lower hemispheres. In principle, it might
be possibleto consider alayer r < R, with isotropic con-
ductivity, to find a solution for this layer, and to join it
with the solution for the outer layer using the conditions
at the boundary between the layers. However, since the
inhomogeneous problem is very difficult to solve, we
restrict ourselves to considering only one layer, assum-
ing that it is, in principle, possible to close the current
system and magnetic field lines through the lower lying
layers.

Theleft half of Fig. 5 showsthe density distribution
pp Of charged plasma particles in the equatorial plane
(at © = 172). For definiteness, we present the distribu-
tion calculated for plfa' = 4[3p. The positions of the
boundariesr = R, + H,and r =R, + ¢! areindicated by

the dashed lines. We can assert that at distances from
the boundary r = R, that are severa times longer than

H,, the quantity pfar plays a minor role. The right half
of Fig. 5 shows the density profiles py(R;, ©), py(R; +
H,, ©), and p,(R; + £, ©) of the charged plasma com-
ponent. One can see that the spherically symmetric part
of the density distribution decreases fairly rapidly.

To conclude this section, we present the expression
for the total power of Ohmic losses as a function of the
integral of the product j - (E + c'[V x B]). In dimen-
sional form, the expression is as follows:

Q= %EO jAamwish. (35)

The fact that the quantity 4nr§6h is the volume of a

narrow spherical layer of thickness dh clarifies the
physical meaning of expression (35).

The eectric field and current are generated at the
expense of the energy of rotation of acentral body. The
formulation of the steady-state problem implies that
this energy isinfinitely high, in which case it is neces-
sary that the energy of Ohmic losses during the time
interval T under consideration be less than the energy
Kg of rotation of a spherical body: QT < Kg. The
amount by which the effect in question changes the
angular frequency Qp of the rotating body during the
time T is easy to estimate:

10T
6Qp = QPE%E.

7. APPLICABILITY CONDITIONS
OF THE SOLUTION OBTAINED

In the problem as formulated, an important assump-
tion is that the medium is weakly ionized; this corre-
spondsto the condition p, < p,. Of course, for H, < 1/g,
the density of the neutral component decreases more
rapidly with increasing atitude than doesthe density of
the charged plasma component; hence, this conditionis
satisfied only in a certain atitude range. However,
under the conditions

P p1 <1, (36)

the atitude range over which the medium remains
weakly ionized can be considered to be sufficiently
large.

Above, we have analyzed the conditions underlying
the conductivity model and imposed restrictions on the
ratios of the collision frequencies to the electron and
ion gyrofrequencies. By substituting the above solution
to the smplified set of equations (18)—(22) into the set
of equations (11)—15), we can show that the solutionis
valid under the following conditions:

e>1, (37)
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€ 1
[3_2 < aTv (38)

A/XRey < 1. (39)

In other words, inequalities (37)—39) are applicability
conditions for the above procedures of linearizing and
simplifying the set of equations (11)—(15). Condition
(37) implies that the perturbations are strongly local-
ized, and condition (38) indicates that the conductivity
should be highly anisotropic. Finally, condition (39)
can beregarded as providing upper limits on the viscos-
ity of the medium and the kinetic energy density initin
comparison, respectively, with the magnetic viscosity
and with the magnetic field energy at a given degree to
which the rotation of a envelope in the plasmasphereis
nonrigid (A = |w, — wy ).

Clearly, the applicability conditions for the solu-
tions constructed from any harmonics of j, that are
symmetric with respect to the equator do not differ
from the above applicability conditions for the solution
constructed solely from the n = 1 harmonic. The reason
for thisistwofold: first, for € > 1, theradia parts of the
solutions depend only weakly on the harmonic number
n, and, second, in the equatorial region, all symmetric
solutions behave in the same manner.

In contrast, near the equator, the behavior of the
solutions that are antisymmetric in j, differs radicaly
from that of the symmetric solutions. Thus, in an anti-
symmetric solution, the meridional component of the
magnetic field perturbation is antisymmetric; i.e., the
radial magnetic field component in the equatoria plane
is nonzero. On the other hand, in this plane, the unper-
turbed magnetic field does not have aradial component.
Consequently, for a solution antisymmetric in j, it is,
in principle, impossible to satisfy one of the conditions
used in the linearization procedure, namely, the condi-
tion that the magnetic field perturbation near the equa-
torial planeis small. Hence, it is clear that the equato-
rial region in a narrow angular range should be
described by the nonlinear equations.

8. APPLICABILITY OF THE RESULTSOBTAINED
TO A DESCRIPTION OF THE PLASMASPHERES
OF MAGNETIZED PLANETS

Above, we have obtained a particular solution to the
self-consistent set of equations describing the steady-
state axisymmetric configurations of aplasma envelope
with an anisotropic conductivity in the field of arotat-
ing spherical body. We have developed a model of the
conductivity of the envelope and have imposed a num-
ber of conditions on the parameters of the problem. In
this section, we consider the possibility of applying the
results obtained from the model to a description of the
plasmaspheres of magnetized planets.

The description of areal plasmasphere by the above
model of the steady-state corotation of a magnetized
PLASMA PHYSICS REPORTS  Vol. 29
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spherical body and a plasma envel ope should be care-
fully applied to a direct comparison of the calculated
results with experimental data. Being intrinsically non-
uniform and unsteady, rea systems are subject to
numerous effects that were not taken into account in the
model. On the other hand, the analysis of greatly sim-
plified models often makes it possible to reveal the reg-
ular features of the processes in question, to obtain the
averaged values of some parameters, and to qualita-
tively explain some of the global physica effects.
Although we are making no claim that our model yields
results exactly corresponding to the experimental data,
we think that the solution derived can provide a basis
for understanding a number of important problems in
the physics of the plasmaspheres of magnetized plan-
ets. It is in this context that we will test our model
against experiment.

We begin by noting that the steady-state approxima-
tion is unlikely to cause fundamental errors in a
description of the plasmaspheric phenomena we are
considering in this section. When the illumination of
the envel ope changes in the course of rotation, the only
parameters that change to any essential degree are the
local electrodynamic and thermodynamic parameters,
first of al, the conductivity of the plasma envelope.
Applying the steady-state model to the analysis of dif-
ferent conditions should give information about the
processes that can occur in a given range of longitudes
at different times. On the other hand, the above simpli-
fying assumption that the particle collision frequencies
and conductivity are both uniform is more relevant for
comparing theory with experiment. Thus, for Earth
conditions, formula (30) formally implies that the
localization parameter € depends strongly on altitude.
Hence, the results obtained above may serve merely to
provide a qualitative interpretation of the actual phe-
nomena, as will be done in this section.

In the Earth conditions, our model of conductivity
applies to the ionospheric layer at altitudes of 80 to
100 km. The longitudinal conductivity in this layer is
approximately equal to

0y (90 km) = 102 S/m.

By performing calculations for the experimental data
averaged over time, the Earth’s surface, and the height
of the ionospheric layer under consideration, we can
see that parameter values (31) satisfy all of the above
assumptions. Using these values, we can find, first, the
values of the normalizing factors, r, = R= 6.4 x 10° m,
Wy =Q,=73%x10°s!,By=60x10° T, &, = 8.0 x
10°T Mm%, 1y =4.0x102Tm,j, =24 x 1075 A/m?,
E,=3.0 x 102 V/m, and p, = 10-° kg/m?3, and, second,
the unperturbed magnetic field (6.0 x 10~ T), the
meridional perturbation of the magnetic field (6.0 x
1078 T), the azimuthal component of the magnetic field
(3.6 x 10 T), the meridional current density (3.0 x
108 A/m?), the azimuthal current density (1.3 x
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107 A/m?), and the density E)p of the charged plasma
component (p; = 8 x 1010 kg/m?). The total current

flowing in the azimuthal jet is I, = 1.0 x 10° A, the

total current in the meridional loopis |, ~ 1.1 X 105A,

and the total loss power isabout Q ~ 10 GW. Thewidth
of the layer in which the perturbations are localized is
oh=rye! =64 km. Itisof interest to note that, for these
parameter values, the interaction parameter Sis on the
order of unity. Thisindicatesthat, if wetreat aplanetary
envelope moving in amagnetic field asan MHD gener-
ator, then, under the conditions in question, the energy
of motion of a medium is efficiently converted into
€l ectromagnetic energy.

The estimated relative slowing of the angular fre-
guency of the Earth’'s rotation in one year due to the
electric currents circulating in the ionosphere is negli-
gibly small, 8Q,/Q, ~ 4 x 10-"%. Therefore, the assump-
tion of the steady-state rotation of a plasma envelopeis
valid to a very high degree of accuracy. On the other
hand, the Earth’s rotation is actually slowed; for certain
values of the parameters of the model, the rate of slow-
ing over long time intervals may be relatively high.

Let us consider the most important results of those
obtained from the analysis of the problem in the context
of their possible application to explaining the actual
phenomenain plasmaspheres.

(i) We have shown that the characteristic spatial
scale &h, which appearsin the approximation under dis-
cussion, is much smaller than the radius of a spherical
body (planet). This scale determines the dimension of
the envelope in which the plasma rotation is nonrigid
and in which the azimuthal current j¢, the meridional
current, the perturbations of the dipole magnetic field,
and the charged plasma component are al localized.
The application of this result to Earth conditions is
restricted by the fact that the nonuniformity of the con-
ductivity is not taken into account in the model; hence,
formally, the scale dh depends on altitude and, more-
over, the amount by which &h changes can be smaller
than its magnitude. Nevertheless, it isclear that the pro-
cesses responsible for the peculiar skin effect when the
conduction current and magnetic field perturbations are
localized (see the small-scale insets in Figs. 3 and 4)
should operate in actual plasmaspheres.

(i) It has been established from measurements of
the deceleration of satellites in the Earth’s atmosphere
[16] that, in afairly wide range of azimuthal anglesin
the Earth conditions, the angular frequency of the rotat-
ing plasma envelope coincides with the angular fre-
quency Qg of the Earth’s rotation in the near-surface
layer at altitudes below 150 km and increases linearly
to 1.4Q¢ at atitudes of 150 to 350 km. Super-rotation
was al so recorded in the atmospheres of Venus, Jupiter,
and Saturn. To explain the causes of this phenomenon,
anumber of hypotheses have been advanced. Asarule,

the super-rotation of a planetary envelope is attributed
to unsteady processes driven by the nonuniform heating
of the planet by solar radiation [17, 18]. However, there
is, as yet, no final explanation for the super-rotation
and, in particular, no satisfactory agreement between
the calculated results and experimental data. Conse-
guently, the fact that the above self-consistent model
demonstrates the possibility of a steady-state super-
rotation of a viscous plasma envelope of a planet
appearsto beimportant. The nonrigid rotation of acon-
ducting envelope in amagnetic field results in the gen-
eration of a meridional conduction current at the
expense of the unipolar induction effect [5-7]. The
balance between the Ampére’'s force, the pressure
gradient, the gravitational force, and the viscous forces
self-consistently governs the density distribution of
the charged plasma component. It has been found that,
for the given configuration of the planetary magnetic
field (M 11 @), it isjust in the case of super-rotation
that the charged-particle density profile decreases with
increasing altitude. Hence, we have shown that the
super-rotation of a plasma envelope can be largely
explained as being due to the action of electromagnetic
forces.

(iii) Among the phenomena known to occur in the
equatoria region of the Earth’s plasmasphere is the
equatorial electrojet. Measurements of the magnetic
field perturbations [19-21] reveded a fairly intense
conduction current flowing along the geomagnetic
equator.® The maximum current density on the order of
1075 A/m? is reached at altitudes of about 105 km, the
half-height and half-width of the current density distri-
bution being about 10 and 300 km, respectively. There-
fore, the total current can be roughly estimated as 4 x
10* A. The parameters of the eguatorial electrojet
undergo substantial daily and seasonal oscillations. The
current density distribution with these mean parameters
is established in the daytime, in which case the current
is flowing eastward. At night, a very weak current is
sometimes recorded that flows in the opposite (west-
ward) direction [20]. It is clear that, in constructing a
systematic theory of the equatorial electrojet, it is nec-
essary to take into account the effect revealed by solv-
ing the steady-state problem, specifically, the genera
tion of the azimuthal current component at the expense
of the unipolar induction phenomenon. At least, in the
Earth’s ionosphere, the dtitude interval where the
applicability conditions for the calculated distribution
of the azimuthal current density are satisfied coincides
with the altitude interval where the azimuthal current is
observed to beintense and the cal cul ated current ampli-
tudes may be comparable with those measured experi-
mentally.

(iv) Explanations offered for the structure of the
meridional current in the ionospheric E layer were pri-
marily based on the dynamo theory [12, 22]. The exist-
ence of an additional mechanism for generating the

5 This concerns the periods of normal geomagnetic activity.

PLASMA PHYSICS REPORTS Vol. 29 No.1 2003



STEADY-STATE AXISYMMETRIC CONFIGURATIONS

meridiona current in the plasmasphere—a planetary
electric generator produced by the unipolar induction
effect because of the nonrigid rotation of a plasma
envelopein the magnetic field of the planet—was justi-
fied in recent papers[8-11]. The electric field and con-
duction current estimated in [5] from the latitude- and
longitude-averaged values of the conductivity at differ-
ent atitudes were found to be of the same order as the
conductivity values known in the physics of the Earth’s
ionosphere. In this context, it is important to note that
the estimate obtained in [5] for the total current in the
loop (10° A) coincides with the total meridional current

I calculated from our model, which self-consis-

tently takes into account the unipolar induction effect.
Hence, we emphasize that self-consistent and non-self-
consistent descriptions provide estimates of the same
order of magnitude. On the other hand, the calculated
total power of Ohmic losses, Q ~ 10 GW, ison the order
of the estimated power (5 GW) of such a source of the
electric field as the ionospheric dynamo [23].

Hence, although it cannot be claimed that our model
yields results exactly corresponding to the experimen-
tal data, we can state that the planetary rotation mecha-
nism for generating the electric field and conduction
current plays an important role in the electrodynamics
of the Earth’s plasmasphere.
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Abstract—Results are presented from computer simulations of the dynamics of an electron beam injected into
the drift space between two parallel conducting planes. The specific features of the competitive coexistence of
states with and without avirtual cathode are investigated. © 2003 MAIK “ Nauka/Interperiodica” .

In the past decade, the virtual cathode (VC), first
described in [1, 2], has been addressed in the literature
as a possible cause for the appearance of accelerated
ions in high-current electron-beam devices [3]; it has
also attracted interest in connection with practica
applications. Thus, in [4] a device was described in
which record ion accelerating gradients of 40 MeV/m
were attained with the help of aVC in a high-current
electron beam. A number of different types of vircators
(high-power VC-based microwave oscillators) have
been proposed (see, e.g., [5]). However, the implemen-
tation of V Cs encounters difficulties because V C phys-
icsistill poorly understood even at a qualitative level.

For both of the above examples of VC implementa
tion, it is of interest to study the competitive coexist-
ence of states with and without a virtual emitter. This
process was observed for the first time in [6], where a
virtual emitter was produced in an ion beam.

In this paper, the specific features of the coexistence
of different states of a high-current charged-particle
beam are investigated numerically. A schematic of the
model deviceisshownin Fig. 1.

Electrons are accelerated in the gap between cath-
ode / and grid 2 and then enter the drift space between
the grid and collector 3. The potential difference
between the cathode and the grid is U,; the grid and the
collector are short-circuited.

According to the theory of [1, 2], the beam state in
the drift space between the grid and the collector is
determined by the dimensionless quantity J = J,;/Jg,
where J, istheinjected current density and

J :ﬂ'g /\/Ze__L_J.Eiz__
T 9 m(y, —y)?

L1f the state of a charged-particle beam of any kind is analogous to
aVC in an electron beam, then it is natural to call it a “virtual
emitter.”

As J increases from zero to J < 8, all the electrons
injected into the drift space crossit and are absorbed by
the collector. At J = 8, the beam undergoes an irrevers-
ible transition into a state in which a fraction of the
injected electronsreturnto the grid asif they were emit-
ted by a cathode located in the drift space. This stateis
referred to as the state with aV C. After the state with a
V C has appeared, it existsintherange J > 4. At J = 4,
the state with aVCisirreversibly converted into a state
without aVC.?

It follows from the above-mentioned that there is a
hysteresis of states. For each value of Jin the hysteresis
interval (J,,,;, <J < 8), thebeam can exist in astate either
with or without a VC, depending on the previous his-
tory. Each of these states is stable against small pertur-
bations.

So far, we have considered the behavior of a system
that isuniforminthex and zdirections. Let now assume
that, in asystem that isin one of the possible stateswith
Join < J < 8, the quantity J changes at some instant over
acertaininterval x, < X< X, so that the beamin thisinter-
val passes over to another possible state, and, after the
transition has occurred, the quantity J takesits previous
value. As a result, in neighboring regions, the system
can occur in two different states, which can simulta-
neously occur at the given value of J. Since each of
these states itsdlf is stable, far from boundary between
these states, the system behaves as if there were no
boundary at all. Therefore, all the changes can only
happen near the boundary as a result of “the competi-
tion of the stabilities of the neighboring states”

The results of computer simulations presented
below demonstrate how the system shown in Fig. 1
evolves in the drift space from the two neighboring
states.

2 Numerical simulations of the state with a VC [7] show that the
theoretical predictions of [1, 2] should be refined because the
state with aV C is oscillating; as aresult, theVC disappearsat 4 <
Jmin = 5.8.
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The simulations were performed by the particle-in-
cell method. The particles moved within a rectangular
domain. The numbers of meshes along the axes were
certain powers of 2, the typical values being 1024
meshes along the x-axis and 128 meshes aong the
y-axis. The potential was calculated by means of the
fast Fourier transform. Theinitial conditions were cho-
sen such that, in the planes x = x, and x = X, the x-com-
ponent of the electric field was zero; i.e., there was an
even periodicity along the x-axiswith a period of 2(x, —
Xo)- The particles were injected at each time step with
aninitial velocity directed along the y-axisat each mesh
point of the x-axis. Theinitial velocity and thetime step
were equal to unity. It was assumed that the magnetic
field applied aong the y-axis was sufficiently strong for
the x-component of the particle velocity to be
neglected. The equations of motion were nonrelativis-
tic. It was also assumed that the particles arriving at the
grid or the collector were absorbed there.

Numerical simulations show that it is possible to
form a system consisting of two neighboring states, as
was described above. However, the computation time
can substantialy be reduced by preparing the initial
state as follows:

(i) First, by calculating the particle motion in aone-
dimensional drift space (the system is uniform aong
the x-axis), a state with a certain value of J=J,,. < 8
from the hysteresisregion of statesis determined. After
a steady state has been established, this state (i.e., the
coordinates and velocities of al the particlesin the gap)
is stored in the computer memory.

(i) Then, with the help of the same program, the cal-
culations for J > 8 are performed. After the formation
of aVCinthegap, Jisgradually decreased to J_,. and
retains this value until the oscillatory mode is estab-
lished. A certain instantaneous state of thismodeisalso
stored.

(iii) A part of the spatial period (X, < X < Xg) isfilled
with particles whose coordinates and velocities corre-
spond to the state with aV C, and the remaining part of
the period (x; < X < X;) is filled with particles whose
coordinates and the velocities correspond to a state
without aVC. Then, two-dimensional simulations with
such initial conditions are performed.

Figure 2 illustrates the results of one-dimensional
simulations. The figure presents the given time depen-
dences of J and the calculated time dependences of the
potential at the midplane of the drift space (at y. =Y, +
(Y, —¥0)/2). Incase (a), we have J ;. =6 < 8,and noVC
is formed. In case (b), for a certain time in the begin-
ning of the process, we have J = 8.5 > 8. After the for-
mation of aVC, Jis gradually reduced to J . = 6; in
this case, the VC is conserved.

Figure 3 shows the time evolution of the boundary
between the states with and without aVVC for different
values of theinjected current density. Each curveinthe
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Fig. 1. Schematic of the modeled device: (1) cathode,
(2) grid, and (3) collector.
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Fig. 2. Functions (1) J(t) and (2) U(t, yo): (a) no statewith a
VC and (b) astate with aVC isformed.

figure presents the spatial profile of the potential in the
midplane of the drift space at some instance.

Figure 3a illustrates the process of absorption of a
state without aVVC by a state with aVC, Fig. 3b corre-
sponds to an essentially fixed boundary between the
states, and Fig. 3¢ demonstrate the absorption of astate
with aVC by a state without a VC. For case (¢), the
value of (X, — X%,) was chosen to be 2048, which was
twice aslong as for cases (a) and (b).

In case (c), the character of oscillations in the state
with a VC changes qualitatively as time elapses. The
period of oscillations becomes shorter, and their ampli-
tude decreases. We can assume that, in this case, we
observe one more state with aV C, which was described
in[8, 9]. In this state, which is referred to as the high-
frequency VC (HFVC) mode [8], the amplitude of
oscillations is lower and the frequency is three times
higher than those in the usual low-frequency VC
(LFVC) mode. In [8], the HFVC state arose when the
space charge in the drift space dropped rapidly due to
the sharp decrease in the injection current. In our case,
the appearance of an HFV C state can be provoked by
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Fig. 3. Electric potential in the midplane of the drift space asafunction of x and t for different values of theinjection current density:
J=(a) 7.88, (b) 7.4, and (c) 5.85; the number of injection cycles for plots (a), (b), and (c) is 4096, 4096, and 8192, respectively.

the drop in the space charge that takes place near the
boundary between the stateswith an LFV C and without
aVC. It can be seen in Fig. 3c that, after the formation
of an HFVC dtate, al of the three states (the HFVC
state; absorbing the LFV C state; and the state without a
VC, absorbing the HFVC state) coexist for a certain
period of time.

In view of the occurrence of an HFVC state, it is of
interest to examine its interaction with an LFVC state
and a state without aVVC.

One-dimensional simulations show that the HFVC
state transforms into the LFV C state if the vel ocities of
the injected particles are varied by the law

V. = 1 + Asin(3.14n/T),

VIViT
0.10

0.05

0~

-0.05

-0.10

| | |
5.5 6.0 6.5 7.0 7.5 J

Fig. 4. The propagation velocity of the boundary between
different states vs. injected current density: (1) states with
an LFVC and without aVC and (2) states with an HFVC
and without aVC.

where nisthe number of the injected particle. The val-
ues of A and T can be rather arbitrary. In our calcula-
tions, we set A =0.009 and T = 5. After the formation
of an HFVC, the value of A was gradually decreased to
zero. If, in this case, the HFVC state is conserved, we
can conclude that the HFVC can exist at this value of
theinjection current. The results obtained show that the
HFVC state can only exist within the above hysteresis
range of theinjection current densities (at J,;, < J < 8).

We have also performed two-dimensional simula-
tions of the evolution of a system consisting of states
with an HFVC and without aVC, as well as a system
consisting of an LFVC and an HFV C state.

Figure 4 shows the quantity V/V, (where V is the
velocity of the boundary between the statesand V; = 1
is the particle injection velocity) as a function of the
injection current density J (the positive boundary
velocity corresponds to the direction of propagation
from left to right). It can be seen from the figure that the
dependence of the boundary velocity on J for a system
consisting of states with an LFVC and without aVCis
almost the same as for a system consisting of states
with an HFVC and without a VC. The evolution of a
system consisting of states with an HFV C and without
aVCforJ=7.85isshowninFig. 5a

In the interaction between the LFVC and HFVC
states, the former state is absorbed in the entire hyster-
esis range of the injection current densities. The lower
J, the higher the absorption rate, which, however, is
rather difficult to estimate because there is no pro-
nounced boundary between these states. The evolution
of an LFVCHFVC system for J = 6.0 is shown in
Fig. 5h.
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Fig. 5. Electric potential in the midplane of the drift space as afunction of x and t for different values of the injection current density
and different interacting states: (a) J = 7.85 (states with an HFV C and without aV C; the number of the injection cyclesis 4096) and
(b) 3= 6.0 (states with an LFVC and HFV C; the number of the injection cyclesis 8192).

The main results of this study can be summarized as
follows:

(i) The competitive coexistence of states with an
LFVC and without a VC, first observed and qualita-
tively described in [6], has been confirmed.

(ii) The possibility of a competitive coexistence of
the states with an HFVC and without aVC, as well as
the states with an HFVC and an LFVC, has been dem-
onstrated.

(iii) 1t has been found that, as time elapses, a third
state can occur at the boundary of the competing states
and one more boundary between the states can appear.
First, the states with an LFVC and without aVC com-
pete; then, between these states, an HFV C state appears
and, accordingly, the boundaries between the LFVC
and HFV C states and the boundary between the states
with an HFV C and without aV C arise.

(iv) Some quantitative characteristics of the change
of states have been determined.

One of the possible applications of electric fields
arising at a moving boundary between the states with
and without aV C is collective ion acceleration [10]. If
we assume that protons can be accel erated to the maxi-
mum wave velocity obtained in the present study, then
the proton energy will be 20 times higher than the
energy of the injected electrons. Approximately the
same values were obtained in the best experiments on
the collective acceleration of ionsin high-current elec-
tron beams [4, 11].

We note that the distribution of the electric potential
at the boundary between the states with an HFVC and
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without aVC (see Fig. 5a) alows ion acceleration for
any propagation direction of the boundary.
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Abstract—Results are presented from experimental studies of ac corona discharges between a point electrode
and a dielectric-coated plate in nitrogen, argon, helium, and air in the voltage frequency range f = 50 Hz-50 kHz.
The characteristic features of this type of discharge are compared with the well-known features of dc positive
and negative coronas and a barrier discharge between plane el ectrodes. It is shown that the presence of adielec-
tric barrier on the plane electrode significantly changes the electric characteristics and spatial structure of the
corona, whereas the main phases of the discharge evolution remain unchanged as the voltage increases. With a
point electrode, the breakdown voltage of the barrier corona decreases substantially as compared to the break-
down voltage of a barrier discharge with plane electrodes. This leads to softer conditions for the streamer for-
mation in abarrier corona, which becomes more stable against spark generation. © 2003 MAIK “ Nauka/nter-

periodica” .

1. INTRODUCTION

Low-current ac discharges between a point (or an
edge) and a dielectric-coated plane are widely used in
practice, e.g., to modify dielectric surfaces [1]. Typi-
cally, the interelectrode distance and applied-voltage
frequency do not exceed several millimeters and tens of
kilohertz, respectively. Under these conditions, the
characteristic time of theion drift between electrodesis
short as compared to the half-period of the ac voltage;
asaresult, in every half-period, the gap getsfilled with
space charge and a quasi-steady corona discharge
formsin the gap.

This type of discharge will be referred to as an ac
barrier corona (BC), because it combines the features
of the familiar barrier and corona discharges. Indeed,
thedielectric layer on the plane electrodeisabarrier for
the conduction current, as is the case in a usual barrier
discharge [2], whereas the point leads to the formation
of a positive or negative corona in the gap during the
corresponding periods of the applied voltage.

Although various BC modifications have long been
applied in technology, the physics of this type of dis-
charge is till poorly understood. From the physical
standpoint, it is of interest to distinguish between the
features of the barrier and corona discharges that are
present in BC and those characteristic of BCs only. In
this context, it is expedient to briefly remind the basic
properties of a barrier discharge between plane elec-
trodes and dc positive and negative coronas in the
point—plane geometry.

The barrier discharge is an ac discharge between
two closely spaced (d <3 mm) metal plates, of which at
least one is coated with a dielectric. Depending on the

amplitude of the applied voltage, two main modes of
the barrier discharge can be distinguished: a diffuse
mode and a streamer mode.

In narrow gaps (with lengths of d < 1 mm) at volt-
ages only dlightly exceeding the Townsend breakdown
voltage(i.e., a very low initia currents), thebarrier dis-
charge is uniform in the transverse (with respect to the
current) direction [3-6]. This mode is referred to as a
diffuse mode. In recent years, it has been established
that the diffuse mode corresponds to a glow discharge
inthe highly subnormal and hampered regime, inwhich
the current density at electrodesislow compared to the
normal current density in a glow discharge and the
cathode layer occupies the entire interel ectrode gap.

As the amplitude of the applied voltage increases,
the degree to which the glow cathode layer is subnor-
mal becomes smaller; as a result, at a certain voltage
amplitude, the cathode-layer thickness d. becomes
smaller than d. Under these conditions, the glow dis-
charge is no longer hampered, but it still remains sub-
normal. It iswell known [7] that the subnormal cathode
layer has anegative differential resistance and is unsta-
ble against transverse perturbations and that the insta-
bility growth rate increases with increasing deviation
from the normal regime. For this reason, the subnormal
cathode layer in nitrogen or air contracts into current
spots and the diffuse mode transforms into the streamer
one. In this mode, in every half-period of the applied
voltage, the discharge gap gets filled with many fine
unsteady current filaments (streamers), which are ran-
domly distributed in space. Near the barrier surface,
each streamer branches out, covering asmall areawith
adiameter no larger than the interelectrode distance.
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Note that in a barrier discharge in helium, the devi-
ation from the normal regime of the cathode layer is
much smaller than in the case of nitrogen or air; there-
fore, the diffuse mode in He can also occur at d, < d.
However, the negative dynamic resistance of the sub-
normal cathode layer resultsin regular pulsations of the
current in each half-period, athough the barrier dis-
charge remains uniform in the transverse direction [6].
Since the barrier-discharge current is proportional to
the frequency and amplitude of the applied voltage, the
diffuse mode is limited to low frequencies and small
amplitudes dlightly exceeding the Townsend break-
down voltage.

In thisstudy, we are only interested in dc coronadis-
charges excited on point electrodes (with a radius of
curvature of r,< 0.5 mm) and in gaps afew centimeters
inlength (d < 30 mm). We begin with a positive corona.
Thedischarge in a point—plane gap (the point being at a
positive potential) becomes visible even at voltages U
lower than the coronaignition voltage U The value of

U is determined from the condition for a self-sus-

tained corona [8-10]: J‘;a (X)dx = In\—ll , Where a isthe

ionization multiplication constant for an electron ava-
lanche and v is the effective coefficient of secondary
electron generation by various processes (including
volume photoionization, surface photoemission, and
surface emission caused by positive ions and metasta-
ble particles). Up to the ignition voltage, the positive
coronais unstable and exists in a bursty regime [9], in
which rare and random individual bursts on the point
occur, giving rise to fine and weak streamers originat-
ing from the point.

After ignition (U = U, the positive corona usualy

remains in the diffuse mode, in which the point is cov-
ered with auniform glow [11-13] (actualy, it is pulsed
[14]) and the average corona current increases as the
discharge voltage squared. Typically, the diffuse mode
of the positive coronain all gases exists at low currents
(lower than several tens of microamperes); as the cur-
rent increases, rather regular and intense streamers
arisein the gap. As U increases, the streamer repetition
rate rises to severa tens of kilohertz and the amplitude
of the related current spikes increasesto several tens of
milliamperes [15]. As the voltage increases further, the
streamer mode transforms into a spark.

In a negative corona, no bursts are observed as the
applied voltage approaches U5 and the evolution of the

coronaafter ignition (at U = U depends on the sort of

gas. In electronegative gases (air), the negative diffuse
corona occurs in a pulsed mode (the so-called Trichel
pulses[9], whose repetition rate increases linearly with
the average corona current). At characteristic currents
of I =130 = 10 pA, the pulsed mode changes abruptly
to a steady-state mode, which occurs at currents of up
tol =200-250 pA.
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The streamer mode does not occur in a negative
corong; therefore, without special measures for dis-
charge stahilization (the use of a gas flow, resistive
anode, etc.), the diffuse coronatransforms into a spark.
Stabilization can substantially increase the spark
threshold; in this case, an intermediate mode between
the diffuse corona and the spark (a steady-state diffuse
glow discharge [16], in which the interelectrode gap is
filled with plasma) can occur.

In electropositive gases (N,, He, and Ar), the igni-
tion voltage of the negative corona is substantially
higher than the sustaining voltage. For thisreason, after
ignition, the corona current jumps to a steady-state
level of several hundred of microamperes, which is
determined by the current—voltage characteristic of the
discharge and by the ballast resistance in the externa
circuit. At such currents, the coronais diffuse and does
not pulsate. The current range of the diffuse mode in
electropositive gases is significantly wider than that in
electronegative gases and extends up to several milli-
amperes. For example, with gaps of about 15 mm, the
negative diffuse coronain N,, Ar, or He transformsinto
aspark at currents of up to 10 mA. An interesting fea-
ture of the negative corona in electropositive gases is
that the corona possesses a hysteresis; i.e., after igni-
tion, the voltage can be reduced to a level below Up

without corona quenching. It is in this range that the
pulsed mode of a negative corona in N,, Ar, or He
occurs[17].

Thus, the diffuse mode of a barrier discharge is
observed only in short gaps. In contrast, the diffuse
mode of a corona discharge is observed in longer gaps,
because the current density at the plane electrode
increases sharply for small values of d; as aresult, the
coronatransformsinto aspark at very low currents. The
streamer mode is predominant for both the barrier dis-
charge and a positive corona. The streamer branching
on the electrode surface is insignificant. In a negative
corona, the streamer mode is absent.

In this paper, in order to determine the position of
the ac BC among the above discharges, we compare the
features of BC in the point—plane geometry with those
of a barrier discharge in a plane gap and steady-state
(positive and negative) coronas in a point—plane gap.

2. EXPERIMENT

Experiments with an ac BC were carried out in a
150 x 150 x 50-mm organic-glass discharge chamber
with apoint and aplane electrodemounted init (Fig. 1).
The point electrode was nearly paraboloidal in shape
with a radius of curvature r = 0.1 mm. The interelec-
trode distance was varied within the range d = 1.5—
30 mm. The plane electrode was a 100-mm-diameter
metal disk. To avoid edge effects and provide a mono-
tonically decreasing electric field at the boundary of the
disk, its edges were rounded to a Rogowski profile. The
metal surface was entirely covered with a polymer



84 AKISHEYV et al.

L3 b

‘Zﬂ

oW }\L @) ~U,cos wr
5 4 i

Fig. 1. Experimental setup for studying BCs: (1) point elec-
trode, (2) plane electrode, (3) dielectric barrier (polymer
film), (4) low-inductance current shunt, (5) capacitor for
measuring the charge carried across the discharge gap, (6)
voltage divider, and (7) ballast resistor.

U@

Fig. 2. Photograph of aBC in Ar (side view). The barrier is
apolyethylenefilm, d = 6 mm, f = 400 Hz, and U, = 3.5 kV.

(polyethylene, polypropylene, teflon, etc.) film with a
thickness of 15-75 um, which was 30-100 times
smaller than the thickness of the dielectric coating in
usual barrier discharges. Such a small film thickness
ensured the large specific capacity of the barrier and,
accordingly, the high current density in the BC as com-
pared to usual barrier discharges, all other parameters
being the same. In some experiments, we used a plane
resistive electrode with an isotropic resistivity.

In experiments, we used ambient air, high-purity
99.999% nitrogen, 99.99% argon, and 99.99% helium.
All of the experiments were performed at atmospheric
pressure; for air, additional experiments were carried
out at a reduced pressure (P = 380 torr). Before the
experiments, the gas-discharge chamber was evacuated
to a pressure of P = 1073 torr and then was filled with a
working gas. To ensure the certificate gas purity, the
experiments were carried out with slow gas circulation
through the discharge chamber.

The sinusoidal electric voltage was applied to the
point electrode from agenerator through aballast resis-
tor with R, = 300 kQ. Two types of high-voltage gener-
ators were used in the experiments. In one of them, the
frequency f and the voltage amplitude U, were
smoothly varied from 50 Hz to 50 kHz and from O to
4.5 kV, respectively. Higher voltages (up to 35 kV)
were produced by the second generator—a 3NOM-

35/1 transformer operating at a fixed frequency of f =
50 Hz. The shape and amplitude of the discharge volt-
age were recorded with a compensated voltage divider,
the signal from which wasfed to a storage oscillograph.
The rms voltage was measured by an S-96 electrostatic
voltmeter. The shape and amplitude of the discharge
current were recorded with the help of a low-induc-
tance current shunt. The charge carried through the dis-
charge gap during one half-period and the active dis-
charge power (i.e., the electric power deposited in the
discharge) were determined from the charge-voltage
characteristic (CVC) of the barrier corona. The dis-
charge was photographed with an Olympus E-100RS
digital camera.

3. EXPERIMENTAL RESULTS
3.1. Visual Observations of a BC

We begin with the description of visual observations
demonstrating the evident distinctions of BC from a
barrier discharge or usual corona. It iswell known [18]
that the current channel of a usual point—plane corona
broadens away from the point. The effective radius (at
alevel of 0.5) of the current channel increaseswith dis-
tance and can be approximated by the function R ~
Ry (x/d)!”? (where x is the distance from the point and
Ry = 0.7d isthe Warburg radius); i.e., the current chan-
nel of ausual coronais convex. At the plane electrode,
the corona current is concentrated within a circle of
radius Ry. In the first approximation, the Warburg
radius is independent of the mode (diffuse or streamer)
and polarity of the corona.

It turns out, however, that in the case of BC, thesim-
ple relation Ry = 0.7d between its longitudinal and
transverse sizesis only applicable for the diffuse mode
(i.e., at small amplitudes of the applied voltage U,) and
isinapplicablefor the streamer mode. Thereasonisthat
the BC streamers (which begin to be generated at the
point electrode at voltages lower than those in abarrier
discharge) behavein adifferent manner thanin abarrier
discharge or usual corona. After reaching the barrier,
the BC streamers intensely branch out on its surface
(especialy in the case of electropositive gases) and
propagate (“slip”) aong the dielectric surface over a
long (in comparison with d) distance from the dis-
charge axis.

In the presence of a barrier, not only does the area
occupied by a BC on the plane electrode increase sub-
stantialy, but also the shape of the current channel in
the discharge gap is modified. Instead of being convex,
the time-averaged BC current channel is concave,
whichisclearly seeninthe photograph of aBCin argon
(side view) presented in Fig. 2. It follows from thisfig-
ure that the visual BC radius near the plane electrodeis
approximately equal to 1.5d, which is more than twice
as large as the Warburg radius R, .

The broadening of the current channel at the barrier
depends on the BC mode and the sort of gas. The broad-
No. 1
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ening is strongest for argon, in which case the surface
streamers readily branch out and propagate over along
distance from the discharge axis. At large voltage
amplitudes U, the radius of the region occupied by sur-
face streamers amountsto several tensof d. The nextin
this line are helium and nitrogen. BCs in air broaden
only dlightly; in this case, like in usua barrier dis-
charges, the branching surface streamers propagate
over adistance no longer than d.

The experiment has shown that in electropositive
gases, the visual BC radius R, at the dielectric barrier
increases with increasing U, (Fig. 3) and does not
depend on the interelectrode distance d. In contrast, for
air, this radius behaves as the Warburg radius of a usual
corong; i.e., it dependsonly slightly on U, and increases
with increasing gap length d.

The increase in the BC area due to the spread of
streamers over the dielectric surface prevents (or
strongly hampers) an increase in the average current
density through the barrier as the total BC current
increases. For example, in the case of argon, the aver-
age current density remains at alevel of 20-30 pA/cm?.
This feature distinguishes BC from a usual corona, in
which the average current density usualy increases
with increasing total current.

Inausual corona, theincreasein the average current
density at the metal plateleadsto the onset of instability
and the conversion of the coronainto aspark. InBC, the
spread of the streamers impedes the formation of a
spark and, thus, allows one to substantially extend the
BC current range. For example, in electropositive gases
at gap lengths of d = 1-10 mm, it is possible to obtain
the average BC currents through the point electrode as
high as 2-3 mA without spark generation. (In these
experiments, the maximum attainable current was lim-
ited not by the processes on the point electrode, but by
the properties of the polymer film, which undergone
thermal destruction at high currents.)

The above currents are tens of times higher than the
threshold current for spark generation in a usual posi-
tive corona and are several times higher than thosein a
negative corona at the same value of d. The difference
between the threshold currents for spark generation in
BC and usua corona is most pronounced at small d.
Thus, at small gap lengths (d £ 3 mm), the streamer
mode of a dc positive corona in argon cannot be real-
ized at al, because after breakdown the discharge trans-
forms immediately into a spark, whereas BC exists up
to currents of several milliamperes without transfor-
mating into a spark.

3.2. Waveforms of the BC Current

It is well known that the waveforms of the barrier
discharge current are the same for both half-periods.
Figures4 and 5illustrate the typical oscillograms of the
BC current for different gases and discharge modes. It
can be seen that the waveforms of the BC current are
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Fig. 3. Visual BC radius at the barrier surface vs. amplitude
of the applied voltage for d = 1.5 mm; f = 0.4 kHz for aBC
inHeandf=1kHzforaBCinAr.

Fig. 4. Oscillograms of the voltage (upper curves) and cur-
rent (lower curves) in different BC modes: (a) the diffuse
mode in both half-periods (Ar, d = 6 mm, f = 400 Hz, the
current scale is 0.1 mA/division, the voltage scale is
4 kV/division, and the time scale is 0.5 ms/division) and
(b) the diffuse mode in the negative half-period and the
streamer mode in the positive half-period (N,, d = 1.5 mm,
f = 3 kHz, the current scale is 2 mA/division, the voltage
scaleis4 kV/division, and thetime scaleis0.1 ms/division).
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Fig. 5. Oscillograms of the voltage (upper curves) and cur-
rent (lower curves) in the diffuse BC mode in the negative
half-period and the streamer mode in the positive half-
period: (a) He, d = 1.5 mm, f = 1 kHz, the current scale is
4 mAl/division, the voltage scale is 2 kV/division, and the
time scale is 0.2 ms/division and (b) air, P = 380 torr, d =
5mm, f = 3 kHz, the current scale is 0.4 mA/division, and
the voltage scale is 4 kV/division (the time scales on oscil-
lograms | and Il are 100 and 20 ps/division, respectively).

asymmetric, which indicates that the BC properties are
different in the positive and negative half-periods.
Therefore, it is expedient to describe the BC evolution
with increasing U, for each half-period individually.

In the positive half-period, BCsin al gases exist in
diffuse and streamer modes that are similar to those of
usual positive coronas. The diffuse mode is character-
ized by the absence of spikesin the current oscillogram
(Fig. 4a); this mode occursin anarrow range of theini-
tial currents (no higher than tens of microamperes). The
main BC modeisthe streamer mode, which is observed
visually as a variety of unsteady branching streamers,
which spread randomly over the dielectric surface. In
the current oscillograms, this mode manifests itself by
spikes with amplitudes of tens (or even hundreds) of
milliamperes (Fig. 4b). The number of spikes during
one half-period increases with increasing voltage
amplitude. At afixed value of U,, the number of spikes
depends on the sort of gas. The number of spikes is
maximum for a BC in helium (Fig. 5a), which corre-
lates with the observed high density of the surface
streamersin this gas.

In the negative half-period, BCsin all gases and at
all currentsexist only in the diffuse mode, whichiscon-

firmed by the fact that there are no large-amplitude
spikes in the current oscillograms. The absence of
streamersin BC corresponds to a similar property of a
usual negative corona, in which the streamer mode is
not observed.

The current spike at the beginning of the negative
half-period isrelated to the formation of aglow cathode
layer on the point electrode. The amplitude of this spike
is much smaller than the amplitudes of the current
spikes related to the streamer generation in the positive
half-period. Theinitial spike isfollowed by the current
minimum, whose depth decreases with increasing fre-
guency. Then, a quasisteady diffuse mode is estab-
lished, which, for small BC radii, is similar to usual
negative coronas (Fig. 5b).

Seemingly, at large voltage amplitudes U, (i.e., in
the presence of widely spread streamers in the positive
half-period), the BC conductivity in the negative half-
period is no longer provided by the space charge of the
corona discharge. In our opinion, in this case, the con-
ductivity is provided by adecaying plasma produced by
the surface streamers in the preceding positive half-
period.

In BCs, as in usua low-current negative coronas,
high-frequency current pulses (Trichel pulses) are
observed at the beginning and the end of each negative
half-period. Characteristically, the amplitude of the
Trichel pulsesinaBC isgreater thanin ausua negative
coronawith the same point radius. In this respect, aBC
issimilar to a negative point—plane coronawith aresis-
tive anode, for which the amplitude of Trichel pulsesis
also larger as compared to a usua corona with ametal
anode [19].

A sequence of regular current spikes was aso
observed in argon. The repetition rate of regular pulses
inN, and Heisrather low as compared to the ac voltage
frequency f[19]; that iswhy such pulses were absent in
experiments carried out at f = 1 kHz.

3.3. Charge and Energy Characteristics of BC

The charge Q carried across the BC gap during one
half-period can be determined from the discharge CVC.
Typica CVCs at low and high average currents (or at
large and small voltage amplitudes U,) are shown in
Figs. 6a and 6b, respectively. The charge Q is equal to
the CV C spread along the abscissa. It can be seen from
these figures that, at small U, the CVC is smooth and
symmetric, which corresponds to the diffuse BC mode
for both half-periods. At large voltage amplitudes, the
CVC remains smooth in the negative half-period and
has many spikes in the positive half-period, which cor-
responds to the diffuse BC mode in the negative half-
period and to the streamer mode in the positive half-
period. The charge Q increases with increasing U, and
depends weakly on f (Fig. 7).

A comparison of the current oscillograms and the
CVCsshowsthat the range of the voltage amplitudes at
PLASMA PHYSICS REPORTS  Vol. 29
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Fig. 6. Charge-voltage characteristicsof aBC at f = 0.4 kHz
in different modes: (a) diffuse mode in both half-periods,
the voltage amplitude U, = 3 kV, d = 6 mm, the vertical
scaleis 1 kV/division, and the horizontal scaleis 1 nC/divi-
sion and (b) diffuse mode in the negative hal f-period and the
streamer mode in the positive half-period, U; = 3 kV, d =
1.5 mm, thevertical scaleis1kV/division, and the horizon-
tal scaleis 200 nC/division.
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Fig. 8. Energy € deposited in adischarge per one period vs.
frequency f of the applied voltagefor d,c = 1.5mmand U, =

2.5kV (Ar, He), 4kV (N,), and 4.6 kV (air). The barrier is
a polyethylene film.

which the carried charge does not exceed the value Q <
10 nC corresponds to adiffuse BC, whereas the voltage
range corresponding to the larger values of Q and large
derivatives 0Q/0U, is related to the streamer BC mode
inthe positive half-periods. The density of streamerson
the barrier surface is also of great importance. Thus,
although the visual radii of BCsin He and Ar at large
voltage amplitudes U, differ strongly, the carried
charges Q in these discharges are nearly the same,
which can be attributed to the higher density of the sur-

face streamersin He.
No. 1
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Fig. 7. Charge carried across the BC discharge gap vs.
amplitude of the applied voltage for d = 1.5 mm and F =
(1) 0.4, (2) 1, (3) 3, and (4) 10 kHz. Open symbols corre-
spond to Ar, and closed symbols correspond to He.
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Fig. 9. Power density w released on the barrier surface
(polyethylenefilm) vs. frequency f of the applied voltagefor
dyc = 1.5 mmand Uy = 25 kV (Ar, He), 4 kV (N,), and

46KV (air).

The area enclosed by the CVC on the (Q, U) plane
determines the energy € released by a BC during one
half-period. The experiments show that, at a fixed volt-
age amplitude U, the value of € depends strongly on
the sort of gas and depends only slightly on the voltage
frequency f (Fig. 8). The value of € is maximum for
argon and minimum for air. In a streamer BC, the bulk
of the Joule energy is released near the surface (thisis
particularly truefor BCsat small d). The average power
density released in a BC near and on the surface, w =
€f/S., depends on the voltage frequency. Indeed, since
thevisual coronaarea S, in each gasis primarily afunc-
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Fig. 10. Equivalent electric circuit used in numerical simu-
lations: R is the internal resistance of the generator, R; =

300 kQ is the ballast resistance, Ry is the nonlinear BC
resistance, C; = 30 pF and C, = 75 pF are the parasitic
capacitances of the external circuit, Cq = 2 pF is the capac-
itance of the BC discharge gap, Cy, is the barrier capaci-
tance, and L isthe parasitic inductance.

tion of U, (Fig. 3), an increase in the frequency at a
fixed voltage amplitude should lead to aliner increase
inw, which is observed in the experiment (Fig. 9).

An analysis of the dependence of the visual BC
radius at the plane electrode on the sort of gas leads to
interesting results. Thus, athough the value of € for a
strongly broadened BC in argon is maximum as com-
pared to other gases, the surface power density in this
gasisminimum. In contrast, in air, the value of € ismin-
imum; however, the surface power density at a given
voltage frequency is maximum, because, in thisgas, the
BC broadens only slightly.

4. NUMERICAL RESULTS

Numerical simulations of a BC were performed in
an electric-circuit model in which the discharge gap
was assumed to be a nonlinear resistance with given
(see below) current—voltage characteristics for the pos-
itive and negative half-periods. The equivalent electric
circuitincludingaBCisshownin Fig. 10. The BC usu-
ally occupies only a fraction of the full area of the
dielectric-coated plane electrode. Depending on exper-
imental conditions, the capacitance of the part of the
dielectric barrier through which the current flowsisrel-
atively low and amounts to several tens or hundreds of
picofarads. In this case, it is important to take into
account the parasitic capacitances of various elements
of the external circuit (between the generator output
and the corona point and between the point and
ground), which are of the same order of magnitude.
These parasitic capacitances cause (both in simulations
and experiments) current peaks with amplitudesthat far
exceed the average current value. The parasitic induc-
tance of the circuit (L < 100 nH) and the internal resis-
tance of the voltage generator were also taken into
account.

The equivalent circuit was described by the standard
set of Kirchhoff’s equations describing to the balance
of currents and voltages for different subcircuits:

U(t) = IR+Ug; + Ug(lg) + Uy,
| = 1,+I1,=dq,/dt + dqc,/dt,

where U(t) isthe generator output voltage; | isthetotal
circuit current; Risthe internal resistance of the gener-
ator; Ug, = q¢,/C, isthevoltage acrossthe ballast resis-
tor R,, which depends on the charge ¢, on the parasitic

capacitance C, (between points A and B); Uj is the
voltage across the BC gap in the positive and negative
half-periods; |4 is the conduction current acrossthe BC
gap; U, = q,/C,, is the barrier voltage; q, is the barrier
charge; C, is the barrier capacitance; and g, is the
charge on the parasitic capacitance C, (between point B
and the ground).

The other equations are
Ldl,/dt + qc,/C, = q4/Cy + qu/Cy,
dacg/dt = lcg = 11—y,
dgc,/dt = |1 —qc,/R,C4,

where C, is the capacitance of the discharge gap.

Simulations were performed for the following two
cases. The first case corresponds to the voltage ampli-
tudes at which the visual BC radius only dlightly
exceedsthe length of theinterelectrode gap. This situa-
tion is more typical of BCsin nitrogen and air. In this
case, we assumed that the barrier capacitance wasinde-
pendent of the amplitude of the applied voltage. Taking
into account the above properties of BCs, we assumed
that the BC current—voltage characteristics in the dif-
fuse modes of the positive and negative half-periods
were described by parabolic dependences similar to
those for usual positive and negative coronas:

|§ = kiUd(Ud_Ué)l

where k is the dimensional factor depending on the
mobilities of the current carriers and on the length of
the discharge gap. For He, Ar, and N,, the current of the
positive coronais carried by ions, whereas the current
of the negative corona is carried by electrons; i.e.,
k+ < k. For air, we have k = k-, because the current in
the positive and negative coronas is carried by positive
and negative ions, respectively.

For the positive half-period, U; coincides with the
corona ignition voltage Upj for the negative half-

period, we take U, < Upjin the case of electropositive
gasesand U, = Upjin the case of air. We also took into
account the effect of streamersthat arosein the positive
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Fig. 11. Results of numerical simulationsof aBCin N,: the
voltage across the gas gap Uy, the current |, and the charge
Qp on the barrier at asinusoidal applied voltage U. The bar-
rier capacitance is 25 pF, d = 1.5 mm, and f = 3 kHz. The

amplitudes of the two current spikes in the positive half-
period are ~70 mA.

half-period starting from a certain voltage U > U
These streamers shunted the gap; asaresult, the voltage
across the gap decreased abruptly to U] < U, Theval-

ues of ug, Uy, U and Uywere determined from the
experiment.

The second case corresponds to a strongly broad-
ened streamer BC (R. > d). Thistype of corona occurs
in helium and argon. In this case, the visual BC radius
increases with increasing amplitude of the applied volt-
age; as a result, the barrier capacitance also increases
with U,

C, 0S, = 8R:(U),
where S; isthe effective BC area, which is not equal to

the visual area nRﬁ; 0 is the fitting factor, taking into

account the density of the streamersfilling acircle with
the visual radius R.; and the dependence R,(U,) istaken
from the experiment.

The positive half-period of astrongly broadened BC
was calculated in the same way as in the previous case,
but with allowance for the dependence of the barrier
capacitance on the applied voltage, C, = Cy(U,). It was
assumed that the conductivity of the gap o (t) in the
negative half-period was provided by the plasma cre-
ated by the surface streamers in the preceding half-
period, rather than by the space charge of the negative
corona. By the time at which the glow cathode layer is
formed (aspikein the current oscillogram), the residual
conductivity of the recombining plasma remains at a
level of

0_(T/2) = epn, = 2eu /BT,
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Fig. 12. Results of numerical simulations of a broadened
BC in Ar: the voltage across the gas gap Uy, the current I,
and the charge Qp, on the barrier at asinusoidal applied volt-
age U. The barrier capacitance is Cy, = 260 pF, d = 1.5 mm,
and f = 3kHz.

where e, U, and n, are the electron charge, electron
mobility, and electron density, respectively; T is the
period of the applied ac voltage; and B = 107 cm®/sis
the el ectron—ion dissociative recombination coefficient.
It was assumed that, after the breakdown of the cathode
layer, the plasma conductivity in the gap increased
again due to ionization:

o_(t) = o_(T/2)exp(a(Uqg(t) —U,)),

where a is the dimensional factor characterizing the
intensity of ionization andt isthetime counted from the
breakdown of the cathode layer. Then, we have

lq(t) = 0 (DE() S = 0_(1)U4(1) S/d.

The set of differentia equations as formulated is
stiff because of the substantial difference between the
values of the parameters characterizing the el ectric cir-
cuit. For this reason, the set of equations was solved by
the Gear method.

Thetypical results of numerical smulations are pre-
sented in Figs. 11-13. In spite of a rather simplified
numerical model, the calculated curves reflect all the
main experimental results. The simulations show one
more interesting property of BCsinN,, Ar, and He that
distinguishes them from usual barrier discharges. It
turns out that a nonzero negative chargeisawaysmain-
tained at the dielectric barrier in a BC (Fig. 11). The
average value of this charge increases with increasing
amplitude of the applied voltage. The physical reason
why the equilibrium between; the positive and negative
half-periods of BCs in electropositive gases is estab-
lished due to an excess of a negative charge on the bar-
rier isthe strong difference of the BC propertiesin these
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Fig. 13. Results of numerical simulations of a broadened
BC in Ar: the voltage across the gas gap Uy, the current |,

and the charge Qp, on the barrier at asinusoidal applied volt-
age U. The barrier capacitance is Cy, = 145 pF, d = 1.5 mm,
and f = 400 Hz.

half-periods, in which we have k" < k™ and Us > U>
Ug.

Keeping in mind this BC property and also the fact
that BCs are widely used to modify surfaces, we note
that the negative charge present on the surface can addi-
tionaly activate it (see, e.g., [20]). This circumstance
may be very important and must be taken into consid-
eration when choosing the BC modes, as well as when

analyzing the properties of dielectric surfaces modified
with the help of BCs.

Simulations of a strongly broadened BC (with a
coronaradius of R, = 6d) in argon show that the number
of the current spikes in the positive haf-period
increases with increasing amplitude of the applied volt-
age, asisobserved in the experiment (Figs. 12, 13). The
charge Q, carried by streamers during each current
spikeis nearly constant (Q = (7.6 £ 0.2) x 10* C) and
depends only dlightly on the applied voltage frequency.
A satisfactory agreement of the calculated current
waveforms with the experimental ones was achieved
for the degree of the barrier filling by the streamers 6 =
0.6. In the negative half-period, the agreement between
calculations and experiment was achieved by assuming
the residual density of the decaying plasmato be at a
level onthe order of 10°-10'° cm™, depending primarily
on the voltage frequency.

5. CONCLUSIONS

(i) A BC occurs at lower voltages as compared to the
barrier discharge and exists up to currents that far
exceed the current of a usual corona discharge in the
point—plane geometry.

(i) In the positive half-period of the applied voltage,
the BC exists in two modes: the diffuse mode and the
streamer mode. In the negative half-period, the BC
existsin the diffuse mode only.

(iii) The BC has asymmetric current profilesin the
positive and negative half-periods, which distinguishes
this type of discharge from usual barrier discharges.

(iv) The BC in electropositive gases occurs with an
excess of negative charge on the barrier, which is atyp-
ical of usual barrier discharges.

(V) Unlike usual barrier and corona discharges, the
BC spreads from the point over the dielectric surface.
The BC spreading is more pronounced in electroposi-
tive gases, in which the surface streamers branch out
intensely and propagate along the dielectric over large
distances.

(vi) In air, the branching of the surface streamersis
less pronounced; hence, we can conclude that in the
positive and negative half-periods, the BC is similar in
properties to usual dc positive and negative coronas.

(vii) In the diffuse modes of the positive and nega-
tive half-periods, BCsin N,, Ar, and He are similar in
properties to usual dc positive and negative coronas.

(viii) Thelimiting currents for the conversion of BC
streamers into a spark exceed the currents at which a
steady-state corona in the point—plane geometry con-
verts into a spark. This fact indicates that a necessary
condition for the conversion of a positive streamer into
aspark isthe formation of acurrent spot on the cathode.

In conclusion, we note that the results obtained shed
light on the fundamental properties of BCs in the dif-
fuse and streamer modes in various gases. The results
obtained provide a genera idea of the background
against which ionization instabilities develop. There-
fore, this paper is a necessary step in studying the
mechanisms for generation of streamers near a posi-
tively charged point and their propagation in a dis-
charge gap and over a dielectric surface, as well as the
mechanisms for conversion of streamers into a spark.
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Abstract—The novelty and correctness of the paper by N.D. Naumov “ Self-Similar Motion of Charged Parti-
cles” Fiz. Plazmy 19, 1406 (1993) [Sov. J. Plasma Phys. 19, 738 (1993)] are discussed. © 2003 MAIK
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The construction of the most complete class of exact
solutions to the hydrodynamic equations for an intense
charged-particle beam isanintegral part of the problem
of developing adequate mathematical models in the
optics of dense particle flows. The main application of
this branch of physics is in microwave electronics
(including plasma microwave electronics [1]), high-
current accelerators, high-voltage switches, technolog-
ical systems, etc. In order to check the correctness of
the approximate and numerical models, it is necessary
to store a collection of test problemsin such away that
it would possess all distinctive properties of the general
formulation of the problem. These properties, which
cannot be adequately described by a particular solution,
include the following: nonsteady and relativistic
effects, nonuniform current extraction from a curved
emitter, anonuniform external magnetic field, long cur-
vilinear space trajectories, the presence of an ion back-
ground, etc. In this context, it is relevant to search for
and interpret exact solutions that are described by ordi-
nary differential equations, no matter how exotic the
result obtained may be or whether it can ever be applied
in practice.

An attempt to contribute to the problem under discus-
sion was made by Naumov [2] by way of looking for and
describing the self-similar motion of charged particlesin
nonsteady nonrelativistic flows. In the present note, the
current state of the problem is briefly reviewed and the
contribution of paper [2] to the problem is analyzed.

To begin with, it should be noted that the concept of
exact solutions acquired a new meaning when Ovsyan-
nikov [3, 4] introduced the notion of invariant solution
(H-solution). The complete family of invariant solu-
tions is constructed by analyzing the group properties
of the initial partial differential equations.! The self-

1 Concerning the application of this method in many branches of
mathematical physics, see L. V. Ovsyannikov and N. Kh. lbragi-
mov, General Mechanics (VINITI, Moscow, 1975), Vol. 2.

similarity property was found to have much deeper
roots than the concepts of similarity and dimensionality
[5] and is closely related to the invariance of a system
(possibly dimensionless) under the group of transfor-
mations generated by dilatations. Self-similar solutions
are a particular (but important) subclass of invariant
solutions. Naumov [2] rightly noted that “among self-
similar motions, there is motion such that the velocities
are proportional to the distance from the center of sym-
metry.” However, the converse is not true: the motion
with such a property is not necessarily self-similar. The
erroneousinterpretation of self-similar motion led Nau-
mov [2] to the conclusion that it is possible to speak of
the self-similarity property in the problem about a thin
curvilinear ribbon-shaped beam [6], for which the
sought-for solution is expressed through the linear frag-
ment of the Taylor expansion about the coordinate nor-
mal to the curved beam axis.

That new things are well-forgotten old thingsis true
in high fashion, but not in natural sciences. In research
on the construction and interpretation of exact solutions
to the equations for the beam, the following results
were obtained before the paper by Naumov [2] had
been published.

In [7], H-solutions were studied for a steady-state
nonrelativistic planar flow. The objectives of that paper
were to reveal the functional form of the solutions with
which it is possible to convert the basic partial differen-
tial equations into a set of ordinary differential equa-
tions, to givethefirst physical interpretation of the solu-
tions aobtained, and to determine how the solutions
known from the literature are related to the group prop-
erties of the equations for the beam. In [8], an analysis
was made of steady-state beams, including relativistic
beams in 3D-space. H-solutions corresponding to non-
steady-state beamswere studied in [9]. The objective of
[10] was to investigate the possibility of constructing
new exact solutions from the familiar solutions under
transformations involving arbitrary functions of time;

1063-780X/03/2901-0092$24.00 © 2003 MAIK “Nauka/ Interperiodica’
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these transformations mean atransition to a noninertial
frame of reference whose origin moves arbitrarily in
space at a nonrelativistic velocity. It was shown that
these transformations leave invariant not only the
hydrodynamic equations for the beam but also the VIa
sov equations. The case of animmobileion background
and a multicomponent flow consisting of severa
charged-particle specieswasinvestigated in [11]. Paper
[12] was devoted to interpreting some steady-state
flows, including relativistic conical flows of Brillouin
type, for which it was possible to express the solutions
in elementary functions. In Chapter 2 of [13], the
results obtained in [7-12] were summarized in the
tables that present the functional forms of H-solutions.

Paper [14] provided an analysis of the results
obtained in the theory of generalized non-steady-state
single-component flows. H-solutions for a non-steady-
state beam that are invariant under transformationswith
arbitrary functions of time were analyzed in [15], and
steady solutionsthat are invariant under the same trans-
formations but with exponential functions of time
(instead of arbitrary functions) were examined in [16].
The group properties of atwo-dimensional non-steady-
state solenoidal beam equations were considered in
[17].

Invariant solutions for two-dimensional steady-state
relativistic and nonrelativistic flows wereinterpreted in
[18, 19], and invariant solutions for non-steady-state
relativistic flows were interpreted in [20]. A careful
analysis of relativistic and nonrelativistic conical flows
of Brillouin type was given in [21].

In [22], a geometrized theory of dense beams [23]
was used to estimate the results obtained in theoretical
studies of single-component flows, in which attempts
were made to describe an arbitrary flow in space by an
ordinary differential equation for the potential of the
generalized momentum by choosing the coordinate
system in a specia way.

The above review of the studies on the subject
shows that the problem of constructing as complete as
possible sets of exact solutions has been analyzed in
great detail (in the cited papers, one can find afull list
of the solutions reported in the literature). However,
these studies do not exhaust the subject. First, a large
number of exact solutions (especially nonsteady ones)
have not yet been interpreted, or, in other words, the
corresponding sets of ordinary eguations have not yet
been examined in detail. Second, there has been no
study of the probl ems of constructing partially invariant
solutions [4] or of the group properties of the systems
consistent with H-solutions of ranks 3 and 2 (3- and
2-rank solutions satisfy partial differential equations, in
which the number of independent variables is one or

2In [24], the investigation of partialy invariant solutions to the
equations for a steady-state beam in space yielded versions of
solutions with an nonharmonic vector potential; this indicates
that, within the beam, there are currents that are not associated
with it.
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two less than in the original three-dimensional time-
dependent set).

However, it is still unknown how some of the solu-
tions reported in the literature are related to the group
properties of the beam equations. These solutions may
be divided into two groups. Thefirst group includes the
solutions for planar (0/0z = 0) potential solenoidal
flows, which are constructed by using a complex for-
malism [17, 25-28]. The solutions of the second group
are associated with the concept of degenerate flows[29]
and generalized Brillouin flows [30-32].3

Researchersinterested in the problem under discus-
sion must work in the directions outlined above and
must take into account the results obtained previoudly.

Let us analyze the results obtained in [2] in the con-
text of the above brief review. The paper by Naumov
begins by considering one-dimensional non-steady-
state flows, which, to the best of my knowledge, were
first studied in [33]. Theremark that planar and axisym-
metric flows can be expanded in the z direction using
Galilean transformationsrefersto avery particular case
in which transformations with arbitrary functions of
time [10, 13, 15] are applied with respect to the z-axis
under the assumption of a uniform magnetic field.

The functional form of solution determined by for-
mulas (5) in[2],

v = RV(t), ¢ = Rd(t),

H = H(t),

was given in [9]; the new result is the integrals that
describe the radial and azimuthal velocity components
(here, R, ), and z are cylindrical coordinates).

The solution to the problem of the motion of an
elliptically shaped beam in a magnetic field in the case
of uniform deformation of the beam cross section [34]
is not a self-similar one but belongs to the class of
H-solutions of rank 3, which are invariant under trans-
formations with arbitrary functions of time [15].

The last of the solutions considered in [2] is aso
non-self-smilar and is interpreted as describing oscil-
lations of aspherical bunchin aPenning trap. However,
thissolutionisaparticular case of an H-solution of rank
3, whose functional form was presented in [15] and
which is described by the formulas[2]

u=§x+Cy, v :—Cx+gy,
_R _ 1,
w = RZ’ = 2HZ = congt,
> (2)
2 2 2
b =0u(X+Yy)+d3Z, p= 'R—g,,

3 Deserving special consideration are exact solutions constructed
in a paper by A. V. Maykhin and O. A. Ollo, Radiotekh. Elek-
tron. (Moscow) 35, 1928 (1990), by systematically applying the
Lagrange formalism.
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R = R(t), p, = const.

Here, X, y, and z are Cartesian coordinates and u, v,
and w are the vel ocity componentsin these coordinates.
The formulas are written in terms of dimensionless
variables that make it possible to remove all physical
constants from consideration.

Theinterpretation givenin [ 2] appears questionable.
Toillustrate this, it is necessary to describe solution (2)
more carefully than it was donein [2]. Substituting for-
mulas (2) into the equations for the beam yields the
self-consistent potential

b = S+ CIC+Y)+5(0-2C07, ()

which is a sum of the Laplace potential ¢, of the Pen-
ning type and the potential ¢, of the spherically sym-
metric field of a space charge:

1 1
o = EC°OC+Y' =27), ¢, =2p(X +y +7). @)

The interpretation given in [2] would be correct if
the particles distributed initially over a sphere were
always to lie on a sphere whose radius changes with
time. Let us show that thisis not the case.

Formulas (2) for the velocity components are valid
only under the assumption that the particle coordinates
undergo a uniform deformation:

X = aXo+PBYo, Y = HXo+VYy, Z=Kz, (5)
where X, ,, and z, are the initial Cartesian coordinates
anda, B, 1, v, and K are time-dependent trajectory func-
tions. In order to obtain the velocity components u, v,
and w, it is necessary to take the time derivative of rela-
tionships (5) and to expresstheinitial coordinates x,, Y,
and z, interms of x, y, and z using relationships (5)

U= Z[(@v -Bu)x+ (Ba-ap)yl, &=av -,
®
v = F(v-Vwx+ (o -pp)yl, w = 5z

A comparison of these velocity components with
those given by formulas (2) yields the following four
equations for the four trgjectory functions, which thus
are completely determined by the function R(t) and
constant C in formulas (2)

av—Byu _ va-iip _ R
0 o R’

. L 0
Ba—af _ vu—pv _ C,

5 5 K = R

Itiseasy to seethat, under uniform deformation (5),

the unit sphere x5 + Y5 + Z, = 1 transforms into an
object described by

(v + %)X+ (B + o%)y?

522:

(®)
~2(By +ap)xy+ 5z
K

62

In order for the object to remain a sphere, the following
three conditions should be satisfied:

Bv+ap = 0, vi+p®=pi+a’ =87k’ (9

However, we have no free functions to satisfy these
conditions. Consequently, the object that initially was a
sphere becomes an ellipsoid, which clearly contradicts
formulas (4).

In order to remove this contradiction, it is necessary
to abandon the assumption of aspherical bunch of finite
radius. The variationsin the density of an electron flow
described by solution (2) are such that the particles
originally distributed over the sphere start moving
along the surface of an ellipsoid without breaking the
spherical symmetry of the potential of an infinite uni-
form beam.

To conclude, note that paper [2] does not provide
new exact solutions and its contribution to the subject is
twofold: first, the investigation of self-similar solutions
(1), possessing cylindrical symmetry [see formulas (5)
in that paper], and, second, the integration of the equa-
tions describing solution (2). However, the physical
meaning of these results should be revised in the above
manner. Asfor thefirst contribution, theintegralsin the
equations of mation are written out and a qualitative
analysis of the solution is given. Theincompleteness of
the study by Naumov [2] is partially compensated for
by the data obtained from numerical calculations rele-
vant to this solution (in particular, for the case with a
neutralizing background) [35].
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