Plasma Physics Reports, Vol. 31, No. 2, 2005, pp. 104-109. Translated from Fizika Plazmy, \Vol. 31, No. 2, 2005, pp. 126-132.

Original Russian Text Copyright © 2005 by Belov, Markin, Alekseev, Mirnov.

TOKAMAKS

Behavior of the Fast Neutrals Generated during a Disruption
in the T-11M Tokamak

A.M.Bdov, A.l. Markin, A. G. Alekseev, and S. V. Mirnov

Troitsk Institute for Innovation and Fusion Research, Troitsk, Moscow oblast, 142190 Russia
Received April 22, 2004; in final form, June 8, 2004

Abstract—Results are presented from experimental studies of the generation of high-energy neutrals during a
major disruption in the T-11M tokamak. Fast-neutral fluxes from the plasma, magnetic perturbations, and the
neutral-hydrogen and impurity radiation from the plasma core are measured simultaneously in the course of
disruption. A high (~1 ps) temporal resolution of the recording system (the characteristic disruption time being
about 100 ps) makes it possible to thoroughly investigate the time behavior of the processes that occur during

adisruption. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The generation of fast (with energies far exceeding
the plasma temperature) neutrals during major disrup-
tionswasfirst observed in early tokamaks[1] andisstill
attracting interest of physicists (seg, e.g., [2, 3]). Evi-
dently, two successive processes underlie this phenom-
enon: first, the acceleration of ions in eectric fields
generated during a disruption and, second, the charge
exchange of fast ions with neutrals arriving from the
tokamak wall during a disruption (i.e., the conversion
of the accelerated ionsinto fast neutrals).

Note that fast electrons (which may be expected to
be generated by analogy to ions) either are not observed
at all or are detected only in the initial phase of disrup-
tion by observing accompanying effects, such asradia-
tion bursts in the GHz frequency range (see, e.g., [4]).

An example of such aburst at afrequency of 1 GHz
is given in Fig. 1.1 The figure also shows a negative
voltage pulse U,, which serves as an indicator of a
major disruption (the signal is saturated at a level of
—-10to —-15V). It can be seen that the radiation burst (an
indicator of fast electrons [4]) first closely follows the
U, signal and then is suddenly cut off. The latter effect
may be associated with the onset of MHD turbulence or
with the arrival of impuritiesfrom thewall. Thus, inthe
fast phase of disruption, which is of most interest to us,
runaway electrons arein fact absent. Note that, in large
tokamaks, fast electrons sometimes appear again in the
current-decay phase, when the plasma is aready
cooled. In this case, their appearance merely indicates
the onset of the final phase of amajor disruption.

Hence, the study of the behavior of fast ions and
neutrals escaping from the plasma column is one of a
few ways of obtaining information about the process of

I wethank V.I. Poznyak for providing us with the data presented in
Fig. 1.

plasma column destruction in all of the disruption
phases.

In our experimentsin the T-11M tokamak, fast-neu-
tral fluxesfrom the plasma, magnetic perturbations, and
neutral-hydrogen and impurity radiation from the
plasma core were simultaneously measured in the
course of disruption. A high (~1 ps) time resolution of
the recording system (the characteristic disruption time
being about 100 us) allowed us to thoroughly investi-
gate the time behavior of the processes that occur dur-
ing adisruption.

2. EXPERIMENT

The experiments were carried out in the T-11M
tokamak withR=0.7m,a=02m,B;=1T, ,=70-
100 kA, T; = 100-150 eV, T, = 300450 eV, and n, =

U, arb. units

U(1 GHz),
arb. units
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Fig. 1. Negative voltage pulse U, and the waveform of the

plasmaradiation intensity at a frequency of 1 GHz [4] dur-
ing adisruption in the T-11M tokamak (shot no. 9181).
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Fig. 2. Arrangement of the recording system: (@) the positions of the PCAs (PCA1, PCA2, and PCA3), the Lakmus and Akkord
NPAs, and the MRLMS and (b) the observational diagram of the Lakmus NPA, the MRLMS channels, and the IR radiometer.

1.3 x10%or .9 x 10" m=3 inaregimewith aLi limiter.
The isotopic composition of the hydrogen—deuterium
plasma was ny/np = 10-12%. The arrangement of the
recording system is shownin Fig. 2.

Theflux of charge-exchange neutrals escaping from
the T-11M tokamak in the radial direction across the
toroidal magnetic field (transverse neutrals) were mea-
sured by a Lakmus charge-exchange neutral particle
analyzer (NPA) [5] (Fig. 3). The Lakmus NPA was
located in front of the lithium limiter in the equatorial
plane of the tokamak and measured the energy distribu-
tion of deuterium atoms in the energy range of 0.2—
2 keV with a pulse counting rate of up to 1 MHz. Deu-
terium atoms were separated by applying amagnetic or
electric field. VEU-6 vacuum multiplier tubes were
used as a detector. The maximal solid angle of the NPA
collimator was 3 x 10 sr, and the viewing field at the
plasma axis was 5 x 5 cm. In paralel to the main
(count) mode, the neutral fluxes in the NPA channels
were also measured in the current mode. For this pur-
pose, RC integrating circuits with T = 8 Us were
installed at the outputs of the NPA channels.
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When measuring the particle flux with a microsec-
ond timeresolution, it is necessary to take into account
the time during which the neutrals move from the emit-
ting plasma region to the NPA detector. This time is

defined as
= (Mo
=L 2E;’

wherei isthe number of the NPA channel, L, isthe dis-
tance from the emitting plasma region to the ith NPA
detector, my, is the deuteron mass, and E; is the energy
of a particle detected by the ith NPA channel. Strictly
speaking, the distance L; is different for different chan-
nels; however, for the third and fifth channels, which
detect particles with energies of E; = 640 €V and E; =
1477 eV (it is these channels the data from which are
considered in this paper), the distances differ by no
more than 10 cm and can be assumed to be L = 140 cm
for both channels. Hence, the neutrals are detected by
the NPA and the fast data acquisition system with a
time delay of At =5.7 psfor the third channel and At =
3.7 usfor thefifth channel.
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Fig. 3. Schematic of the Lakmus NPA ingtalled in the
T-11M tokamak [5]: (G) gate, (Cy) clearing capacitor,
(C9) cdlibration system, (SC) stripping chamber, (M) mag-
net, (W) window, (S,-S,,) windows for deflected particles,
(C,—C,) cdlibrating capacitors, (D;-D) diode amplifiers,
and (P) pump duct.

The radiation from the plasma column was mea
sured with the help of a multichannel radiation loss
measurement system (MRLMS) consisting of sixteen
AXUV photodiodes with atime resolution of no worse
than 2 us[6]. The AXUV diodes had a nearly constant
sensitivity in the 100- to 5000-eV photon energy range
and asomewhat lower (by afactor of 3-4) sensitivity in
the visible range. Since the intensity of the tokamak
plasma radiation was maximal in the ultraviolet (UV)
and soft X-ray (SXR) regions, these diodes could serve
as a fast bolometer. The area viewed by an MRLMS
channel was 5 x 2.6 cm?. The plasma column was
observed in the direction parallel to the toroidal axis of
the tokamak in the cross section where arail-type lith-
ium limiter (the main source of lithium incoming to the
plasma) was installed (Fig. 2). In contrast to a conven-
tional transverse observational scheme, our scheme
allowed us to avoid errors that are inherent to the Abel
procedure when applying it to an asymmetric radiation
source (asis the case under the disruption conditions).
It was expected that, during the first 30-50 ps after the
impurity injection, when the impurities had not yet dif-
fused appreciably along the torus, the photodiodes
would receive the radiation from local (with respect to
r) regions lying on vertical chords in their viewing
fields (rather than the radiation averaged over the
chordsin the vicinity of the lithium limiter). Note that,
according to calculations, thetimeit takesfor alithium
ion to make one complete turn around the torusis about
100 pis under our experimental conditions.

M agnetohydrodynamic (MHD) measurementswere
performed with MHD diagnostic coils[7]. In the exper-
iments, we used three pick-up coil arrays (PCAL,
PCA2, and PCA3) with 24, 32, and 8 coils positioned
inthreepoloidal cross sections of the tokamak (¢ =45°,
88°, and 180°, respectively). The cross section with
¢ = 0° corresponded to the position of the Li limiter. In
each PCA, the coils were arranged equidistantly along
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the poloidal circumference of thetorus and detected the
poloidal component of the magnetic field. The upper
operating frequency of PCA1 and PCA3 was deter-
mined by the time constant of the protecting stainless-
steel tubes (with a wall thickness of & = 0.3 mm) in
which the coils were placed (T, = 2 US).

In addition to the above measurements, we aso
measured SXR (hv > 2000 eV) emission from the
plasma core with atime resolution of about 30 ps. The
power deposited in the limiter was measured by an IR
detector with a time resolution of about 0.5 ms. The
data acquisition system provided the simultaneous
recording of 72 signalswith atimeresolution from 1 to
20 ps.

Figures 4 and 5 show the time behavior of the main
plasma parameters during a typical T-11M major dis-
ruption: the discharge current Al,, the Shafranov shift
AR, the distribution of the magnetic perturbations By
over the poloidal angle 0, the distribution of the inte-
grated plasmaradiation intensity along avertical chord
(the MRLMS signals; see Fig. 2), and the time-inte-
grated (Tre ~ 8 ps) NPA signals for energies of E; =
640 eV and E; = 1477 eV.

An analysis of the results obtained by processing
18 similar T-11M discharges with mgor disruptions
showsthat, in some discharges, the flux of neutralswith
intermediate energies (E 05T,) increases substantially
against the background level 100-200 ps before the
disruption (Fig. 5). This coincides in time with the fast
thermal quench and is accompanied by a more intense
plasma—wall interaction (Figs. 4, 5). The disruption
(i.e., the generation of apositive current pulse Al, and a
negative pulse U, see Fig. 1) is accompanied by
intense bursts of neutrals with energies E O 5T—15T,.
The latter effect has always been regarded as an indica
tor of thetransverse accel eration of primary ions during
adisruption [1-3]. Note that the beginning of the neu-
tral burst coincidesin time with the reconnection of the
outer modes of helical magnetic perturbations By (from
nm/n = 2/1 to (3-4)/1) in the current rise phase. This
means that the transverse acceleration of the primary
ions is probably caused by the outer magnetic recon-
nection acting as a generator of a turbulent electric
field.

However, the picture appears to be even more intri-
cate. Recent studiesin the MAST tokamak [2] showed
that internal magnetic reconnections can result in the
efficient longitudinal acceleration of ions. In classica
tokamaks, internal reconnections precede a major dis-
ruption (fast thermal quench). Hence, it may be
expected that, by the instant of outer reconnections, a
large number of longitudinally accelerated ions will be
accumulated at the axis of the plasma column. Sincethe
major disruption in classical tokamaks is accompanied
by the onset of turbulence at the axis of the plasma col-
umn and by the penetration of impurities into this
region from the periphery [8], the scattering of fast ions
PLASMA PHYSICS REPORTS  Vol. 31
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Fig. 4. Time behavior of the main plasma parameters during atypical major disruption in T-11M: (a) propagation of impurity radi-
ation aong the vertical chord near the Li limiter, (b) time evolution of MHD perturbations, (c) waveform of the plasma current,
(d) veriationsin the Shafranov shift, and (€) time-integrated (trc ~ 8 ps) NPA signalsfor energiesof E; = 640 eV and E5 = 1477 eV.

by turbulent fluctuations leads to their isotropization. The behavior of impurities (lithium) can be inferred
This, in turn, can result in the appearance of an addi- from the character of the MRLMS signal. Figure 5
tional transverse flux of high-energy neutrals from the  shows the time evolution of impurity radiation during a
plasma core after a short delay time. typical major disruption, the waveform of the plasma

PLASMA PHYSICS REPORTS Vol. 31 No.2 2005
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Fig. 5. Time evolution of (a) the impurity radiation intensity (the MRLMS signals) and () the plasma current Al and the Lakmus

NPA signal for E; =640 eV.

current Al,,, and the behavior of the 640-eV neutral flux
measured by the Lakmus NPA. One can see that the
radiation from the plasma core passes through two
characteristic phases, namely, the fast (A) and slow (B)
phases. In the fast phase, the radiation burst appears
almost simultaneously (within 1 us) both at the plasma
periphery and in the plasma core. The slow phase can
be interpreted as the propagation of the emitting parti-
clesinto the plasmacorewith avelocity of upto 5 km/s.
This may be associated with the flux of impuritiesfrom
the limiter toward the plasma axis [8]. It can be sup-
posed that the fast phase of radiation is related to the
generation of fast neutrals in the course of outer mag-
netic reconnection at the plasma periphery.

If this were so, then the NPA signal would coincide
(to within the time during which a particle moves from
the plasma axis to the NPA) with the time derivative of
the MRLMS signal from the plasma core. Figure 6
compares this derivative and the NPA signals for Es =
1477 eV and E; = 640 eV. Thefact that these signasare

similar to one another is aqualitative argument in favor
of our model. Hence, it may be expected that the peaks
of the radiation intensity of impurity ions from the
plasma core will appear in the descending order of the
ion charge (from the upper to lower ionization states),
in contrast to the normal order (from the lower to upper
ionization states) during breakdown and ionization.
Indeed, this effect is sometimes observed experimen-
tally during mgjor disruptions [9] and iswidely used to
determine the energies of impurity ionsin the course of
their charge exchange with a neutral beam. This
method may also be used to measure the ion tempera
ture from the Doppler broadening of the impurity lines
during a disruption. We note that, in Fig. 6, another
interesting effect can be seen: the neutral flux with
energies of E5 = 1477 eV isdelayed with respect to that
with E; = 640 eV. This discrepancy between the exper-
imental results and the predictions of the simple transit-
time model may be regarded as an argument in favor of
the above assumption about different ion acceleration
PLASMA PHYSICS REPORTS  Vol. 31
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Fig. 6. Waveforms of the plasma current Al ,, the derivative of the central MRLMS signal (channel no. 1), and the intensities of the
neutral fluxeswith energies of E; = 640 eV and E5 = 1477 eV. The waveforms of the neutral fluxes are shifted to the left by thetime
during which a particle moves from the plasma axis to the NPA detector: At = 5.7 ps for the third channel and At = 3.7 ps for the

fifth channel.

mechanisms in the plasma core and at the plasma
periphery.

3. CONCLUSIONS

(i) The time at which fast neutrals are detected by
the NPA almost coincides with the spontaneous transi-
tion of an MHD perturbation fromthem=2tothem=
3 or 4 mode. This allows us to suggest that the energy
source of fast neutrals is the magnetic reconnection
accompanying amajor disruption.

(if) The appearance of a radiation burst from the
central region of the plasma column is probably due to
the penetration of fast neutrals (a fraction of the total
flux that is geometrically symmetric to the outward flux
measured by the NPA) into the plasma core.
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Abstract—The effect of very small rotational transform on the plasma stability in three-dimensional closed
magnetic configurations with closed magnetic field lines, stabilized by the magnetic hill (i.e., by the plasma
compressibility), is considered using ideal MHD theory. It is shown that, for infinitely small values of the rota-
tional transform, the Suydam-Mercier criterion predicts the onset of acoustic instability with a finite growth
rate, provided that the Bernstein—Kadomtsev criterion is satisfied. Consequently, for a vanishingly small rota-
tional transform, the limiting transition from the Suydam-—Mercier criterion to the Bernstein—-Kadomtsev crite-
rion isimpossible. Taking into account the finite Larmor radius allows this limiting transition to be made. The
Bernstein—-Kadomtsev criterion ensures MHD stability at rotational transform values below a certain critical
value determined by the ratio of the ion Larmor radius to the plasma minor radius. Under experimental condi-
tions, thiscritical valueislarger than that expected to be produced by the actual magnetic perturbations. © 2005

Pleiades Publishing, Inc.

1. INTRODUCTION

In most magnetic confinement systems, the MHD
stability of ahot plasmaisensured by the magnetic well
and/or magnetic shear. It is also known, however, that
MHD stabilization by plasma compressibility is possi-
ble in configurations with amagnetic hill and without a
rotational transform [1-3]. Examples of such configu-
rations can be found, e.g., in [4-6].

In toroidal systems without a rotationa transform
and magnetic well, anecessary and sufficient condition
for the stability of flute oscillations (those with a zero
longitudinal wavenumber, k; = 0) is given by the Bern-
stein—-Kadomtsev (BK) criterion [1-3]

vo|0(VU)22

VpIVU + 0

0. (1)

Here, pisthe equilibrium plasmapressure, y, isthe adi-
abatic index, and U = ;deI = const is the labdl of the

equilibrium magnetic surface. For configurationswith a
magnetic hill, we have 0U - Op < 0, and there exists a

neutrally stable decreasing pressure profilep ~ U " In
practice, such pressure profiles are achieved with toroi-
dal magnetic divertors in which the magnetic well/hill
U has a singularity at the separatrix. There are sound
reasonsto suggest that the plasmarelaxesto astate with
a neutrally stable pressure profile in a self-consistent
fashion [7].

Since the assumption that the magnetic field lines
are closed isatheoretical idealization, the question nat-

urally arises of how the presence of a small rotational
transform will affect the plasma stability under the BK
criterion. The answer might seem obvious: the plasma
will be unstable. Indeed, for anonzero rotational trans-
form, the fundamental Suydam-Mercier (SM) crite-
rion predicts the onset of strong MHD instabilities in
configurations with a magnetic hill and small shear.
The objective of the present paper is to investigate the
guestion of the actual range of applicability of the
BK criterion.

To answer this question, it is necessary to under-
stand the relation between two fundamental criteriafor
ideal MHD stability: the SM and BK criteria. In [8], it
was shown that, when BK condition (1) is satisfied and
the SM criterion fails to hold because of the smallness
of the magnetic shear, the instability growth rates
become appreciably slower. The reason for thisis that
the instability changes from one type to another: in the
expression for the instability growth rate, the Alfvén
speed is replaced with the acoustic speed. It is presum-
ably this circumstance that can explain, e.g., the
observed positive featuresin the behavior of the plasma
in small-aspect-ratio tokamaks. In [9], in which the
studieswere carried out for cylindrical geometry, it was
pointed out that the acoustic instability occurs at avery
small rotational transform. In ideal MHD theory, this
instability is found to grow fairly rapidly even at arbi-
trarily small values of the rotationa transform p
because of a decrease in the wavelength of the pertur-
bations (or, equivalently an increase in the mode num-
ber, m~ p! —» ).

In the present paper, the results of [9] are extended
to three-dimensional configurations such as toroidal

1063-780X/05/3102-0110$26.00 © 2005 Pleiades Publishing, Inc.
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mirror systems [10]. It is shown that, in the one-fluid
ideal MHD approximation, a continuous transition
from the SM to the BK criterion in the limit of zero
rotational transform isimpossible.

In order to make this limiting transition possible, it
is necessary to take into account the finite Larmor
radius (FLR) of the ions. For the displacement of the
magnetic field line making one turn in the toroidal
direction around the circumference of the torus to be
less than the ion Larmor radius p;, the rotational trans-
form should satisfy the condition u ~ p;/a << 1, where a
is the plasma minor radius. In the ideal MHD approxi-
mation, the modes for which mp,/a= kp, ~ 1 are unsta-
ble. It iswell known, however, that, because of the FLR
effects, such small-scale MHD modes are, as a rule,
stable.

In what follows, FLR effects will be incorporated
into the ideal ballooning equations, which will then be
solved in order to determine the critical value of the
rotational transform below which the BK criterion
guarantees MHD plasma stability.

2. STABILITY AT p —0

We begin this section with the familiar equations for
local ideal ballooning modesintoroidal confinement sys-
tems of arbitrary geometry (see, eg., [11], Egs. (6.137)
and (6.138)):

(B xx) [k

Ek
w2 —BDVB—B a+2
p kE EIZ&D BR,

b b

0 B® B x «] [k
<+ L Gy oy L _ol2 el DE%,
O  Yop+B B b 2
2
—pW'T
- gy YoPB %w [BXK]D(%.
DVop"'B Bk,

Here, & and T are, respectively, the plasmadisplacement
components normal to the magnetic surface and along

_ B B
‘EBDVEB

B?/2)/B? is the curvature vector of the magnetic field
ling; k; = V;Sis the norma component of the wave

vector (see Appendix 1); k, = % X Vz% -kp isthe azi-

the magnetic field ling, « Vop +

muthal component of the wave vector; a is the label
(radius) of the magnetic surface; p is the mass density;
wisthefrequency; and the prime denotes the derivative
with respect to a. We introduce the notation R = (B x
K) - k/Bk;, and take into account the expression for the
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divergence of the displacement vector X=V, - §, X =

BB V (BXK)EkD
vop+B Bk

Egs. (2) as

EE [11] to rewrite

Ek 2p
[BDVI}—BDVE+ R+p =

(,osz £ = _2Vopx1
Cke

2

Oc
BDVB—B DVD+
|l)B [l B

YoP + B}X ::

where c;= ./y,p/p isthe speed of sound. According to
Egs. (3), we dways have w# 0 provided that V - § Z 0.
Note that Egs. (2) and (3) are valid for arbitrary values
of the rotational transform, in particular, at zero value.

It is convenient to analyze Egs. (3) in magnetic flux
coordinates (a, B, ¢) with straightened field lines
(SFLs). Such coordinates can beintroduced through the
representations of the magnetic field with SFLsfor cur-
rentless confinement systemsin terms of the flux and of
the current (see, e.g., [11]):

2MB = ®'[Vax V],

_ “)
21B = FV{-vVa.
Here, ® and F(a) are the toroidal magnetic flux and the
external azimuthal current; B = 6 — p¢, with 8 and
being the azimuthal and toroidal angular (Boozer)
coordinates, which vary within the range 0211, U =
-WY/®' is the rotationa transform; W is the external
poloidal magnetic flux; and v is a periodic function of
the coordinates 8 and ¢, which is determined by the
equation (V x B) x B = Vp, namely,

BOv =-2np'-F'B[VC. )

In the coordinates so chosen, we have

ki _ @° onB’ o
— = A", BV =
ke 4B’ F ot
2 Tromz . [DSIda , 05037
A*=| VB + 2055 (Va i) + FEEE Ival®)
and Egs. (3) take theform
iA2i+ 2F2p' + AFw g = 2F2V0p
0l at 22 2> 7 202570
¢?B’R 41°B%CA ¢?B°R
(6)
6_2+ Flw’ Yol |y Fw’
07® 4B’ E2ld 2rB%R
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wherec, = /B°/p istheAlfvén speed. We also present
the form that Eq. (5) assumes in the flux coordinates:

- _p-E2 (7)

Notethat the coordinate (3 |abelsthe magnetic field line:
the derivativesin Egs. (6) and (7) aretaken at 3 = const.

If the equations involve the rotationa transform,
then they, asarule, aso involve the shear, u' # 0. Con-
sequently, Egs. (6) can contain secular terms of the
form V(3 = VOB — uV{ — u'¢Va, which enter, e.g., into
the quantity A. It turns out, however, that the main con-
clusionsregarding the stability behavior at © — 0 can
be drawn by considering a simpler shearless case, U =
const < 1. The genera case with a nonzero shear is
considered in Appendix 2.

In the shearless case, Egs. (6) do not contain secular
terms and we can employ a simple technique of
expanding in Fourier series. Since the displacement of
the magnetic field line is a periodic function of the
coordinate 8, we can expand & in aFourier seriesin the
azimuthal coordinate:

£= Y &Qe™ = Y &(Qe ™

) (8)
= 3 &)™

Here, the function &m(0) = &(Qexp(-imud), in con-
trast to the function &,,(0), is nonperiodic at irrational
values of W. In turn, expanding the periodic function

&(Q) in aFourier series §,(0) = Y §..e", and tak-

ing theintegral Fourier transform of the function &m ()
yields a discrete spectrum of the latter function, which
is characterized by the dimensionless longitudinal
wavenumbers

K, = n—pm. )

Let us consider perturbations with m> 1. In[9], it
was shown that, for small p values (i.e., when the mag-
netic field lines are unclosed only dlightly), the most
dangerous perturbations are those localized predomi-
nantly in the azimuthal direction. Hence, assuming that
0S50B > adS0a in Egs. (6) and using Fourier series
expansion (8) for X, we arrive at equations for the Fou-
rier components ¢m(¢) and Xn (). These equations
have the same form as Egs. (6), but they are smpler
because A ~ |VB . For clarity, we will work in the nota-
tion adopted in Egs. (6).

We will consider many-period toroidal mirror sys-
tems with closed magnetic field lines and without a

SKOVORODA

magnetic well [10]. For such systems, Egs. (6) can be
solved by an asymptotic procedure [12]. This possibil-
ity stems from the fact that the characteristic longitudi-
nal scale of variation of the amplitude of the ballooning
modes differs substantially from the spatial scale on
which the geometric parameters of the equilibrium
magnetic field vary. We call such ballooning perturba
tions quasi-flute perturbations [9, 13].

We introduce the “fast” () and “dow” (z = &,
where € < 1) coordinates. In the representation & =
&0((,2) +€&,(L, 2) + €%€,(L, 2) of thedisplacement &, we
single out the periodic part in accordance with the con-
dition &; (¢, 2) = &;(C + 2Tt 2) (see, eqg., [14]). The peri-
odic part in the corresponding representation of the dis-
placement vector X is singled out in the same manner.
Here, the role of the small quantity € is played by the
quantities 4 and N-!, where N is the number of periods
of the toroidal confinement system. In fact, this aver-
aging procedure servesto filter al the harmonics out of
spectrum (9) except for those with small mode num-
bersn.

To zero order in g, we obtain from Egs. (6) the equa-
tions

9°%,q

iAza_EO =0, .
a¢

ot T = 0.

(10)

Taking into account the fact that the functions ¢, and X,
are periodic in the fast coordinate ¢, we arrive at a
solution to Egs. (10) in the form &,(¢, 2) = &,(2) and

Xo(€, D = Xy(2).
To first order, we obtain from Egs. (6) the equations

90Xy 0Xqy _

O [ p2P8:, 9&qT] _ 0%,
[A * } O 37087 * 320~

o¢l" Uz ~ ozOJ ~ (11)
With allowance for the periodicity of the functions &,
and X;, we obtain the following solution to Egs. (11):

-2
08, _ &A™ _ D, 0X; _ 0. (12)
0¢ dz Ef A_ZdZ 0 0¢
Here, the integration is carried out along the magnetic
field line over one turn in the toroidal direction around
the entire circumference of the torus. For this reason,
theintegral in the first of Egs. (12) depends on the azi-
muthal coordinate of the initial point on the magnetic
field line. We will ignore this dependence, however,
because doing so is justified by the smallness of the
rotational transform and the isometry property used in
[10] to construct the magnetic configurations of toroi-
dal mirror systems.
PLASMA PHYSICS REPORTS  Vol. 31
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In the second approximation, we take into account
Egs. (12) to transform Egs. (6) to

p298 080, , 01 0%
aZ Daz OZD 0z A_ZdZ 0z
20?0 2F?
+D2|2: p +AFmD . zvgpxozo,
op'°B°R 4nBcAD ®'"B°R
(13)
62X2 a XO % yo
622 07’ 4T[282C2
Fow’
+——&, = 0.
2n282c2R

With the periodicity of the functions &, and X, in mind,
we obtain the solution

4T[2 6250

AZdZd
{]
fA_ZdZ 07 o

D<D'2 BR a4t chAD

, 2FVopXo . dZ.

=0
2 2 !
. O B'R (14)
26 0 F(A)XOf L_Z
07’ 4nc 82
L% dt
2rtc. JB°R

In relationship (14), we switch from the frequency wto
the growth rate y, w? = —y2. As aresult, taking the Fou-

fier transformation £,(2) = IEO(kZ)eikzzde (and the

analogous transformation for X)), we arrive at the dis-
persion relation

U

2 2
Ug+ —5 +ka+k; = 0.

Kzs

(15)

Here, we have introduced conventional notation for the
terms describing the magnetic well/hill, U, and plasma
compressibility, U, (see Appendices 2, 3),

F°p . dC
Uy = — -
° 21'[2d>‘2f B’R

A%,

U - Fvepdgp fA KR (10
! T[qu'Z&BZFQ 0y Volqjdi’
$ p2lg?
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and those describing the characteristic acoustic and
Alfvén wavenumbers, kZS and k,, [8, 15],

22 - f%- yOEdZ
B’
(17)
kzzA Y F A deA—de
161J B Ca

Ignoring the term kzzA in dispersion relation (15) in

comparison to kzzS (ka < kzzS for small 3 values) and
taking into account the inequality U, + U, = 0 (which
means that BK condition (1) holds) yields

2 = KUtk as)
® (K + U+ Uy

Dispersion relation (18) implies that the conditions for
the onset of acoustic instahility are satisfied (i.e., the
growth rate is positive) when

0<k’<-U,. (19)

Recall that we are investigating the stability of asystem
with amagnetic hill, U, < 0. Since, in accordance with

spectrum (9), we have kZ2 = (n — um)?, we can rewrite
instability criterion (19) as

0<(n—pum)’ <-U,. (20)

For closed magnetic field lines (u = 0), the flute
oscillations (n = 0) are stable. They can become unsta-
ble only above the instability threshold for ballooning
modes in terms of B values (the parameter 3 is mini-
mum for n = 1):

—Uy>1. 21)

For any arbitrarily small value of the rotational trans-
form, u < 1, there aways exists a large mode number
m > 1 such that 4 ~ n/m < 1 and an instability for
which there is essentially no threshold becomes possi-
ble. The maximum wavenumber (which correspondsto
the maximum growth rate) of this instability,

K = (JU1=/Up+Uy), (22)
occurs at large mode numbers m such that
(n—um)* = JUs+U,(JU, - JUs+Uy).  (23)

The result just obtained agrees with the conclusions
of [9].

Hence, at arbitrarily small values of the rotational
transform L, the plasma stability depends upon the
restrictions on the azimuthal wavenumber. In ided
MHD theory, there are no such restrictions and, conse-
guently, a continuous transition from the SM to the BK
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criterion isimpossible. The restrictions in question are
naturally introduced by the FLR effects, which are
ignored in the ideal MHD approximation.

3. STABILITY AT p — 0 WITH ALLOWANCE
FOR THE FINITE LARMOR RADIUS

We begin by writing the equations for small-scale
ideal modes with allowance for FLR effects (see
Appendix 1):

k. O 2p 3 Dku
BIV=B IVO+ —= + poAw— oF + = (o &
{ x: O R + 272

_ 2y, pX
R
) (24)
O
BVE—= oy« Yot B Iy
Co( w— wy)B O B
_ 20 wvg
- 2.4

Equations (24) are valid for small values of k-p;. They

differ from Egs. (3) in that the termswith «? are supple-
mented with the diamagnetic drift frequency w* =

kP’

ci

and magnetic drift frequency wy, = wg + Wg. Here,

_pk . Pk Lo
Wr ~wgpR and e = wiPRg’ with Ry —
@ and w; being the ion gyrofrequency.

B

b
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Under the BK condition, all drift frequencies are of the
same order of magnitude.

We first consider alocal dispersion relation that can
be derived from Egs. (24) in the quasiclassical approx-
imation, in which the perturbations are represented as

X, & =Cy zexp(iJ’k”dI), (25)
where C, , arefunctions slowly varying along the mag-
netic field lines. The relationshi p between the functions
C, and C, follows from the second of Egs. (24),

c, = 2(0— w)(w— ) C,.

[w(0— ) (L +Yop/B?) —c2k{] R

and the sought local dispersion relation can be obtained
by substituting relationship (26) into the first of
Egs. (24),

(26)

m%»— o+ gw% = k”VA
2k; 0 p 2(w— o o @7
LT PR, 20-w)(@- ) B
K2R°O P w(w— ay)(1+y,p/B?)—c k||

L et us compare dispersion relation (27), which was
derived in the hydrodynamic approximation, to an anal-
ogous equation derived by Mikhailovskii [16] for alon-
gitudinally uniform curvilinear magnetic field in the
kinetic approximation. For an isotropic isothermal
plasmawith auniform temperature at low (3 values, this
equation takes the form

O, 2% O
Dlowd z ¥ k|2|c2

Y Wy 12 . o
Wp _Mdq2 A ov1 40 _ -
2T %L o\t~ 3@ w0t o0 z w(w—wy—k\V) 2 0 %)
e i D
whereJ, and J, are Bessel functionsof theargumentz= 2\, 2k 022 o K22
koVp/w,, the angular brackets [Tlindicate integration —%‘—-—'%L wDDD+ ol het E S %E_JL? =0,
over velocitieswith aMaxwellian distribution function, Kol ko0 R w
' JoJd
_kVIB kY keVOrB 1 | = 1—J§(zi)—°“ﬂ30 Wni(fHods
Y= 568 TR T 20, BTRY and w, is wlz ey
the plasma frequency. Note that, unlike Eg. (27), D] w 1
Eq. (28) isvalid for arbitrary values of k-p; . 0™ai 20
(- (jS— ||V||)

Since we have z, < 1 for electrons, we can use
power-series expansions of the Bessel functions to
obtain

where we have ignored the compressibility of the elec-
tron gas, k Vr./w > 1. As can be seen, the sole contri-
2005
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bution of the electrons is to the term that contains the
curvature and describes the instability growth.

We consider Eq. (29) in thelimit z < 1 in order to
make a limiting transition to hydrodynamic dispersion
relation (27). Again using power-series expansions of
the Bessel functions, we find

| = _ Wi = Wni (00— Wy1)”
w w(w— w — kv
(0= ay—kyVy) 30)
2
+ %—%l. B~ Wi Wi (0 — @4;) (0 — Wpi/2) ]
2 w 2w w(w— oy —kV,) O

Averaging the first term in expression (30) with allow-
ance for the electron contribution to Eq. (29) leads to

2,2
. ko p' -
the expression ——5—%'——2—9— for the term describing the
CI ka Rp

instability growth in the dispersion relation. Recall that
thetotal plasmapressureisequal to2p, wherep=p, = p..
Averaging the second term in expression (30) leads to
an expression that can be represented with sufficient
accuracy (by appropriately adjusting the value of the
adiabatic index Yo) as
2

5 (»sz. kzb 2(0) W )(w Mzw)zcs . Averaging thethird
Wi koW R™ w(w— wy) — ¢k,
term in which the quantity w, and the last summand are
ignored leads to the expression

coﬁi(w—m*)B»+ngg

2 2

W W

inserting these three expressions into dispersion rela
tion (29) yields dispersion relation (27).

An analysis of the local dispersion relation shows
that, under the BK condition, D' = p'R/(2y,p) < 1, and
for k=0, it has only nonzero real roots. The imaginary
part of the rootsis nonzero only for kvalueslarger than

. One can readily verify that

that given by the equality kﬁ = Coo*z/csz, where the
guantity C is on the order of unity. The figure shows
how C generally depends on the extent to which the BK
criterion is satisfied, D > 1. Hence, the zero in inequal -
ities (19) should be replaced with a certain finite quan-
tity corresponding to a nonzero rotationa transform
below which instability occurs under the BK condition.

The genera dispersion relation can be derived from
Egs. (24) in the same way as that in Section 2 for the
shearless case,

w(w- Owr —1.504)

U, (w— D) (w— CyD)
w(w- DQMB)—kZZEmSZD ’

(31)
= Ko o0+ Uy +
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Dependence of C on D.

where we have introduced the following notation for
the averaged frequencies:

AdZ
BcA

i = 167 “F‘Zg fA_deD

[’ = 8rF casguyomd@

2[dx2]
B (32)
1= feo,dg/2m, 0= f‘*’ dzf
w* —1.505) A’ dz, A%d
[to* — 1.5wd] = f( - ZR) 16= S
B cy B ca

Dispersion relation (31) has the same structure as
local dispersion relation (27). Under the BK condition,
U, + U, >0, and for k, = 0, it has only nonzero real
roots. In this case, the roots can be imaginary (i.e., the

instability can occur) only when kz2 > kj . The bifurca-
tion point for the solution to dispersion relation (31) is
easy to calculate numerically. Asfar asan analytic esti-

mate of the value of kzzI is concerned, it can be derived
from dispersion relation (31) by ignoring all the terms
except for those with U, and U,. Thus, under the condi-
tion (U, + U))/U, < 1, weobtain

2 U, o
K20 _.
4(Ug + U,) Lo

(33)

. . 2
Since, for anonzero rotational transform, we have k;, =

(n — um)?, the instability under the BK condition can
occur only when

U, Qo
4(Uo+ Uy) D

(n—pum)®> (34)
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For n = 0, the instability is impossible up to rotational
transform values of about

00 Ut pR
4(Uy+U)oIm* &

where R, isthe characteristic mgjor radius of the toroi-
dal mirror system. For n# 0, formula (35) givesalower
estimate for the rotational transform. We can see that,
even when the rotational transform is fairly large, the
BK condition also is a sufficient condition for the sta-
bility of quasi-flute oscillations in a plasma with hot
ions confined in alarge-aspect-ratio device.

(35)

4. CONCLUSIONS

The above analysis confirms the conclusions of [9]
on the impossibility of a limiting transition from the
SM criterion to the BK criterion when the rotational
transform approaches zero. Under the BK condition,
the SM criterion predicts the onset of an acoustic insta-
bility with afinite growth rate when the extent to which
the magnetic field lines are unclosed is vanishingly
small. Taking into account the finite ion Larmor radius
allows this limiting transition to be made. The BK cri-
terion ensures MHD stability at rotational transform
values below a certain critical value determined by the
ratio of the ion Larmor radius to the plasma minor
radius. Under experimental conditions, this critical
valueisfar larger than the one expected to be produced
by actua magnetic perturbations. In toroidal mirror
systems, the plasma with hot electrons and cold ionsis
more sensitive to magnetic perturbations than the
plasmawith hot ions.
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APPENDIX 1

Derivation of the Equations for Ideal Ballooning
Modes with Allowance for the Finite Larmor Radius

The FLR istaken into account as follows. The equa-
tions of fluid motion (see Egs. (A1.1) below) are sup-
plemented with the ion magnetic viscosity tensor [17,

doo P

18] = 200,

sor P=3b0(bx(VxV))+6bO(b-V)V+(VIOV +

Tr) and in which b = B/B and the symbol [J stands for

the tensor product. It isalso necessary to account for the

BXVD e
p(*)ci B

{(E’ x b) + Tr}, which contains the ten-

diamagnetic ion drift velocity Vp =

SKOVORODA

invariant form of the magnetic viscosity tensor that was
presented in [17] is convenient for deriving the general
equations. For simplicity, we consider a plasma with
uniform temperature (i.e., without heat fluxes) and
assumethat the plasmais dominated by theion pressure
(so the subscript in the pressure will be dropped). Thus,
the equations of fluid motion have the form

Mn%—\t/ = -Vp+jxB-VIn,
5 J (A1.1)
n _ a —Yo —
a+V[(nV) =0, d,[(pn ) = 0.
Here, the velocity is equal to V = Vp — i0€g — 10§,
i ExB i B(B V) .
where & = & g , &= o g and the tilde

marks the perturbed quantities. The use of the adiabatic
equation (the third of Egs. (A1.1)) in place of the heat
balance equation is a fairly good approximation (pro-
vided that the y, value is chosen appropriately), which
makesit possibleto reveal the main changesin theideal
MHD eguations. Note that, once the diamagnetic drift
velocity is taken into account, the procedure of linear-
izing Egs. (A1.1) should be performed with alowance
for the steady-state fluid velocity V. The perturbed
magnetic field is given by the relationship
B = Vx(§,%xB). (A1.2)
The perturbations § whose wavelengthsin thedirec-
tion transverse to the magnetic field B are short and
those in the longitudinal direction are long can be con-
veniently considered in the eikonal approximation
- 0 ;
€ = @(r)expEES(r)—lle, (A1.3)
where k; = V;Sand k; - B = 0. The parameter € < 1
reflects the fact that the perturbations are small-scale,

IBxVInf|> [BxVInf|,|B-Vf|<|[BxVf| The
magnetoacoustic perturbations are ignored; this corre-

sponds to the condition k; - & = 0, which leads to the
representation [11]

- _kaB
T kB

g, (Al1.4)

where & isthe component of the displacement vector %
that is normal to the magnetic surface and k, =

B . vk o
i Vas kg Notethat B - V = =0[11].
Thefirst of Egs. (3) isderived by linearizing the cur-

rent-continuity equation 'V - j = 0 in the following way
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[15]. Representing the current as a sum of the longitu-
dinal and transverse components, j = aB + j, where

Jo = Jm*ioetios
= (B x Vp)/B® + (B x pdV/dt)/B’ + (B x V [i1)/B?,
yields
BIVG+BVa+Vigy=0. (A1.5)

By virtue of the small scales of the perturbations under

consideration, the expression for the divergence of the

current component fm - Bx 2V Py BX_2V|o -
B B

2(B><Vp)BEB
2
B
- y B, VpOVxB
Vng:VpE%XEE-F—p[(BZ )
,(B x Vp) V(B [B)
_ . _

can be simplified to

(A1.6)

Using the relationships V x B _9B + ZBXK -

B> B’ B’
B x Vp

pBx Va
BZ
ing the quantity V(B - I§) inthe last term of Eq. (A1.6)
by -V p (that this replacement can be made is a conse-

guence the perturbed equilibrium equation; see, e.qg.,
[15]) leads to the relationship

\% jml = ZVF)EKZK

W|th representation (Al 4), the divergence of the

vector ng =B x pdV /dt)/B? is described by the
expression

and Vp - (VxB) Vp- and replac-

(A1.7)

iw( w—2w*)pk3E
Bk, ’

where the diamagnetic drift frequency is equal to w* =
kop'/(wg p). The presence of the factor 2 multiplying the
diamagnetic drift frequency in expression (AL.8)
should not lead to confusion because, in the resulting
equation, it will be canceled by the same factor, stem-
ming from the contribution of the term with the viscos-
ity. In fact, using the expression for the viscosity tensor

reduces the term with the divergence of Ims to

, 3
m%ﬁ + ém%pkéﬁ
Bk, ’

V[Imz =

(A1.8)

Vo = (AL9)
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where the magnetic drift frequency is equa to wg =

k
P_% because it takes into account the curvature of
wCI p R

the magnetic field lines.
In order to derive the expression for B - [0 , where

& =B - (V x B)/B? it is necessary to substitute rela-
tionship (Al1.4) and the relationships k; = VS and

B -Vk—Bb = 0into expression (A1.2). Doing thisyields

~ BDVE B
B = koxB] +&|kox V . (ALI0
"B [kox Bl & [kox VoEH] (ALIO)

Relationship (A1.10) makes it possible to represent o
2

~ k5
in the form a = —|——2k—B - V¢ and, accordingly, to
B %
obtain
D(Z
B[Va = —iB DVB‘Ek B DVED (A1.11)
b

Sincetheterm B - Va in expression (A1.5) can be
ignored (see, e.g., [15]), the only thing that remains to
be donein deriving the sought equation isto expressthe
perturbed pressure p in terms of the transverse dis-
placement & and the divergence of the displacement

vector X = QL)V v This expression can be obtained by

linearizing the last of Egs. (A1.1). Taking into account
the second of Egs. (A1.1) gives

—ip+ Voo VP +Vp [Vp
—iw(§y Vp) —iwy,pX = 0,

where the finite divergence of the steady-state fluid
velocity is ignored. The second and third terms in
expression (A1.12) cancel one another, thusyielding

P = —&p —YopX. (AL.13)

Substituting all these relationships into Eg. (A1.5) and
multiplying by B/k, leads to the first equation for ideal
ballooning modes with allowance for the FLR:

(A1.12)

Eké [ 2p' 3 DkD
BIV=B IVO+ = + pow— of + 2 w &
[ k> 0 R i 2702
R

The second equation, which relates the divergence
of the displacement vector to its transverse component,
can be derived from the longitudinal component of the
equation of motion. For this, it is necessary to know the



118

expression for the divergence of the perturbed diamag-
netic velocity:

VD\N/D:é]V o= —icor 28, (A1.15)

R

The expression for the divergence of & can aso be
written in a form analogous to expression (Al.15).
Representing V - & as

X D><B
V[&D:V[?%E

— BZF, wD]-D_ngp_BEé
= O -
BY B2 B
- &, Vp BB
= 28, O + 2 B2

and making, with an accuracy suffi ci ent for the deriva-
%D P B EB Vop

tion, thereplacement 2=—— — =——= ~-22(V - &, +
B B
V -§) yields
M
B
VIE, = - VIE, (ALIG)
Y FD V
R%"‘ 9 ?D

Using relationships (A1.15) and (A1.16) putsthe diver-
gence of the displacement into the form

*
X = DZE% (*)|:| Bwlﬁ[g%
B’

(A1.17)

L Yo"

g2l
Taking the scalar product of the equation of motion

with B and linearizing the resulting equation gives

—pw’(B &) + B Ip(Vpo V)V + V L)
+BVp+BVp = 0.

With allowance for relationships (A1.13) and (A1.2),
the last two terms here are transformed asB - Vp +

B - Vp =—-y,pB - VX. It can be shown that the second
termin Eq. (A1.18) can be reduced to

(A1.18)

B L(P(V oo IV)V + V ) = peay (B &), (AL19)

where w, is the total magnetic drift frequency: wy =

k BxVB k
Wg + Wy = P D[( - )+ p

=2 The compo-
WP B

WiPR’
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nent of the divergence of the viscosity tensor along the
magnetic field direction has the form (see, e.g., [17]):

b [V £1)
:_va 0 vp+ (A120)
( D)D p p

B o)

Introducing the notation § = & + §;,and using the rela-
tionship (V x Vo) = w(kp x &) gives

BV 07) = pox 6y —00*)(B ().

Taking into account the relationship B - (Vp, - V)V =
ww(B - §) leads to relationship (A1.19). As a result,
with relationship (A1.18), the longitudinal displace-
ment can be represented as

(A1.21)

2
Cs

B —
T oo an
Inserting representation (A1.22) into expression (A1.17)

leads to the second equation for ideal ballooning modes
with allowance for the FLR:

B [VX. (A1.22)

0 ce Yop+B
BDVD—B DVD+ >
Co( w— %)B 0 B

2
‘EE%‘_

Ignoring the drift frequencies in Egs. (A1.14) and
(A1.23) reduces them to the familiar equations for the
ideal ballooning modes. The equations derived are
valid for any values of the rotational transform and of
the shear, in particular, for azero rotational transform.

}x
(A1.23)

APPENDIX 2
Sabilityatu, p' —= 0

When the shear isfinite (nonzero), Egs. (6) contains
secular terms. Consequently, it is necessary to use a
special ballooning representation [19-21]. We employ
here a somewhat modified repr&eentation namely,

Z d 2N+1Z‘Em(Z 2mm)

m = —co n=-N

x exp(im(B + 2rmp)).

(A2.1)

In the limit p = 0O, representation (A2.1) yields a
periodic solution, characteristic of closed magnetic
field lines. The dlight difference between representa-
tion (A2.1) and the widely used ballooning representa-
tion [19-21] lies precisely in the fact that the former
permits atransition to the limit at hand.

The choice of the form (A2.1) for the ballooning
representation can be clarified with the following con-
PLASMA PHYSICS REPORTS  Vol. 31
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siderations. Expansion (8) leadsto discrete spectrum (9)
of thefunction &m (). Thisindicates that, for small val-

ues of the rotational transform, the function &m(Q) is

almost periodic and, consequently, can be approxi-
mated (at N > 1) by atrigonometric polynomial [22]

“Zle Jintne

Substituting polynomial (A2 2) into expansi on (8) and

N
T — 1 knn
&m(¢) = lim z e dn. (A2.2)

n=-N

approximating the series e o § 5T -
n;iN k;gN

n — 21k) by & functions, we arrive at representation

(A2.1). Here, &, is an aperiodic function of Z over an

infinite interval —o < { < oo0; in the limit Em — 00, it
approaches zero, || — O.

Using ballooning representation (A2.1) and singling
out the secular termsin explicit form, VB =M — pu'(Va,
we obtain equations analogous to Egs. (6):

9,20 2F2p' + AF’w’ 2F2YopX
0l " at 22 2 1252
»°B? R, 41Bc PBR,
_ _sza_a VOD%
2 2 2 2 2 (A2.3)
0 Fw YoP Fw
Per R 2 +_2D X+ 252 2
0(" 4m'Bc B 2B c Ry
_ uzF(Dw Ja
ATt pc2 0(
where

A* = M*-2u'z(M Va) + (W'2)*|Val’,
o = j B/B® = ®9v/ap,
1 _ _®(BxM)Ckc

R~ 2n R
1_ dJ‘u z(B x Va) Ek
R RO 21 B2
(BxVa)lc _ 2np'19B _ 21 Y
P ® giop  FP P’

and a new notation is again avoided. In deriving
Egs. (A2.3), we have used the derivative of equilibrium
equation (7) with respect to 3 and also the relationship
VB =M - W'zZVa, where zis the slow coordinate.
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We apply the same averaging procedure as in Sec-
tion 2. Without going into the details of the derivation,
we immediately write out the resulting equation:

20 1 an
"3z 02§ A217 0Z
j)'A dc

Fp AdZ
+§¢'2 fBRO 4TrchA

5; d¢
+2F2vo|o B'R,’

f%l + VoZFE(I;Z

x (eyJ' Eoe‘ydy—e‘yj g.e'dy) = 0,

WthQY=Z(2 0. /f%t yoggdi In order to sim-

plify the analytic solution of Eq. (A2.4), we replace the
integral terms containing A? with approximate expres-
sions in which the dependence of zis explicitly taken
into account:

2 51 21F | Valdig
(fA'dD) =23 F5 1

(A2.4)

xDHp q> IVaj dI&BdIEﬂ
IVal

dZ 8’ p
5E|VaJZBD

IVaj dl d g4
f asswajﬂ g

Expressions (A2.5) are derived as follows. The
sequence of operations of (i) taking the vector product
of the second of representations (4) of the magnetic
fieldintermsof the current with Va, (ii) substituting the
first of representations (4) of the magnetic field interms
of the flux into the resulting expression, and (iii) taking
its scalar product with V3 yields the relationship

P R\ £
B OF (g
/g
where g'? = Va - V3 isthe element of the metric tensor
and ./g = F®'/212B? isits Jacobian. We expressthe el e-
ment g'%> in terms of the so-called local shear S =

(BxVa) El(V Ix (BxVa)) . To obtain the sought-for
Oa

(A2.5)

x[jl_+

(A2.6)

12)215'
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equation, we take the vector product of the second of
representations (4) of the magnetic field in terms of the
current with Va and substitute the result into the
expronfor S

B oy19 D:——,s Hg oyy + £
Hvg™ @ F Jg

We can see that the quantity S averaged over the mag-
netic surface is related to the shear Y’ of the magnetic
field lines. It isfor this reason that we have introduced
the term local shear. For 1 = congt, the averaged local
shear is equal to zero and, moreover, its maximum
valueis, asarule, smal. Consequently, the right-hand
side of EQ. (A2.7) is dominated by the second term.
However, for small values of the rotational transform,
this second term is also small; therefore, we are justi-
fied in ignoring the element g'> of the metric tensor in
relationship (A2.6). As aresult, in accordance with the
asymptotic behavior of A’ at large and small z values,
we arrive at approximate expressions (A2.5).

Taking into account expressions (A2.5), we convert
Egs. (A2.4) into the form

(A2.7)

2,08,
—(1+cl =2
2.2 dl IVaJ d|
(1+C2 )f BI0
f fIVaJ dl
Cart (A2.8)
d(
B ) )
x| pEg+ —m%(eyﬁoe 'dy—e”[Eoe'dy) | =0,
f%‘ BZDB
u q)' IVaj dl ;3 Bdl (7
c’ ,
aswaﬂ
12 42
o2 - Wl dvaldie di
SR R §B|Vajﬂ

We apply the Fourier transformation and introduce
notation (16) and (17) to reduce Eq. (A2.8) to

H‘ 4 (Ea7’ 2 0d%
1dk [c,d "0dk,

g
O (A2.9)

O

= 2 2
~Hp+ — 412 e, -k, =
0 k

0

1+-2 U
2
ke U
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At this point, we should say afew words about the
boundary conditions with which to solve Eq. (A2.9).
Taking into account the fact that flute oscillations with
k, = 0 are suppressed by the plasmacompressihility (the
Kadomtsev condition U, + U, = 0 is satisfied), we are
considering the displacements X(k, = 0) = 0 of an
incompressible plasma. In this case, the second of
Egs. (14) yields the first boundary condition

Eo(k,=0) = 0. (A2.10)
The second boundary condition has the form
Eo(k,) — 0 for k,— co. (A2.11)

Since Eq. (A2.9) essentially coincideswith Eq. (3.1)
from [8], the dispersion relation may be derived in a
general way, i.e., by matching the solutions obtained
for different ranges of the wavenumber k,, namely, the
Alfvén range, the acoustic range, and the range of its
infinite values (the characteristic values of the wave-
number are given by expressions (17)). But here we use

the smallness of the shear, Cf < 1. Making thereplace-

menty = &, /k + DCED sz, we reduce Eq. (A2.9) to

the standard form of adlfferentlal equation with asmall
coefficient in front of the highest order derivative:

d’y
cz— —F(k,)y = 0,
LK

Z

(A2.12)

Note that, under BK condition (1), U, + U, = 0, we
have F(k,=0) > 0. We also have F(k, — ) = 1. Since
the magnetic well is absent, U, < O, there exists a max-

imum growth rate (a maximum value of kzzs) below
which the function F vanishes at two points, kzzl and
kZ,. In Eq. (A2.12), we ignore the Alfvén wavenumber
k2, (because we have k,, < k for small beta values)
and the last term in parentheses. As aresult, for kfs <

(JU; — JUqy+ U, )? (cf. expression (22)), we obtain

Uo+ k- + K
ki = ——5—= JE“"Z KU+ Uy),

2 s (A2.13)

Ug+ K
kp = ——5—= JW(’Z 5 —ke(Uo+ Uy).
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Using the familiar asymptotic solutions to
Eqg. (A2.12) in the ranges k,, < k, < k,,, k, < k,, and
k,>k, and also boundary conditions (A2 10) and
(A2.11), we obtain the dispersion relation

kZZ
tan ch JJ—T:dkz+ %
kzl

1- exp[C1 Iﬁdkg (A2.14)

kzl !

1+ exp[(:1 Iﬁdkg

or, in another form,

kzZ

cy | J=Fdk,

(A2.15)
Tt

kzl
expﬁcl I ﬁdk)%
——+ T

K1 4
+ exp[Cl Iﬁdk%

Here, j =1, 2, 3, .... Noting that the growth rates are
maximum at minimum valuesof j, wearrive at the max-
imum growth rate determined by relationship (23).

We thus have obtained the same results as those in
the absence of shear.

APPENDIX 3

Expressions for f s and f%[ VOEE(;Z

In order to caculate the quantity 1.

R
——q—)—lw, we use the general expression for
21 B
the curvature, ¥ = —E X %‘V X %% and equilibrium
equation (7). Carrying out the transformations
f BxV X
(BxVE) 0k _ 9(B x VB) (B
B4 (/\/éBZ)Ba
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BO
- 41'[2A/§VBEEVXBj
T F® B
21 g
c Fog SVBCH'(Vax V{) - (Vv x Va)
VBxV({  VBxVan
-F 5 +Vv 5O (A3.1)
_ 2n 1B: ov _FoB voEj
" Fo'g 0l Boda Bl
_ 2n[1p,, 1ov_FoBn, 19(v/B%)
Fo'| g2 zaz Boal 2 al
d(F/B%) _Fp7, a(/B )
FqJ da B* o U

and using the notation U = de/B , Wwe obtain

T:_FHJ deD
b+ s = D+ vorff)

Recall that we are analyzing an isometric toroidal mir-
ror system for which the above contour integrals along
the magnetic field line in one turn in the toroidal direc-
tion around the circumference of the torus are indepen-
dent of the azimuthal coordinate of the initial point of
integration.

(A3.2)

REFERENCES

1. I. B. Bernstein, E. A. Frieman, M. D. Kruska, and
R. M. Kulsrud, Proc. R. Soc. London A 244, 17 (1958).

2. B. B. Kadomtsev, in Plasma Physics and the Problem of
Controlled Thermonuclear Reactions, Ed. by
M. A. Leontovich (Izd. Akad. Nauk SSSR, Moscow,
1958; Pergamon Press, New York, 1960), Val. 4.

3. V. V. Arsenin, E. D. Dlougach, V. M. Kulygin, et al.,
Trans. Fusion Sci. Technal. 43 (1T), 17 (2003).

4. A. 1. Morozov, V. P. Pastukhov, andA Yu. Sokolov, in
Proceedings of the Workshop on D—He Based Reactor
Sudies, Moscow, 1991, Paper 1C1.

5. A. Hasegava, L. Chen, and M. E. Mauel, Nucl. Fusion
30, 2405 (1990).

6. V. V. Arsenin, E. D. Dlougach, V. M. Kulygin, et al.,
Nucl. Fusion 41, 945 (2001).

7. V. P. Pastukhov and N. V. Chudin, Fiz. Plazmy 27, 963
(2001) [Plasma Phys. Rep. 27, 907 (2001)].

8. A. B. Mikhailovskii and A. Skovoroda, Plasma Phys.
Controlled Fusion 44, 2033 (2002).

9. A.V.ZvonkovandA.A. Skovoroda, Fiz. Plazmy 30, 269
(2004) [Plasma Phys. Rep. 30, 241 (2004)].



122

10.

11

12.

13.

14.

15.

16.

SKOVORODA

A. V. Zvonkov, A. Yu. Kuyanov, J. Nuehrenberg, et al.,
Fiz. Plazmy 28, 822 (2002) [Plasma Phys. Rep. 28, 756
(2002)].

V. D. Pustovitov and V. D. Shafranov, in Reviews of
Plasma Physics, Ed. by B. B. Kadomtsev (Energoat-
omizdat, Moscow, 1987; Consultants Bureau, New York,
1990), Val. 15.

N. N. Bogolyubov and Yu. A. Mitropol’skii, Asymptotic
Methods in the Theory of Nonlinear Oscillations
(Nauka, Moscow, 1974; Gordon & Breach, New York,
1962).

V. V. llgisonis, Fiz. Plazmy 14, 529 (1988) [Sov. J.
Plasma Phys. 14, 309 (1988)].

L. J. Zheng and M. Tessarotto, Phys. Plasmas 1, 2956
(1994).

A. B. Mikhailovskii, Instabilities in a Confined Plasma
(IOP, Bristol, 1998).

A. B. Mikhailovskii, Electromagnetic Instabilities in a
Nonuniform Plasma (Energoatomizdat, Moscow, 1991),
p. 300.

17

18

19.

20.

21.

22.

PLASMA PHYSICS REPORTS  Vol. 31

V. |. llgisonis, Fiz. Plazmy 16, 1046 (1990) [Sov. J.
Plasma Phys. 16, 607 (1990)].

A. B. Mikhailovskii, Theory of Plasma Instabilities
(Atomizdat, Moscow, 1971; Consultants Bureau, New
York, 1974).

J. W. Connor, R. J. Hastie, and J. B. Taylor, Phys. Rev.
Lett. 40, 396 (1978).

M. S. Chance, R. L. Dewar, E. A. Frieman, et al., Nucl.
Fusion Suppl. 1, 677 (1979).

O. P. Pogutse and E. I. Yurchenko, in Reviews of Plasma
Physics, Ed. by M. A. Leontovich and B. B. Kadomtsev
(Atomizdat, Moscow, 1982; Consultants Bureau, New
York, 1986), Vol. 11.

B. M. Levin and V. V. Zhikov, Almost-Periodic Func-
tions and Differential Equations (I1zd. MGU, Moscow,
1978).

Trandated by O.E. Khadin

No. 2 2005



Plasma Physics Reports, Vol. 31, No. 2, 2005, pp. 123-132. Trandlated from Fizika Plazmy, \Vol. 31, No. 2, 2005, pp. 146—-156.

Original Russian Text Copyright © 2005 by Starostin, Leonov, Petrushevich, Rerikh.

PLASMA

KINETICS

Quantum Correctionsto the Particle Distribution Function
and Reaction Ratesin Dense Media

A.N. Starostin*, A. G. Leonov**, Yu. V. Petrushevich*, and VI. K. Rerikh*
* Troitsk Institute for Innovation and Fusion Research, Troitsk, Moscow oblast, 142190 Russia
** Moscow | nstitute of Physics and Technology, Institutskiz pr. 9, Dolgoprudnyi, Moscow oblast, 141700 Russia
Received May 19, 2004; in fina form, June 18, 2004

Abstract—Quantum mechanics predicts the existence of power-law tails in the momentum distribution func-
tion of particlesin dense media even under conditions of thermodynamic equilibrium. The generalized expres-
sions allowing for the effect of the medium density show that quantum corrections lead to a sharp increase in
the reaction rates of threshold exothermic processes (such as fusion and chemical reactions and vibrational—
tranglational relaxation). The accompanying modification of the distribution function changes the wings of the
emission and absorption lines. The profiles of the absorption lines in dense gaseous media are shown to be
asymmetric with respect to the line center. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

Because of frequent particle collisions, a kinetic
description of dense gases and plasmas should be based
on the generalized energy and momentum distribution
function f(E, p, r, t), where E and p are the particle
energy and momentum [1]. For anideal gas (i.e., in the
case of alow gas density) under conditions of thermo-
dynamic equilibrium, the particles obey a Maxwellian
distribution over momenta. Because of the finite life-
time of the excited energy states, the tails of the
momentum distribution function in dense collisiona
media are substantially larger than those of the expo-
nentially decaying Maxwellian distribution. Quantum
uncertainty in the particle energy also contributes to
these non-Maxwellian tails. As aresult, the tails of the
distribution function acquire a power-law form.

The effect of quantum uncertainty on the velocity
distribution function was first pointed out by Kardanoff
and Baym [2] in 1932. They cal cul ated the leading non-
vanishing term in the expansion of the distribution
function in seriesin Planck’s constant 7. The resulting
correction to the temperature led to a Maxwellian
velocity distribution function with the effective temper-
ature

S ALY
Tar = 1% 12miT2< EBQE>’ W

where U isthe particle interaction energy and m; and g;
are the mass and coordinate of a particle of the ith spe-
cies. Aswas first noted in [3], due to quantum effects,
the equilibrium momentum distribution function differs
from a Maxwellian one and has power-law tails.

The kinetic equation for the generalized distribution
function of the particlesin an external field hastheform
of of _
5E+vDVf—Fap—St{f}. ()
This equation can be solved using the well-known two-
term approximation

F(E p,r,t) = fo(E & r,t) + f,(E, s,r,t)%, 3)

where € isthe particle kinetic energy, f,(E, €, r, t) isthe
spherical part of thedistribution function, and f,(E, €, r, t)
describes weak anisotropy caused by the external force
(for example, for electrons in an external electric field,
this force determines the current density). The kinetic
coefficients (such as the drift velocity and diffusion
coefficient) are calculated using the spherical part of
the generalized distribution function.

In [1], the spherical part of the generalized particle
distribution function was represented in the form

fo(E, €) = O,(E—€)n(E). “)

In the simplest cases, such a representation enables
oneto obtain explicit expressionsfor this spherical part.

For an ideal gas, 8(E — ¢) is a Dirac delta function
and, for anonideal gas, itisalLorentzian function[3, 4],

5,(E—¢)
1 Im="(E, €) 5)
T(E_g—ResN(E, &)’ + (IMZ (E, £))°

where n(E) isthe occupation number and ZRX(E, €) isthe
retarded mass operator. Thus, the imaginary part of the
mass operator determines the width of the Lorentzian
function, whereas its real part determines the shift of

1063-780X/05/3102-0123$26.00 © 2005 Pleiades Publishing, Inc.
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the resonance. By denoting y(E, €) = ImZR(E, €) and
A(E, ) = Re2R(E, ¢), it is possible to reduce expres-
sion (5) to

_1 Y(E, €)
5,(E—¢g) = = .6
(E=e) T(E—g—A(E, £))° + y(E, £)° ©

Thereisarelation between the shapes of the spectral
line wings and the tails of the particle momentum dis-
tribution function. Indeed, theline profileis determined
by the convolution of Lorentzians (6) and by averaging
over the velocities of he emitting (absorbing) atoms. In
the resonance, the particle energy isasum of thekinetic
energy of the center of mass and the internal energy of
the particle state.

The asymptotic behavior of the momentum distribu-
tion function can be expressed viatheimaginary part of
the retarded mass operator Im=R(E, p) = ((E, p):

f(g) = IY-(-S-;i)n(E)QE. )

Notethat, in the absence of an externa field, thedis-
tribution function is spherically symmetric and the
index O can be omitted. For the Lorentz gas of electrons
in plasma, the following approximate formula was
obtained in [4]:

vEe) = o) P8 ®
€ e

Here, N is the gas density, 0,,(€) isthe total cross sec-
tion for electron scattering by the gas atoms (ions), and
m, is the electron mass. From Egs. (7) and (8), one can
obtain the quantum correction to the distribution func-
tion related to the Coulomb interaction:

f(e) = 2hNe JmZJJEn(E)dE. ©)
0

4
€

It was shown in [3] that, for the unscreened Cou-
lomb interaction, f(p) ~ AN/p®. The power-law tails of
the distribution function can significantly affect the
rates of nonresonant fusion reactions. On a qualitative
level, the emergence of such tails can be explained by
the fact that, due to the interaction of a particle with the
surrounding medium, its motion is spatially limited as
compared to a free particle. According to the uncer-
tainty principle, such a spatial limitation enlarges the
phase volume of a particle in momentum space.

For the spectral line profile, an analogue of non-
Maxwellian tails of the momentum distribution func-
tion is the Lorentzian asymptote of the line wings
against the background of the central Doppler core.
However, in contrast to the conventional interpretation
of the spectral line profiles, the presence of a power-law
tail in the momentum distribution function is of funda-
mentally quantum nature since, in classical statistics,

STAROSTIN et al.

the equilibrium particle distribution remains Max-
wellian for any gas density because of the commutativ-
ity of the kinetic and potential energies.

The spherical part of a nonequilibrium distribution
function formed under the action of an external force
also has a power-law tail but with a different power
index. Along with the change in the reaction rates (asis
the case with an equilibrium distribution function), this
also leads to a change in kinetic transport coefficients.
In the case of a nonequilibrium distribution function,
the occupation numbers should be calculated in accor-
dance with the specific conditions of the problem under
study.

The spectral intensity of radiation is determined by
the distribution function of photons over frequencies.
At low temperatures, when the equivalent linewidth
exceeds the temperature, 2Aw, = T, the line shape dif-
fers significantly from the Planck formula and the radi-
ation intensity can substantially exceed the Planck
intensity. Resonance radiation transfer in dense gas
media was studied in [5, 6] both theoretically and
experimentally. In [5], equations for resonant radiation
transfer were derived in terms of the generalized spec-
tral intensity J(w, k), where the frequency w and the
wave vector k are independent variables.

The conventional theory of resonant radiation trans-
fer, which was devel oped for the case of low gas densi-
ties, isinapplicable at very high pressures, because, in
thiscase, the permittivity € can differ substantially from
unity and the photon mean free path becomes compara-
ble to the radiation wavelength. When the photon mean
free path with respect to the absorption in the center of
the resonance line becomes comparabl e to the radiation
wavelength (for sodium vapor, this occurs at gas densi-
tiesof N> 10'7 cm?), the theory has to be modified. It
can easily be shown that, in a dense medium, a photon
isarather “bad” quasi-particle for which the dispersion
relation (€')>w = ck is not satisfied (here, ¢ isthe speed
of light in vacuum and Kk is the wavenumber). In this
case, the problem of resonant radiation transfer can be
resolved using an equation for the Fourier components
of the correlation functions of the electromagneticfield.
Such an equation can be formulated in terms of the
Green'skinetic functions. This alows one to introduce
the generalized spectral intensity of radiation J(w, k),
where the frequency w and the wave vector k are inde-
pendent variables. In the general case, J(w, k) is not
necessarily positive and only some of itsmoments (i.e.,
integrals over k with different weighting functions)
have physical meaning. The spectral radiation intensity
J,—ameasurable quantity that is dealt with in the con-
ventional transfer theory—is related to J(w, k) by the
relation

kdk

(2r)° "

J,(Q) = %—2 [k k)
0

where Q is the unit vector directed along k.
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Fig. 1. Astrophysical factor in the cross section for the fusion reaction of deuterons as afunction of the particle energy in the center-
of-mass frame (the figure is taken from [8]). The experimental results are shown by the vertical bars. The theoretical dependences
are obtained for bare deuterium nuclei (curve 1) and for nuclei screened by the free electrons of the target metal at U, = (2) 28 and

(3) 309 eV.

The generalized transfer theory shows that, in the
line center, the intensity of radiation emitted from a
nonuniformly heated medium is by many orders of
magnitude higher than the radiation intensity predicted
by the conventional theory of resonant radiation trans-
fer. Another consequence of the generalized transfer
theory is the feasibility of obtaining (under definite
conditions) anomalously high radiation intensity on the
far red wing of a spectra line; this effect is determined
by the Boltzmann spectral factor arising in the expres-
sion for the intensity of spontaneous emission from a
thermodynamically equilibrium medium.

2. REACTION RATES

The rates of nonresonant reactions (in particular,
fusion reactions) are determined by the energy of the
interacting particles in the center-of-mass frame. At
moderate temperatures, the main contribution to fusion
reactions is made by the particles with energies a few
times higher than the plasma temperature [7].

Recent experiments [8, 9] showed that, at low ener-
gies, the measured dependence of the rates of nonreso-
nant fusion reactions on the particle energy differsfrom
that predicted by theory. Figure 1 (taken from [8])
shows the measured energy dependence of the astro-
physical factor in the cross section for afusion reaction
occurring in the interaction of a deuteron beam with
deuterons imbedded into the crystal |attice of the target
metal. It was found that the reaction rate in the range of

PLASMA PHYSICS REPORTS  Vol. 31
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low energies (<5 keV) of the beam particles was much
higher than the calculated one. To explain this effect, a
hypothesis about the screening of the target ions by an
electron cloud was proposed in [8]. The theoretical
dependences of the astrophysical factor abtained in [8]
for bare and screened (with different screening poten-
tials) deuterium nuclei are shown in Fig. 1. For a
screening potential of 28 eV, which is quite reasonable
under the given conditions, the theoretical curve dis-
agrees with the experimental one. It can be seen that
agreement between them in the range of low beam
energies can be achieved only if the screening potential
were 309 eV, which is nonrealistic under these experi-
mental conditions. Obviously, the current theoretical
models must be refined in order to adequately interpret
the experimental results.

In [4, 10], it was shown that quantum corrections
lead to a significant deviation of the distribution func-
tion from a Maxwellian one. The resulting power-law
tails of the distribution function affect the reaction rates
with the participation of these particles, thus leading to
a nonexponential temperature dependence of the cross
sections for inelastic processes.

In this study, we examine how quantum corrections
to the distribution function influence fusion reactions
under actual experimental conditions, calculate the
rates of the interaction reactions between the beam and
target particles, and compare them to the results of
measurements performed in [8, 9].
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The reaction rate K of particles of speciesa and b
can be found from the collision integral in Eq. (2). In
the general case, the problem is reduced to the calcula-
tion of

00 00

nn,K = CIdEaJ'dpaIdEbJ'dprdedqqzn(Ea)
0 0

* (17 n(E2))8Ya(Ea—€a £2)N(Ep) (1 F n(Ey))

. 11
X OYy(Ep—€p, €5)OYa(Ea—€p, (b

a—q’ Spa—q)

X 6VEJ(EtI)_pr+q’ 8pb+q)0(€p)

where E, and p, are the energy and momentum of an
a-speciesparticle; E, =E,+ Q,—w, E, =E, + w+ Q,,
€, is the particle kinetic energy in the center-of-mass
frame; W is the reduced mass of the colliding particles;
C isanormalization constant, which is determined by
comparing with the results of calculations performed
for alow density and high temperature;
£ = _Ei p = MpPa —MyPp

P2 m,+m,
In Eq. (11), the minus and plus signs refer to fermions
and bosons, respectively.

For endothermic reactions (Q, < 0), thefactors (1 ¥
n(E") are exponentially small. This means that, for the
concerned mechanism for intensifying fusion reactions
by the power-law tails of the distribution function to
operate, the plasma temperature should not be too low
because the calliding particles are already ionized and
theionization rateisan exponential function of thetem-
perature. In a solid matrix, ionization occurs due to the
presence of conduction electrons.

For exothermic reactions (Q, > 0) in the nondegen-
erate case, N(E") ismuch lessthan unity and thus can be
ignored. The particle occupation numbers n(E) depend
on the system dtatistics. For deuteron reactions, in
which we are interested here, the Bose statistics is
valid:

n(E) = [exp{ (E—-w)/T} —1] ", (12)

For anonideal plasma, the dependence of the distri-
bution function on the kinetic energy € is described by
alLorentzian:

Y(E, €)/mt
(E—e—-A(E €))*+y°
The linewidth is determined by the relation [10]

Oy(E—-¢,¢) =

(13)

2¢
0,= %, Va= =8 (14)

€2 a

Ya( Ea’ Ea) = hNo—aVa!
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where N is the density of the scattering particles.
When passing to an ideal plasma (e.g., by decreas-

ing the plasma density), the parameter y(E, €) tends to

zero and the function dY(E — ¢, €) tends to a & function.

In the center-of-mass frame, the reaction cross sec-
tion as afunction of the kinetic energy €, can be repre-
sented in the form

£
oi(ey) = ep(omn(s), (5
p
2,2,€"
where n(g,) = %; is the Sommerfeld parameter.

The astrophysical factor Sg,) varies dlightly with
energy. The influence of the potential U, (which arises
due to the screening of an atom by electrons) on the
reaction cross section can be taken into account by add-
ing it to the collision energy:

o(gp) = 01(g,+ Uy). (16)

Thereaction rateswere cal culated numerically under
conditions close to the experimental ones: the particle
density was n, = 5 x 10 cm™? and the masses of the
interacting particles were m, = m, = 2 amu. We consid-
ered a reaction between the a-species target particles
and b-species incident particles. In expression (14) for
the linewidth, the value of N wastaken to be equal to the
density of the scattering ionsin a metal matrix.

Taking into account the high multiplicity of integral
(11), it was calculated using the Monte Carlo method.
The distribution function over kinetic energies corre-
sponded to a particle temperature of T=2.44 x 102 eV.
The energy of the b-species (beam) particles was aso
specified.

Note that, for a monoenergetic particle beam, the
computation of the reaction rate by formula (11) can be
reduced to calculating asimpler integral:

n,K'
” 17
= CJ’dEaIdpaJ’n(Ea)a(Ea—sa, £,) %’o(gp)’ (17)
0

where a(E - ¢, €) stands for Lorentzian (13). For an
ideal plasma, the influence of the wings of the L orentz-
ian function can be ignored and the expression for the
reaction rate simplifiesto

naKz = CIdEaIdpaIn(Ea)a(Ea_Sa)/\/%o(ep)
° (18)

D'!’at aN(€2)€,0(Ep).
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Tablel
E,, keV Ky K, Ks K K/K
15 4.38 x 104 4.045 x 104 7.393 x 10* 4.38 x 104 1.00 x 10°
10 4.073 x 10° 3.762 x 103 6.877 x 10° 4.11 x 103 1.01 x 10°
5 1.711 x 10t 1.580 x 10t 2.892 x 10t 1.77 x 10* 1.03 x 10°
2 2.615x 1074 2.421 x 1074 4.487 x 1074 2.85x 1074 1.09 x 10°
18 5.038 x 10 7.223x 10°° 1.344 x 104 5.62 x 107> 1.12 x 100
15 2.339 x 10°° 3.850 x 1076 7.343 x 1076 3.34x 1076 1.43 x 10°
12 3.613x 108 7.474 x 10°8 2.265 x 10~ 7.84 x 1077 2.17 x 10t
1 8.252 x 10710 7.711 x 10710 5.678 x 108 2.82 x 10”7 3.42 x 102
Table2
E,, keV Ky K, Ks Ka/Ky
15 4.474 x 104 4.133 x 104 7.552 x 10* 1.6879937
10 4.237 x 103 3.914 x 103 7.152 x 108 1.6880552
5 1.911 x 10t 1.766 x 10* 3.232 x 10t 1.69143
2 4,059 x 1074 5.370 x 1074 9.931 x 1074 2.4466201
18 8.433x 10°° 1184 x 104 2197 x 104 2.6056397
15 4.605 x 1076 7.336 x 1076 1.383 x 107 3.0034846
12 9.315 x 1078 1.819 x 10~/ 4.320 x 1077 4.6383085
1 2.863 x 1079 6.951 x 1079 7.386 x 1078 25.801192

By comparing the results of calculations by formu-
las (18) and (11), one can estimate the effect of thetails
of the distribution function on the reaction cross sec-
tion. Moreover, these results may also be compared to
the calculations of the reaction rate by the formulaK, =
oV using expression (15). This allows one to estimate
the factor S(e;,) and the difference between of theoreti-
cal and experimental results.

To estimate the effect of the tails of the distribution
function on the rate of reaction (17), it is necessary to
takeinto account the deviations of the distribution func-
tion from a Maxwellian one. It was shown in [4] that
guantum corrections lead to the appearance of power-
law tails in the distribution function over Kinetic
energies:

[

f(e) = C'IdEan(Ea)a(Ea—sa, €,)
’ (19)

O e C(T
DexpD—Tﬁ+ ().

4
0 €

Substituting this expression in formula (17), we cal-
culate the reaction rate with allowance for the deviation
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of the distribution function over kinetic energies from
Maxwellian:

2ss£p0(sp). (20)

Ks = C3Id€af(5a)
0

Theresults of these calculations are presented in Table 1.

These results allow us to conclude that the reaction
rates calculated using different models are in good
agreement for beam energies higher than 2 keV. In the
1- to 2-keV energy range, the K, and K, values are till
close to one another, whereas the reaction rate K is
much higher than these values. We also note satisfac-
tory agreement between the K and K5 values. Therefore,
we can conclude that the reaction rates can be quite sat-
isfactorily estimated by formula (17). The results of
these calcul ations show that the tails of the momentum
distribution function significantly contribute to the
reaction rates. Thelast column of Table 1 showstheratio
between the reaction rate K calculated by formula (11)
and that calculated for an ideal plasma.

Itisof interest to consider the effect of screening on
the reaction rate with allowance for the influence of
non-Maxwellian tails of the distribution function. For
this purpose, we performed cal culations for a screening
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potential of U, = 28 eV, which was taken into account
in accordance with formula (16). Such a value of the
screening potentia is quite realistic under the experi-
mental conditions of [8]. Theresults of calculationsare
presented in Table 2.

In these cal culations, we did not use general expres-
sion (11) because a fairly accurate estimate can be
obtained using Eqg. (17). The results obtained show that
the influence of arealistic screening potential is weak,
which agrees with the results of [8, 9]. It can be seen,
however, that quantum corrections greatly increase the
calculated value of the reaction rate in the range of low
(from 1 to 2 keV) beam energies.

3. DETAILED BALANCE OF THE ABSORPTION
AND EMISSION OF RESONANT RADIATION

The effectsthat were observed in experiments on the
interaction of radiation with dense media (seethe Intro-
duction) cannot be explained by the conventional the-
ory of resonant radiation transfer [11]. These effects
can manifest themselves in measuring thermal emis-
sion from a dense medium. The intensity of this radia-
tion can be calculated using the generalized spectral
intensity J(w, k, L, r). In the steady-state case, thefunc-
tion J(w, k, , r) should satisfy the kinetic equation

Q VI = -k, J+&(wk Q,r). (21)

Here, k,, is the absorption coefficient,

K = w’e" (0, k)

v c’k
_4 (Tdw)® (22)
= 3(@19) 2 -a(w )

x { N1 —(91/9,) N2exp[—# (w— 6)/T]}

and € isthe generalized spontaneous spectral emissivity,

S(2m)°a(w, k)N2

(23)
x exp[-h(w— w)/T],

where a(w, k) is the generalized line profile; e(w, k) =
€'(w, k) + ie"(w, k) is the complex permittivity of the
medium (with €'(w, k) and €"(w, k) being its real and
imaginary parts, respectively); T is the temperature of
an equilibrium medium in energy units; g, , arethe sta-

tistical weights of the ground and excited states; Ni, 2
are their effective populations, which obey a Boltz-
mann distribution under equilibrium conditionsor, in a
nonequilibrium state, can be found from the kinetic
eguations given in [5]; and d is the matrix element of
the dipole moment operator for the 2 — 1 transition.
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Ignoring spatial dispersion (in this case, a(w, k) =
a(w) and fa(w)dw = 1) and integrating expression (23)

over k, we obtain the following explicit expression for
the spectral intensity of spontaneous emission from an
optically thick medium:

_ ngs ~
N (1/4n)ﬁooA0Qud] Re(./e)a(w) N2 o

* exp[-f(w—w)/T],

where A, is the probability of spontaneous emission in
vacuum.

In the general case, Eq. (21) is insufficient to
uniquely describe the spectral intensity J,, defined by
formula (10). Thus, in addition to the first-order partial
differential equation (21), the function J(w, k, L, r)
should also satisfy anonuniform wave equation, which,
in the steady-state case, has the form

2 4 11}
[— %A + 2(02k2 —wzs')}] = —8nhoo €

|we ck| (25)

2(ck oos)
“TININ)(G2/0,) expl (@ — @)/ T — 1 -

To closethe set of Egs. (21) and (25), it is necessary
to supplement them with equations for the populations
N;. Inthelimit N, < N, = N and with allowance for the
total redistribution over frequenciesin adense medium,
we obtain the following equation for N,:

2d g, dwdQk’ dk
3 gJ (2m)°

8d dowk’dk s"(oo k)
3% T | 2

w k, Q,r)a(w, K)Ny

sa(w, k)

€—-C k| (26)
hlw—wny

xeXpD T O

~ 92 Dﬁ(x)q:ﬂj
-WB(IZ—Nl ‘ept— = O

The first term in Eq. (26) corresponds to photoab-
sorption, the second is responsible for the spontaneous
decay of the excited atoms, and the third describes the
collisional exchange between states 1 and 2 with a
probability W.

The exponential factor exp[—#(w— wy,)/T] in expres-
sions (22)—(26) is related to the generalization of the
conventional theory of radiation transfer [12, 13] to the
case of broad lines, which are characteristic of dense
media. This factor was first derived in [5] within the
frame of the Keldysh theory using kinetic Green’sfunc-
tions[14, 15].
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Fig. 2. Diagrams of atomic emission and absorption.

Aswas shown in [5], the spectral intensity of spon-
taneous emission €, obtained by integrating the equa-
tions for radiation transfer over the wave vectors k can
be written in the form

=1 IS
€o = m w%%nw 2(w).

Here, A, is the prabability of spontaneous emission in

vacuum; n, = Re /g is the refractive index of the reso-
nance medium (note that, in [5], EQ. (25) was derived
without allowance for spatial dispersion); and N2 (w) is
the effective spectral population of the upper level,

Nz(w) = Nza(w)exp[—ﬁ(w—wo)/T],

(27)

(28)

where a(w) is the spectral line profile ( I a(wdw=1)

and N isthe effective population of the excited state.
Under equilibrium conditions, from formulas (27) and
(28), we obtain the spectral Boltzmann distribution
No(w) = Nia(@)ep(-halT],  (9)
1
where g; isthe statistical weight of theith state (i =1, 2
for atwo-level atom) and N; is the total population of
the lower state. Note that a formula for a low-density
medium (similar to expression (28)) was earlier derived
in [16] from the principle of detailed balance, accord-
ing to which, in equilibrium, the spectral intensity of
radiation is described by the Planck formula

3 = o 1
Al explhw/T] -1

(30)

In the conventional theory of radiation transfer, the
principle of detailed balance leads to expression (30)
with a fixed transition frequency wy. For large detun-
ings from the resonance (A = w— w,= T/#), expressions
(28) and (29) differ appreciably from the corresponding
formulas used in the conventional theory of resonant
radiation transfer [12, 17, 18].

After publications|[5, 6], formulas similar to expres-
sion (28) were derived by R. More (private communi-
cation) in a clearer way. He considered the balance

PLASMA PHYSICS REPORTS  Vol. 31

No. 2 2005

between the emission and absorption of amoving atom
and took into account conservation of the energy and
momentum of the emitting and absorbing atoms with
allowance for the change in their kinetic energy after
transitions from the ground to excited state and vice
versa (actualy, this corresponds to taking into account
the Doppler effect).

An adequate technique for describing resonant radi-
ation transfer in dense mediais the method of nonequi-
librium Green’ s functions, which was developed in[14]
and applied in [5] to the problems under consideration.

Let us consider the Keldysh diagram (Fig. 2) for the
emission from an atom in the ith state, whose spectral
and kinetic properties are described by the kinetic

Green's function G, (p) (see the notation in [15]),

wherep = (p, w). Here, the solid lines correspond to the
Green’'s functions of “dressed” particles and the transi-
tion into the ground state j is described by the matrix
element (d,);; of the dipole moment with the projection
I. The generation of a photon with a 4-momentum k =
(k, w) is denoted by the wavy line, which corresponds

to the Green's function D, (k) of a transverse photon
in aresonance medium.

Thediagramsin Fig. 2 are described by theformulas
(see[15])

. _ p— +— | . +— m d4k

M, = I'Gi (P)G; (p—K)d;jiDn(K)dij —,
d’k D

IMas = J’iGiJr_(p)Gj_+(p_k)diljiDl_n:(k)dirjn_-
(2

Tt)4
Under conditions of thermodynamic equilibrium, the

Green'sfunctionsin formula (31) are

1
exp[(w—u)/T] +1

iG(p) = a(w—w —E(p)), (32)
where |, is the atomic chemical potential and a;(w) is
spectral profile of theith state with an excitation energy
w, and a trandational energy E(p). For simplicity,
Planck’s constant hereis set equal to unity. The occupa
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tion numbers n,(w) of the atomic statesin Eq. (31) are
assumed to obey a Fermi distribution,

yi(w, p) (
(- w—E(p) —A(w, p)*+yi(w, p))]

wherey; isthewidth of theith state and 4, isits shift due
to theinteraction of the atom with the medium and radi-
ation (these quantities are described by the imaginary
and real partsof the retarded operator ZiR (W, p), respec-

tively; cf. (5)). The Green's function of a transverse
photon in a resonance medium is described by the
expression

a =

33)

iDjn(K)
smwe(w, k) (34

|co§e(ook, k) —c2k2|27

where ng(wy) = 1/(exp[wy/Tg] — 1) are the Bose occupa
tion numbers for radiation with a temperature Tg,
which, in the general case, does not coincide with the
medium temperature T.

It follows from the detailed balance of emission and
absorption that, in the general case, the atomic occupa-
tion numbers obey a two-temperature distribution with
the temperature T and the excitation temperature T,,
(the radiation temperature Ty is assumed to be equal to
the trandlational temperature T):

1

ni(p,€) = - N (35)
+E i —
eXPD%DeXPDT—H% +1
O O O '« [O

In the nondegenerate case (exp[—Ha/Te] = 1) with
allowancefor the generalized formula(35), wefind that
the atomic emission rate is

Mer ! ON; exp] (B
(36)
 exp 22 (14 np)

0 w — . .
where N¥ ~ expD—w' H% is the density of the
0 Te O

excited atoms. For the absorption rate, we obtain

P LE(p -k)U Lo
Mzbs DeXpD%DNEkeXpDT%nR- (37)
O O o'o
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The occupation number of the ground state N7 is

W, — |

U
equal to N ~ exp[F-

: hence, without allow-
0O Te O

AN
ance for degeneracy, we have NT /N =exp DT—OD-
0" ed

Note that, in conventional notation, the power
indexesin formulas (36) and (37) will contain Planck’s
constant 7.

4. ASYMMETRY OF THE COEFFICIENT
OF RESONANT RADIATION ABSORPTION

It follows from Eq. (28) that, strictly speaking, even
under equilibrium conditions, the total effective popu-

lations N do not obey a Boltzmann distribution and
coincide with the true populations only for a narrow
linewith Al < T, where T isthe line width.

For abroad line (see[5, 6, 19-21] for details) dueto
the presence of the exponential factor, the intensity of
the far wing of the line can greatly exceed the intensity
predicted by the conventional theory. The bulk of the
radiation energy can be emitted within the nonresonant
red wing rather than within the central resonant part of
the line (in this case, an additional lower frequency
maximum in the emission spectrum of theline can even
appear [20, 21]). Indeed, we experimentally observed
such maxima when studying thermal emission from a
thermal tube filled with sodium vapor at temperatures
of 8001100 K (see Fig. 3). Note that the vapor density
at these temperaturesreaches ~8 x 10'°to 4 x 10'® cm.
The measurement results agree qualitatively with the
results of calculations of the radiation emitted from a
nonuniform vapor layer. Moreover, it was found exper-
imentally that the radiation intensity in the IR region
was higher by several (up to four) orders of magnitude
than that calculated by the classical theory. This result
also agrees with the predictions of the generalized the-
ory of radiation transfer [5, 6, 19-21]. It should be
noted, however, that the mechanism for radiation
absorption in the far wing of the line is quite under-
standable up to approximately 0.7 um. In this wave-
length range, absorption is primarily determined by the
Van der Waals interaction between the excited sodium
atoms and the buffer gas (there is good correlation
between the radiation intensity and the polarizability of
the buffer gas—argon or helium—in this spectral
range). In the wavelength range around 2 um, the ques-
tion about the absorption mechanism still remains open
(see[6]).

Ignoring corrections for stimulated emission (Ni <
N;), we obtain the following expression for the absorp-
tion coefficient:
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Fig. 3. IR spectrum of thermal emission from sodium vapor at temperaturesin the thermal tube center of T = (1) 1080, (2) 950, and
(3) 830 K. The vertical lines show the calculated positions of the spectral maxima.
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Fig. 4. Asymmetry of the absorption coefficient in units of

K(wy—0) —k(wy +A)

the average value of k(@ — D) * K — 1)

vs. detuning A

for iy /T = 20, W/T=-20,y;/T=3.26 X107, y,/T=1.81 x
1073, and two gas densities: n = (1) 10°* and (2) 10%° cm™S.
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k(w) =

2
ZHﬁwd_J.dEdeGr_
c 3 (2m)

Then, using Egs. (32) and (33) and returning to the con-
ventional notation, we have

= A (EDR oy g
k(w) ﬁ4AOI(2n)3n(E)(1 n(E +Aw)) (39)

xa(E-g,—E))a(E-¢€p,—E +hw).

To find the widths of the spectral profiles of the ith and
jth states, we can use estimates like Y(E p) =

finoy(p)/2 /2E/M . Here, g4 isthe cross section for gas-
kinetic scattering (e.g., by a heavy buffer gas with a
density n) and M is the mass of the resonance atom.
Then, we have

(P+K)G; (p). (38)

Vi(E+hw, p+7k) 40)

~ thTrdizj 2(E+Aw)
L A 7 Vi
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where the second term describes the additional broad-
ening of the ith state due to resonant excitation
exchange.

Figure 4 illustrates the total asymmetry of the
absorption coefficient. The asymmetry is caused by the
efficient resonance at high values of the particle
momentum &, = 7(w— ). An additional asymmetry is
also introduced by the dependence of the effective
width of theith state on the frequency w (see Eq. (40)).
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Abstract—Distributions of the dusty plasma parameters (electron, ion, and dust densities; dust grain charge;
and ion drift velocity) in quasineutral dust structures whose dimensions are much greater than the mean free
path of theionsin their interactions with neutral particles are calculated numerically under conditions such that
ionization sources are located outside the structures. Planar, cylindrical, and spherical structures are investi-
gated. It is shown that static equilibrium structures are governed by asingle (basic) parameter: the electrostatic
potential drop between the center of the structure and its boundary. It is found that the maximum value of the
basic parameter (in energy units) does not exceed the el ectron temperature. The basic parameter al so determines
the total number of dust grainsin the structure and the power of external ionization sources that are necessary
to sustain this structure. The fact that the basic parameter varies within a limited range allows one to consider
all the possible structureswith agiven dimensionality (planar, cylindrical, and spherical). © 2005 Pleiades Pub-

lishing, Inc.

1. INTRODUCTION:
FORMULATION OF THE PROBLEM

At present, much experimental and theoretical effort
is being expended in order to search for and analyze
equilibrium structures in dusty plasmas [1-3], such as
compact dust bunches, dust voids, and dust vortices. A
theoretical analysis of these structuresis needed both to
explain experimental observations and to predict the
results of future experiments. According to a general
theoretical concept, an initially homogeneous dusty
plasma is unstable against fragmentation into dust
bunches (in which dust is accumulated) and dust voids
(which contain no dust) [4]. Therefore, the study of
possible equilibrium dust structuresis of general inter-
est. Observations and estimates have shown that the
lifetime of the dust structures is long enough for the
balance of all the forces acting on the structure compo-
nents, aswell asfor the balance of the plasmaflows and
the local equilibrium charge of the dust grains, to be
established. Asarule, the size of the structure is greater
than both the ion—dust and ion-neutral mean free paths
The ion—dust mean free path is usually less than or on
the order of theion—neutral one (theratio between them
depends strongly on the gas pressure). So far, inthethe-
ory of such equilibrium structures, only afew particular
limiting cases have been analyzed in which the struc-
ture sizeismuch less [5, 6] or much greater [7, 8] than
the ion—neutral mean free path. However, a complete
analysis of possible equilibrium structures has not yet
been performed (the cal culations have been carried out
only for particular parameters close to the available
observational data).

The aim of the present study is to partiadly fill this
gap for the case where the structure sizeis much greater
than both of the above mean free paths and under the

conditions such that (i) the plasma is quasineutral and
(ii) the ionization sources sustaining the structure are
located outside it. The second condition requires addi-
tional explanation. By virtue of the strong absorption of
the plasma particles by the dust (the structure size is
assumed to be larger than the electron—dust and ion—
dust mean free paths), equilibrium structures can exist
only if this absorption is balanced by ionization inside
the structure or there are external plasma flows toward
the structure. Spherical structures[8] and planar struc-
tures[9] were considered under the conditions such that
ionization sources were |located both inside and outside
the structure. The source intensity was assumed to be
proportional to the local electron density, whose spatial
distribution corresponded to a self-consistent solution
to acomplete nonlinear problem. Such aformulation of
the problem for numerical calculations is close to the
experimental conditions in which ionization is pro-
duced by an external microwave field; in this case, the
ionization rate is proportional to the electron density.

This study is partially motivated by the fact that, in
microgravity experiments, it is difficult to create dust
structures without a central void [9]. In [8, 9], condi-
tions were determined under which the dust void was
not formed at the center of the structure. It was shown
that, if the chamber wall isat thefloating potential, then
avoid adjacent to the wall must exist outside the struc-
ture. It was also shown that, under certain circum-
stances, dust convection can arise, which can hinder the
formation of astructure without acentral void. Eventu-
ally, experiments were performed in which the central
void was eliminated (see [9]). Note that experimental
difficulties in achieving a state without a central void
are essentially similar to thosein obtaining such a state
in numerical simulations [8, 9]. On the whole, these
simulations fairly correctly (both qualitatively and
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guantitatively) describe the experimental results;
namely, states without a central void arise in numerical
simulations within quite a narrow range of gas pres-
sures and degrees of ionization (microwave power).

It follows from the results of [8, 9] that the situation
can change radically when other types of ionization
sources are used. The properties of the near-wall void
[8, 9], which contains no dust, differ radically from the
known properties of dust-free gas discharges, because
such voids are bounded by the chamber wall on the
outer side and by the dust structure on the inner side.
The dust structure determines the intensities of the par-
ticle fluxes, the electric field strength, and the electron
and ion densities on its boundary. In this case, the ion
flow in the near-wall void must change its direction: it
must be directed outward in the wall region and inward
near the dust structure. In [8, 9], no equilibrium states
in which the ion flow in the near-wall void does not
change its direction were found. This indicates that, if
there is an ionization source outside the dust structure
and if this source is concentrated, e.g., in the wall
region, then it will be ableto provideion flows directed
toward both the wall and the structure.

To create an equilibrium structure, it is not neces-
sary that the ionization source be located inside the
structure: it is sufficient to provide an ion flux onto the
surface of the structure. The plasma flows can be pro-
duced either by ionization sources located outside the
structure or by some other methods that do not need to
be specified if the distribution of the parametersisto be
considered only inside the structure. This distribution
determinesthe plasmaflux that is necessary to compen-
sate for plasma absorption in the structure. The struc-
tures can be self-sustained because they themselves can
induce plasma flows that are necessary to sustain the
structure. Such asituation frequently occursin practice,
because each of the dust grains, being a sink for the
plasma, generates a plasmaflux onto its surface. All the
grains congtituting the structure create a plasma flux
onto its surface. Here, we analyze just this situation, in
which the ionization sources are located outside the
structure, and consider the distributions of the parame-
ters only inside the structure. The properties of the
external region can be different in the presence of awall
that is at the floating potential and in the presence of an
external electric field or another ionization source.
Such “gas discharges’ outside the structure have noth-
ing to do with a glow discharge or a conventional
microwave discharge because their parameters are
completely determined by the dust structure. The distri-
butions of the parameters inside the structure are also
completely determined by the dust and, as calculations
show, do not depend on the external conditions, which
can only determine the structure size (the size of the
structure is defined as the distance from the center of
the structure to the point at which the dust density van-
ishes) and the plasma flux that is necessary to sustain
the structure. In this paper, such structures (which may
be called free-boundary structures) are analyzed by
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solving a self-consistent set of nonlinear balance equa-
tions numericaly. It is shown that such equilibrium
structures can indeed exist in a wide range of parame-
ters, without being influenced by the effects related to
the excitation of dust convection. Here, we do not con-
sider methods for creating the necessary external
plasmaflux, although there are anumber of experimen-
tal schemes for the excitation of such discharges under
microgravity conditions. It is clear that schemes with
external ionization will have advantages from the
standpoint of creating plasma crystals under micro-
gravity conditions; at the same time, such discharges
will differ qualitatively from conventional laboratory
gas discharges.

In solving equilibrium equations for dust structures
with allowance for the above assumptions, we will also
assume that there is a certain symmetry in the system,
namely, the distributions of the parametersin the struc-
tures depend on a single coordinate; i.e., we will con-
sider planar, cylindrical, and spherical structures. In
this paper, we will show that planar, cylindrical, and
spherical compact dust structures are governed by asin-
gle (basic) parameter and can exist only within alim-
ited range of this parameter. As a basic parameter, we
can use one of the following parameters, which are
uniquely related to one another: the el ectrostatic poten-
tial drop between the center of the dust structure and its
boundary, the total number of dust grainsin the struc-
ture, or the total plasmaflux that is necessary to sustain
the structure. The range in which the basic parameter
governing an equilibrium structure can vary is limited;
this allows one to consider all of the possible equilib-
rium structures and the distributions of the dust density,
the grain charge, theion and electron densities, and the
ion and diffusive fluxes in them.

The results of this study can be of interest for labo-
ratory experiments in which self-sustained planar dust
structures have aready been observed [3] and experi-
ments that are planned to be performed in spherical [3]
and long cylindrical [9] chambers. Astrophysical inter-
est in such structures is motivated by the fact that no
external forces are necessary for their origin because
they are spontaneous self-organizing structures. More-
over, the formulations of the problem of possible equi-
librium dust structures and the problem of possible
equilibrium spherical structures arising in the presence
of pressure and gravitation (e.g., stars) are close to one
another (note that the | atter structurestoo can exist only
within a limited parameter range). Of course, equilib-
rium dust structures are much more complicated
because, besides the electron and ion pressure, the fric-
tion on dust, the processes of dust charging, and the
convective and diffusive plasma circulation play an
important role in them. In a sense, spherical dust struc-
tures may be called dusty stars or dusty planets. Some
estimates are given below, but a detailed astrophysical
analysis of such structures requires special consider-
ationintherelevant literature and, thus, is not presented
here. The main difference between astrophysical and
PLASMA PHYSICS REPORTS  Vol. 31
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laboratory structures lies in the fact that, in the former,
the ratio of the dust grain size to the Debye screening
length is much smaller and that the electron and ion
temperatures are close to one another. The differencein
the degree of ionization is of minor importance
because, in dust—-molecular clouds, it is only one order
of magnitude lower than in laboratory plasmas. In lab-
oratory plasmas, the ion temperature is about two
orders of magnitude lower than the electron tempera-
ture. Therefore, in this study, we perform calculations
for two cases: one corresponds to conditions typical of
laboratory plasmas, and the other correspondsto atyp-
ical astrophysical plasma. As atypical example of lab-
oratory plasma, we consider argon plasma. In this case,
the ratio of the grain size a to the Debye screening
length A is taken to be =0.1 and the temperature ratio
ist=T;/T,=0.02. Asatypica example of astrophysi-
cal plasma, we consider a hydrogen plasmawith T = 1
and a/Ap = 10”7. The dimensionless equations used
below contain the latter ratio only under the logarithm
sign and are applicable to both laboratory and astro-
physical plasmas.

In this study, we also ignore electron—€lectron, elec-
tron—on, and ion-ion collisions as compared to elec-
tron—dust and ion—dust collisions, which are more
intense by approximately a factor of Z,P, (here, Z; is
the grain charge normalized to the electron charge and
P, is the ratio between the dust and ion space charge
densities). Therefore, the condition of applicability of
our model isasufficiently large dust grain charge. Note
that the presence of charged dust makes diffusion non-
ambipolar, and the presence of an electric field in the
structures does not contradict the quasineutrality condi-
tion because the spatial derivatives of the electric field
are sufficiently small.

We recall that, in dissipative systems, the electric
fields related to the finite mobility of the system com-
ponents are always present. The structures under con-
sideration can be classified as self-organi zed dissipative
structures.

2. BALANCE EQUATIONS

In deriving the balance equations, we assumethat all
the quantities depend on a single coordinate: thisisthe
coordinate y for planar structures, the distance p from
the cylinder axis for cylindrical structures, and the
radiusr for spherical structures. To generalize the nota-
tion, we introduce the dimensionless coordinate

T

x={y.p.15 ()

n
where;,, = 1/(n,0) istheion—neutral mean free path (as
arule, o is determined by the charge-exchange cross
section), with n, being the density of neutral particles.
For the sake of convenience, we introduced the param-
eter T in normalization (1) because, with this normal-
ization, most of the balance equationsin the case where
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ion—neutra collisions and the friction of ions on dust
are dominant have the same form as in the opposite
limit, in which ions—dust collisions prevail. To normal-
ize the ion and electron densities (n; and n,) and intro-
duce the Havnes parameter P (it is different from Pp),
we use the following expression for the critical density

Ng = nO}\id/)\inv (2)
where n, is the ion density far from structure and

Aig = Ti/(4nnoe2a) is the coefficient in the mean free
path of ions with respect to absorption by dust, A;y/P.
Note that this critical density is independent of n,.
Thus, for the normalized ion density n, normalized
electron density n,, and Havnes parameter P, we have
n; Ne Zyny
n=—;, ng——; P= : (3)
nCI’ ¢ cr nCI’
In these variables, the quasineutrality condition
takes the form

P=n-n,. @)

We a sointroduce the dimensionless electric field E,
dimensionless dust grain charge z, and dimensionless
ion drift velocity u:

2
_Z4€ 4

eEA;, _
atT,’ ’\/évTi’

T

E= &)

where vy = il .
m;

We also make some additional assumptionsthat are
not of fundamental importance and are confirmed a
posteriori by the results of our calculations. First, we
assume that the ion flow in dust structures is subsonic
(the Mach number is much smaller than unity, M =

J2Tu < 1) and the electron flow velocity is much
lower than the electron thermal velocity. The friction
force and the electron inertia force are assumed to be
negligibly small as compared to the electron pressure
force, so the electrons adiabatically follow theions. As
a result, no currents are generated inside the structure
and thereis only aplasmaflow characterized by theion
drift velocity. Therefore, we can use the following equi-
librium condition for the electrons:

1dn, B
—nedX—E—O. (6)

For theions, it is also necessary to take into account
the forces related to friction on dust and neutrals:

tdn _
_ﬁ&+E_adr(z, u,)uzP—uf(lu) =0, (7

where the function f(|u|) describes the nonlinearity of
the ion mobility in collisions with neutrals (when the
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mobility can be approximated by alinear function, we
have f(Ju]) = 1). It is well known that, at u > 1, the

mohility is proportional to ./|E| ; therefore, to a good
accuracy, the above nonlinearity can be approximated
by the function f(Ju]) = 1 + ay|u|, where the coefficient
of nonlinear friction ay, is close to unity. Here, we will
assumethat oy = 1.

The smallness of the parameter 1/Z; < 1 isalso used
in the force balance equation for dust, in which the dust
pressure force is on the order of T, /(TZy) (under labo-
ratory conditions, this parameter is small not only due
to the smallness of the parameter 1/Z, < 1, but also due
to the smallness of T,/T, < 1):

E = a4(z u, T)nzu. ®)

The total ion flux @ is assumed to be equal to the
sum of the convective flux nu and the diffusiveflux. The
expression for the dimensionless flux ® has the form

_ tdn
o = nu—3dx 9)

where the second term describes the diffusive flux. The
normalization of thetotal flux followsdirectly from Eq.
(9). Finaly, the continuity equation for the flux ® has
the form

do | s

dx * xq)
where s = 0 for planar structures, s = 1 for cylindrical
structures, and s = 2 for spherical structures and the
coefficient a,(z u, 1) describes the absorption of ions
by dust. The dust grain charge can be found from the
balance equation for electron and ion fluxes absorbed
by adust grain:

exp(-2) = ay(z u’T)Z“/—T[Z«/TErr:'

The grain charge depends on the sorts of gas
(through theion mass m in Eq. (11)). The procedure of
calculating the grain charge is substantially simplified
when the calculation begins from the center of the
structure, i.e., when Eq. (11) is used to find the grain
charge at the center of the structure and the change of
the charge is then determined from the equation for
dz/dx, which is obtained from Eq. (11) by differentia-
tion with respect to x. By combining the above equa-
tions, we obtain a set of equations for the first spatial
derivatives of the electron and ion densities, ion flux,
ion drift velocity, and grain charge. These equations are
then used to calculate equilibrium structures numeri-
cally. Here, we do not write out these equations because
they are smply derived from the above balance equa-
tions. The expressions for the drag coefficient a,(z u, T)
and charging coefficient a,(z, u, T) with alowance for

—0g(z u, T)NP, (10)

(11)
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the ion absorption and ion scattering by dust have the
form

_ exp(=u)t 21
ag4(z, Ut ———2+-+2U
o200 = NS % 2]
<l ,\[erf(lzn _ exp(—f)}
2u Jmu
PR L
au’z z
erf
Op(z, U, T) = 4EJU)E 1—2—Z %%
"4 f

where InA is the effective Coulomb logarithm, which
takes into account both the contribution related to the
charging of the dust grains (see [10]) and the contribu-
tion from the large-angl e scattering of ions by them (see
[11]).

3. RESTRICTIONS ON THE PARAMETERS
OF EQUILIBRIUM STRUCTURES

It is expedient to begin numerical calculations from
the center of the structure, which is below denoted as
={y, p, r} = 0: thisisthe central planey = 0 for planar
structures, the central axis p = 0 for cylindrical struc-
tures, and the center r = O for spherical structures. We
can find asymptotic solutions to the above balance
equations at x —= 0. In thislimit, the ion drift velocity
should tend to zero. At u = O, the drag coefficient

O(fj?) (z, T) =0d4(z 0, 1) and the charging coefficient

ach (z 1) =0,z 0, 1) have the form

af(z1) = _ﬁT%HE
2

2 T, ,1[0
—HnA+ -+ 2—=.
T[H z zZj

(13)

(0) —
A (21 T) -

Theion density n(0) at the center of the structure can
serve as the basic parameter of the structure. From the
asymptotic expression at X —» 0, we have u — u®x
and, from the condition that the diffusive flux vanishes
at the center of structure, dn/dx — 0, we obtain the
relationship between the central electron density n(0)
and the central ion density n(0). Theserelationshipscan
be written using the maximum possible and minimum
possible values of the central ion density, n,...(z T) and
N.in(z, T), which can be obtained from the following
two inequalities:

u® <o,

n.(0) > 0. (14)
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Thefirst of these inequalities indicates that, near the
center of the structure, the ion flow is directed toward
the center; hence, a dusty void cannot be formed there
(theion flow directed toward the center ensuresthe con-
finement of dust in the structure). The second inequality
is quite obvious. We write out the expressions for u®
and ny(0) in aform from which inequalities (14) can be
directly seen:

1 n(O) B nmin(z! T)
_E nmax(zv T) - nmin(zv T)’
nmax(zi T) —n(O)
nmax(Z- T) - nmin(Z- T)’

u(o)(z, 1) =

(15)

ne(O)(z, T) = nmin(zv T)

where

- 1 ___s+1
nmin(zi T) o, v nmax(zv T) - (0) :
2104 (z 1) (16)

zay (2, 1)

We recall that s = 0 for planar structures, s =1 for
cylindrical structures, and s= 2 for spherical structures.
The grain charge at the center can be found from the
charging equation

zﬁaéﬁ’(z, 1) zn(0)

Jim/m, Ne(0)(z 1)’

which should be solved numerically as an algebraic
equation for each sort of gas (the sort of gas determines
the mass of asingly ionized ion) within the above inter-
val of the possible values of the parameter n(0):

nmin(z1 T) < n(O) < nmax(za T)-

exp(=2) = (17)

(18)

Equation (17) yields the value of the grain charge
7(0) at the center of the structure, and inequalities (18)
should be satisfied for z= z(0).

At x — 0, the total flux is equal to the convective
flux:

® — n(0)u®(z(0), 1)x. (19)

These expressions are sufficient to solve the above
complete set of equationsfor n, n., u, ®, and z, starting
from a coordinate very close to x = 0 and using the
above asymptotic expressions. Such a procedure, in
which calculations begin, e.g., from x = 0.001 (as is
donein this paper), rather than exactly from the center,
allows oneto find solutions with a correct asymptote at
the center of the structure.

The results of our study show that it is sufficient to
vary asingle parameter, namely, n(0), within the limits
determined by inequalities (18). The fina point of
numerical calculations is determined by the condition
that the dust density and the parameter P vanish at this
point. This point determines the structure size x*. The
parameter n(0) is uniquely related to the total electro-
static potential drop between the center of the structure
and its boundary; hence, the structure can be character-
ized by this potential drop. The central ion density n(0)
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isalso uniquely related to the total number of grainsin
the structure N and the total power Q required to sustain
the structure. The parameter N is equal to

str

_ P
N = J'ZdV, (20)
0

where dV = dy for planar structures (in this case,
Eq. (20) determines the number of dust grains per unit
area), dV = 2mpdp for cylindrical structures (in this
case, Eq. (20) determines the number of dust grains per
unit length along the cylinder axis), and dV = 41r?dr for
spherical structures (in this case, Eq. (20) determines
the total number of dust grains in the structure). Note
that, in Eq. (20) the number N isin dimensionless units,
but it can easily be written in dimensional units (see
Section 7, devoted to the discussion of the results
obtained).

An important parameter of the structure is the total
power Q absorbed by dust. This parameter determines
the external plasma sources that are necessary to sus-
tain the structure:

str
X

Q= J’ach(u, z, T)PndV. (21)
0

4. RESULTSFROM THE NUMERICAL SOLUTION
OF THE EQUILIBRIUM EQUATIONS
FOR DUST STRUCTURES

When solving the balance equations numerically, it
wasfound that there are computational problemsrelated
to the use of exact expressions (12) for a4(z u, T) and
a,(z u, T) at the center of the structure, because, at the
center, u — 0 and expressions (12) contain U’ in the
denominator. Hence, it is necessary to determine the
limit of the ratio of the two small quantities that tend to
zero in both the numerator and denominator of the cor-
responding expressions. In fact, the resolving of the
uncertainty at u — 0 leadsto analytic expressions (13).
Therefore, expressions (13) (rather than exact expres-
sions (12)) were used in the vicinity of the center until
u became about 0.1. These solutions were then joined
to solutions that were obtained using exact expressions
(12) at larger values of x, the final values of the param-
eters in the central region being used as the initial val-
ues of the parametersin this*“outer” region. The numer-
ical results presented below give the total distributions
of the parameters in the structure, including both the
central and peripheral regions. Our calculations show
that u = 1-4 at the boundary of the structure; hence, it
is hecessary to use the exact expressions for a4(z u, 1)
and a4,(z u, T) and to take into account the nonlinearity
of ion friction on the neutral gas. On the other hand, the
Mach number M at the boundary of the structure is
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fairly small; this justifies the assumptions made in
deriving the equilibrium equations.

The results of our numerical calculations show that
the structures under study possess the following quali-
tative features;

(i) Solutionsto Eq. (17) for the grain charge z(0) at
the center of the structure exist in the range that is
somewhat narrower than that determined by inequali-
ties (18). This is quite natural because, at the upper
boundary of parameter range (18), the central electron
density vanishes and the dust does not acquire electric
charge. The extent to which the range of existence of
dust structuresis narrowed is not great; nevertheless, it
is appreciable and the narrowing takes place at both the
upper and lower boundaries of range (18). This nar-
rower range of n(0), in which equilibrium structures
can exist, should be found separately for each sort of
gas (which is characterized by theratio m/m,), for each
value of 1, and for each type of structure (planar, cylin-
drical, or spherical).

(i) It can be seen from inequalities (18) that, in lab-
oratory plasmas, where T < 1, the maximum ion den-
Sity at the center of the structure is fairly large. Even
with alowancefor the narrowing of range (18), the cen-
tral ion density reaches avalue of about 50-80, whereas
the minimum value of the ion density at the center of
the structure is on the order of or lessthan unity.

(iii) In astrophysical plasmas, where T = 1 but the
Coulomb logarithm is large, the minimum value of the
central ion density can be much lessthan unity, whereas
its maximum value is on the order of unity.

(iv) For al the n(0) values for which solutions to
Eqg. (17) exist, the structures are characterized by a
monotonic decrease (down to zero) in the Havnes
parameter P from the center to the periphery. The point
at which the Havnes parameter vanishes is further
referred to as the structure size x*.

(V) The size of a structure monotonically increases
with increasing n(0). The maximum possible structure
size corresponds to the maximum possible value of
n(0).

(vi) The electrostatic potential drop Ag between the
center of the structure and its boundary increases with
increasing n(0) and, at the maximum possible value of
n(0), reaches its maximum value on the order of or less
than T /e.

(vii) The ion drift velocity increases toward the
periphery, reaching avalue of about u=2-10 for struc-
tures with the maximum potential drop.

(viii) Thedifference between n and P decreaseswith
increasing potential drop. In structures with the maxi-
mal potential drop, almost al the electrons are attached
to dust and, for T < 1 (laboratory plasma), the Havnes
parameter P at the center of the structuresreachesfairly
large values (about 50-80). In this case, the parameter
Py isaways close to unity.
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(ix) The dimensionless dust grain charge z usually
increases toward the periphery of the structure; how-
ever, in some cases, the spatial derivative of the grain
charge can change its sign.

(x) In most cases, the electron density islow (on the
order of unity both at the center of the structure and at
its periphery). The ion density decreases toward the
periphery and, at the boundary of the structure, isequal
to the electron density.

(xi) Distributions of al the parameters in the struc-
tures are smooth and are not influenced by the effects
related to the excitation of dust convection.

(xii) The dimensionless number of dust grainsin the
structure increases with increasing n(0) (or, equiva-
lently, with increasing potential drop between the cen-
ter of the structure and its boundary), reaching a maxi-
mum value of about 2 to 4 for structures with the max-
imal potential drop.

(xiii) The total power of the external ionization
sources increases with increasing structure size (or the
potential drop) and reaches its maximum value for
structures with the maximal potential drop.

(xiv) As a basic parameter of the structure, one can
use the total power of the external ionization sources,
the total number of dust grains in the structure, or the
potential drop between the center of the structure and
its boundary.

The distributions of the parameters in al types of
structures are qualitatively the same; however, the
ranges within which the potential drop, the structure
size, the total number of dust grains, and the plasma
flux absorbed by the structure can vary are different.
Therefore, wewill first describe the results obtained for
planar structures for two typical cases: (a) for parame-
ters characteristic of laboratory plasmas and (b) for the
expected parameters of astrophysical plasmas. We will
then describe the basic quantitative differences between
cylindrical and spherical structures, on the one hand,
and planar structures, on the other, and will present
some plots for structures with the maximum possible
values of the potential drop, the number of the confined
dust grains, the structure size, and the plasmaflux that is
required to balance the absorption of plasma by dust in
these structures. All theresults are given in adimension-
less form. The relationships between dimensional and
dimensionless parameters are presented in Section 7.

5. PLANAR STRUCTURES
5.1. Laboratory Plasma

The calculations were performed for an argon of
plasma with T = 0.02 and In/AA =3. Under these condi-
tions, the upper limit in inequalities (18) is equal to
n... = 88.6; however, it follows from the charging
equation that n(0) is smaller than =74. The lower limit
in inequalities (18) contains the grain charge z this
limit can only be determined by solving Eq. (17) and is
approximately equal to 0.4. The calculations were per-
PLASMA PHYSICS REPORTS  Vol. 31
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Fig. 1. () Thegrain charge z(0) and the el ectron density ng(0) and (b) thefirst derivative of theion drift velocity u© and the Havnes
parameter P(0) at the center of aplanar structure as functions of n(0) for an argon plasmawith T = 0.02 and InA = 3. (c) The Havnes
parameter P and (d) the dimensionless el ectrostatic potential ¢ =e@™/T, as functions of the distance from the center of the structure

for different values of the ratio n(0)/n,,,,,: (1) 0.8, (2) 0.4, (3) 0.1,

formed within the range 0.6 < n(0) < 72.6. Figures la
and 1b show the main parameters at the center of the
structure as functions of n(0). It can be seen that,
throughout the entire range of the parameter n(0), the
electron density iscloseto unity, whereasthe dust grain
charge decreases and tends to zero as the maximum
value of n(0) is approached, thus defining the range of
existence of the structures. At the same time, the spatial
derivative u® of the ion drift velocity at the center and
the Havnes parameter P(0) rapidly increase with
increasing n(0). The structure size increases from val-
ues close to zero up to x®* = 0.112 for the maximum
possible value of n(0). Figures 1c and 1d show the
Havnes parameter and the dimensionless electrostatic
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and (4) 0.02.

potentia @ =eq@/T, (here, ¢ isthe dimensional poten-
tia) inside the structure as functions of the distance
from the center of the structure for different values of
theratio n(0)/n,,,,: (1) 0.8, (2) 0.4, (3) 0.1, and (4) 0.02.
In the subsequent figures, we will also qualitatively
examine how the distributions of the parameters change
asthe basic parameter of the structure varies (no anom-
aies in the distributions were observed; hence, for
intermediate val ues of the basic parameter, the distribu-
tions can be interpolated using the plots presented
below).

It can be seen that the Havnes parameter and the
potential drop are maximum for structures with the
maximum value of n(0). Each of the curvesin Figs. 1c,
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Fig. 2. () Electric field E, (b) total ion flux &, (c) grain charge z, and (d) ion drift velocity as functions of the distance from the
center of aplanar structure for an argon plasmawith T = 0.02 and In/ = 3 at the same values of n(0)/n,,,x asin Fig. 1.

1d, and 2 ends at the point with the coordinate equal to
the corresponding structure size x*. Figure 2a shows
the distribution of the electric field in the structure. It is
seen that the spatial derivative of the electric field
changes its sign; this corresponds to the change of the
sign of the polarization charge. Note that, in this case,
the quasineutrality condition is not disturbed, because
the corresponding space charge density is small by vir-
tue of the smallness of the parameter presented in Sec-
tion 7 (in dimensionless units, this space charge density
ismuch less than unity). Figures 2b—2d show the distri-
butions of the total ion flux; the grain charge; and the
ion drift velacity, which monotonically increases with

increasing n(0). The structures with the above four val-
ues of the central ion density are characterized by the
following values of the total number of dust grains N
and the power Q that isrequired to sustain the structure:
()N=2145and Q=11.242, (2) N=0.434and Q =
1.951, (3) N =0.018 and Q = 0.023, and (4) N = 2.8 x
103 and Q = 1.7 x 1073. For a structure with n(0) close
to its maximum value, we have N = 4.264 and Q =
18.334. Theelectron density dlightly increaseswith dis-
tance from the center but always remains lower than or
on the order of unity. Figures 3aand 3b show the distri-
butions of the ion and electron densities, the Havnes
parameter, and theion flux for a structure with an inter-
PLASMA PHYSICS REPORTS  Vol. 31

No. 2 2005



SELF-CONSISTENT QUASINEUTRAL DUST STRUCTURES

10 -

141

0 0.005 0.010 0.015 0.020

80 ©)

0.08
X

15 1 1 1 1 1 1
0 0.005 0.010 0.015 0.020 0.025 0.030

0.04 0.06 0.08 0.10
X

0
0 0.02

Fig. 3. Distributions of (a, c) theion and electron densities (n and ng) and the Havnes parameter P and (b, d) the total and convective
ion fluxes (® and nu) in planar structures with (a, b) an intermediate central ion density (n(0) = 27.6) and (c, d) the maximal central
ion density (n(0) = 69.6) for an argon plasmawith T = 0.02 and InA = 3.

mediate (between n,,, and n,,,) value of the central ion
density, n(0) = 27.6. It can be seen that, in this structure,
theion density is much greater than the el ectron density
and the convective flux is larger than the total flux (the
diffusive flux is directed opposite to the convective flux
and partially cancels it). Figures 3c and 3d show the
distributions of the same parametersin a structure with
the central ion density close to its maximum value,
n(0) = 69.6.

5.2. Astrophysical Plasma

Calculationswere performed for ahydrogen plasma
with T=1 and InA = 18.4. It follows from the charging
equation that the maximum val ue of the central ion den-
sity isn(0) =0.61. The minimum value is approximately
equal to n(0) = 0.05. The calculations were performed
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within the range 0.06 < n(0) < 0.60. The structure size
is equal to x** = 0.215 at n(0) = 0.06 and increases to
0.868 with increasing n(0). Within the admissible range
of the central ion density, the total number of dust
grainsin the structure, the power required to sustain the
structure, and the potential drop vary in the ranges
426 x 10* <N < 0.28, 2.58 x 107 < Q < 0.082, and
0.037 < @ < 1.285, respectively. Figures 4a and 4b show
the grain charge, the electron density, the spatial deriv-
ative of theion drift velocity, and the Havnes parameter
at the center of the structure as functions of n(0). It can
be seen that the derivative of the drift velocity increases
with increasing n(0) but not as rapidly asin the case of
a laboratory plasma. The Havnes parameter aso
increases but does not reach such large values asin the
laboratory plasma. Figures 4c and 4d show the distribu-
tions of the electric potential and the Havnes parameter.
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Fig. 4. (a) The grain charge z(0) and the el ectron density ng(0) and (b) thefirst derivative of theion drift velocity u®© and the Havnes
parameter P(0) at the center of a planar structure as functions of n(0) for parameters typical of astrophysical plasmas (hydrogen
plasmawith T =1 and In/AA = 18.4), and (c) the dimensionless electrostatic potential ¢ and (d) the Havnes parameter P as functions
of the distance from the center of the structure for different values of n(0): (1) 0.6, (2) 0.4, (3) 0.2, and (4) 0.06.

It follows from these distributions that the maximum
value of the potentials is larger than in the laboratory
plasmaand the profile of the Havnes parameter isnot as
flattened asin the laboratory plasma (curves1, 2, 3, and
4 correspond to n(0) = 0.6, 0.4, 0.2, and 0.06, respec-
tively). Figure 5 shows the distributions of the parame-
ters in a structure corresponding to an intermediate
value of the central ion density, n(0) = 0.4. It can be
seen that the electron and ion densities become equal to
one another at the boundary of the structure, the grain
charge and the absolute value of the ion drift velocity
increasetoward the periphery, and the convectiveflux is
appreciably greater than thetotal flux (the diffusive flux
is directed opposite to the convective flux and partially
cancelsit).

6. CYLINDRICAL
AND SPHERICAL STRUCTURES

6.1. Cylindrical Structures
under Typical Laboratory Conditions

We performed calculations for the same conditions
as for planar structures, i.e., for an argon plasma with
1=0.02and InA = 3. It wasfound that the range of n(0)
values at which compact cylindrical structures can exist
iswider thanfor planar structures: 0.4 <n(0) < 142. The
corresponding ranges of the other parameters are 0 <
P <0.082,0<N<1.014,0<Q<4171,0<P0) <
141, and 0 < Ap < 1.5 (note that, in this case, N and Q
are the number of grains per unit length and the power
absorbed by dust per unit length, respectively). Figure 6
PLASMA PHYSICS REPORTS  Vol. 31
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presents some results for n(0) = (1) 142, (2) 116.4,
(3) 76.4, (4) 12.4, (5) 4.4, and (6) 0.4.

6.2. Cylindrical Structures
under Typical Astrophysical Conditions

We performed calculations for the same conditions
asfor planar structures, i.e., for ahydrogen plasmawith
T=1andInA = 18.4. It was found that the range of n(0)
values at which compact cylindrical structures can exist
iswider than for planar structures: 0.05 < n(0) < 1. The
corresponding ranges of the other parameters are 0 <
P <0753, 0<N<0.787,0< Q<033 and 0 <
P(0) < 1. Figure 7 presents some results for n(0) =
(1) 0.99, (2) 0.59, (3) 0.39, (4) 0.19, and (5) 0.09.

6.3. Spherical Sructures
under Typical Laboratory Conditions

We performed calculations for the same conditions
asfor planar and cylindrical structures, i.e., for anargon
2005

PLASMA PHYSICS REPORTS Vol. 31  No. 2

plasmawith T = 0.02 and InA = 3. It was found that the
range of n(0) values at which compact spherical struc-
tures can exist is wider than for planar and cylindrical
structures: 0.4 < n(0) < 202. The corresponding ranges
of the other parameters are 0 < r** < 0.054, 0 < N <
0.051,0<Q<0.187, and 0 < P(0) < 201 (note that, in
this case, N and Q are the total number of grainsin the
structure and the total power absorbed by dust, respec-
tively).

6.4. Spherical Sructures
under Typical Astrophysical Conditions

We performed calculations for the same conditions
asfor planar and cylindrical structures, i.e., for ahydro-
gen plasmawitht =1 and InA = 18.4. It wasfound that
the range of n(0) values at which compact spherical
structures can exist is wider than for planar and cylin-
drical structures: 0.5 < n(0) < 1.19. The corresponding
ranges of the other parameters are 0 < rs" < 0.765,
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0 < N <0959, 0< Q< 0403, 0 < P0) < 1.18, and
0<Ap< 1.73.

7. DISCUSSION

The main qualitative results of our calculations have
aready been discussed above. Here, we will only
emphasize some points that are important for future
experiments:

(i) The main feature of cylindrical and spherical
structures is that these structures can exist in a wider
parameter range than planar structures and that the
potential drop between the center of the structure and
its boundary is greater in them. Therefore, experiments

with cylindrical or spherical geometry are more advan-
tageous as compared to those with planar (or nearly pla-
nar) geometry.

(i) Previous calculations performed for the case of
spatialy uniformionization [9], aswell as experiments
carried out in anearly planar geometry [3], showed that
the creation of compact structures at the center of the
chamber encounters some difficulties. An important
point of those investigations was that ionization was
spatially uniform. In [3], compact structures arose only
when the degree of ionization at the center of the cham-
ber was small enough; otherwise, a fairly large dust
void was observed at the center. A plasma—dust crystal
was formed only in the wall region both in ground-
PLASMA PHYSICS REPORTS  Vol. 31
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based experiments and under microgravity conditions
onboard the International Space Station [3]. In theory
[9], a criterion was found for the degree of ionization
that is necessary for the existence of compact structures
under microgravity conditions, assuming that ioniza-
tion was spatially uniform (asin the experiment of [3]).
When crystals are formed under microgravity condi-
tions, the gravitational force is smal, but there is a
fairly largeion drag force near the wall, where plasma—
dust crystals have been observed. Therefore, the main
experimental problem is to avoid the occurrence of
voids at the center of the chamber and to create there a
dust structure that can crystallize as the temperature is
reduced. The results of the present study allows us to
offer a scheme for the future experiments in which
compact dust structures at the center of the chamber are

PLASMA PHYSICS REPORTS  Vol. 31
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(1) 0.99, (2) 0.59, (3) 0.39, (4) 0.19, and (5) 0.09.

easier to produce. In the above calculations, theioniza-
tion rate was assumed to be zero within the structure
and the power absorbed by the structure was delivered
from plasma sources located outside it. It was found
that, under these conditions, dust structures can easily
be created within a rather wide parameter range, espe-
cidly in laboratory experiments (or in experiments
onboard the International Space Station) in which the
ion-to-electron temperatureratioissmall. Thus, toform
acompact structure, it isexpedient to use spatially non-
uniform ionization sources operating at the chamber
periphery. For this purpose, one can use, e.g., ionizing
fields with a much higher frequency than that used in
current experiments, in which the wavelength of the
microwave field substantially exceeds the device
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dimensions and, as a result, ionization is spatially uni-
form.

(iif) As was shown above, the electric field in the
structures under study is nonuniform and, accordingly,
the space charge is nonzero. The use of the quasineu-
trality condition is justified only in a first approxima-
tion, when the space charge plays aminor role. The cor-
responding criterion, which follows directly from Pois-
son’'s equation, has the form

a< A X, (22)

where x*" is the size of the structure (in units of A;,/1).
Inthiscriterion, it isnecessary to use the x* values that
were obtained above numerically (they are usually on
the order of unity). Thus, theresults of the present study

are only applicable to the case of sufficiently small dust
grains.

(iv) To apply the results of the above numerical cal-
culationsto experiments, it is necessary to keep in mind
the normalization used in this study. As regards the
dimensionless quantities N and Q, we will present here
their relationships with the dimensional quantities: the
number of dust grains per unit area N,y and the power
absorbed by dust per unit area Q,, for planar structures,
the number of dust grains per unit length N, and the
power absorbed by dust per unit length Q,p, for cylindri-
cal structures, and the total number of dust grains N;p
and the total absorbed power Q. for spherical struc-
tures:

N No/2V+TA S
Nip = 5 Qi = Q1= ) 2, @)
4Ta’ T in&
_ Ain . _ nO'\/éVTi)\Iii
I\|2D - N4T[a2‘[2’ QZD - Q Ta ) (24)
A2 No2V A S
Nap = N—3—; Q3D=Q————————°[V§' = (29)
4ma’t

For example, according to Egs. (23), a planar structure
with the maximum possible value of N will contain
2.132 x 10% grains per cm?>.

(v) In contrast to conventiona discharges, the elec-
tric field and the electron density in dust structures are
too low to produce additional ionization. Here, the
main role is played by the absorption of electrons by
dust, which substantially reduces the electron density.
Thus, in structures with the maximum possible value of
N, the electric field reaches its maximal value and the
electron density is almost two orders of magnitude (or
more) lower than the ion density, whereas in structures
with small N, the electric field is much lower. As a
result, an additional flux that is produced by the self-
consistent field of a quasineutral dust structure is

TSYTOVICH

smaller than the external flux. We recall that theioniza-
tion rate within the structure is proportional to the elec-
tron density, which is relatively low in structures with
large N, in which almost al the electrons are attached
to dust grains.

Asfor astrophysical applications, the above calcula-
tions can serve only as preliminary estimates of the pos-
sibility of spontaneous formation of dusty stars and
planets (for dust-molecular clouds, rough estimates
yield the structure mass on the order of the planetary
mass). A series of additional studies must be performed
to confirm these estimates. First of al, it isnecessary to
develop a theory of dust structures for the case where
dust grains have different sizes and obey a certain size
distribution (observations show that the grain size dis-
tribution is often described by a power-law function). It
isalso necessary to consider the problems of stability of
such structures, to study their small oscillations, and to
investigate the possibility of the excitation of dust con-
vection in them. It is now quite possible to formulate
these problems, but their solution requires an adegquate
astrophysical analysis and alarge amount of numerical
calculations.
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Abstract—A general method is developed for a numerical analysis of the frequency spectra of internal, inter-
nal—surface, and surface slow wavesin awaveguide with transverse plasma density variations. For waveguides
with a piecewise constant plasmafilling, the spectra of slow waves are thoroughly examined in the limits of an
infinitely weak and an infinitely strong external magnetic field. For a smooth plasma density profile, the fre-
guency spectrum of long-wavelength surface waves remains unchanged, but a slow damping rate appears that
is caused by the conversion of the surface waves into internal plasmawaves at the plasma resonance point. As
for short-wavelength internal waves, they are strongly damped by this effect. It is pointed out that, for annular
plasma geometry, which is of interest from the experimental point of view, the spectrum of the surface waves
depends weakly on the magnetic field strength in the waveguide. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION.
BASIC MATHEMATICAL ASSUMPTIONS

In studies of plasma-filled waveguides, a great deal
of attention is traditionally devoted to waves whose
phase vel ocities are lower than the speed of light in vac-
uum. Investigation of ow plasma waves is important
for solving many challenging problemsin plasmaphys-
ics, plasma electronics, electrodynamics of electron
beams, and some other branches of physics. The prop-
erties of slow plasma waves depend on the transverse
distribution of the plasma over the waveguide, the
strength of the external magnetic field, and the charac-
ter of interfaces between plasmas of different densities
and between plasmas and other media. Slow plasma
waves are usually classified on the basis of the structure
of their electromagnetic fields into internal waves,
internal—surface waves, and surface waves. They are
also classified according to their dispersion relations
into waves with anormal and an anomal ous dispersion.
Slow plasma waves have very different properties in
weak and strong external magnetic fields. Surface
waves localized near the plasma boundary are com-
monly treated as a special type of surface waves. In
what follows, all the above types of waves are investi-
gated for different transverse plasmadensity profilesin
the limits of an infinitely weak and an infinitely strong
external magnetic field aswell asin the very important
particular case of aweak (but finite) external magnetic
field.

We consider a waveguide with a circular cross sec-
tion that isfilled with a plasma whose dielectric tensor
has the form [1]

Esm(r) 0 0 %
&,(r) = E 0 g(r) O E; ij=rb,z (1)
o o 0 ¢g(no

wherer, ¢, and z are cylindrical coordinates (such that
the zaxisisthe symmetry axis of the waveguide). For a
plasma in an infinitely strong external magnetic field,
we havegq(r)=1and
2
w,(r)
2 )

gr) = g(r) = 1- 2

where wy(r) is the radius-dependent electron plasma
frequency. For azero external magnetic field, the trans-
verse diglectric function of the plasma has the form
2
wy(r)
2 )

en(r) = &(r) = 1- A3)

and the longitudina dielectric function is again given
by formula (2).

The components E,, E;, and B, of the electromag-
netic field of a symmetric E wave in the waveguide
under consideration satisfy the set of equations[1]

w
kZB¢ = EEDE“
1d -0
. dE, .
IkZEr—W = IEB¢,

1063-780X/05/3102-0147$26.00 © 2005 Pleiades Publishing, Inc.
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where wisthe frequency of thewave and k, isitslongi-
tudina wavenumber. Eliminating the components E,
and By in Egs. (4), we obtain a single equation for E,.
In the limit of an infinitely strong external magnetic
field, this equation has the form

d dEﬂ

30 a0 —rx,e(nE,=-L/E, = 0. )

For a zero external magnetic field, the equation is

adﬂ%gd%—re(r)af—ﬂ?& =0 ®
Here,
2 2
0 W wu(r
R R CURFtIL N0
c ¢ ¢

and L7 and L; arethedifferential operators on the left-
hand sides of Egs. (5) and (6).

Equations (5) and (6) are supplemented with the
standard boundary conditions:

T =0, EM =0 ®)

where R is the waveguide radius. The first of condi-
tions (8) implies that the electromagnetic field compo-
nents E, and B, vanish at the waveguide axis and is
equivalent to the requirement for the field to be finite at
the axis, |EL0)| < .

For further analysis, it is necessary to specify the

quadratic forms (L E,, E,) (a = o, 0), which are
obtained by multiplying Egs. (5) and (6) by Er) and by
integrating the resulting equations by parts over r from
zero to R[2] with allowance for boundary conditions (8).
For aninfinitely strong external magnetic field, the qua-
dratic form is given by the expression

(LYE,E,) = J’ addEz
0

and for azero external magnetic field, it is given by the
expression

+ )(Os(r)|Ez|ZDrdr 9)

(L°E, E,) = Iﬂl dE,* +|EJDe(myrar. (10)

The boundary-value problem given by Eg. (5) and
boundary conditions (8) and that given by Eq. (6) and
the same boundary conditions are eigenval ue problems.
The eigenvalues are the functions w = w(k,), which
determine the frequency spectra of the eigenmodes in
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the plasma waveguides under investigation. The rela-
tionships

(LTELE) = 0, (11)

can be regarded as dispersion relations for determining
the eigenfrequencies w = wx(k,). In order to write disper-
sion relations (11) in explicit form, we must know con-
tinuous solutions to differential equations (5) and (6)
that satisfy boundary conditions (8). Simple explicit
forms of dispersion relations (11) in the case of apiece-
wise constant radial plasmadensity profile will be pre-
sented below.

Notethat the problem given by Eqg. (5) and boundary
conditions (8) and that given by Eqg. (6) and the same
boundary conditions are not equivalent to the Sturm—
Liouville problem in its classical formulation [2, 3]. In
fact, in the Sturm—Liouville problem, with boundary
conditions of form (8) or even with more genera
boundary conditions, the differential equation has the
form

o =o,0

U=-— %)(r)?erJE+q(r)U = AU,

0<r<R,

where A isthe eigenvalue and U(r) isthe eigenfunction.
Moreover, the conditionsp(r) = p, > 0 and q(r) = 0 must
necessarily be satisfied on the radial interval 0<r < R.
In contrast to Eq. (12), Egs. (5) and (6) are nonlinear in
the eigenvalue (frequency), which enters into them
through quantities (7) and the dielectric function &(r).
In turn, the dielectric function can vanish at certain
points of theinterval 0 <r < R. For those eigensolutions
to the problem given by Eq. (6) and boundary condi-
tions (8) on which our attention is focused, it isimpor-
tant that there be points at which g(r) = 0. As for the
boundary-val ue problem given by Eq. (5) and boundary
conditions (8), it in fact reduces to a conventional
eigenvalue problem.

(12)

2. SOME FEATURES OF SLOW PLASMA WAVES
AND METHODS FOR THEIR INVESTIGATION

We assume that the function wy(r) is a piecewise
continuous function on the closed interva [0, R] and
that it satisfies the inequalities

0 < Wyin < Wp(Ir) < Wyey- (13)

In what follows, we will focus on low-frequency slow
plasma waves whose frequency and wavenumber
ranges are given by the conditions

WS Wy (14)

To be specific, we assume that w > 0. Let us determine
what restrictions are imposed by expressions (9) and
(20) for the quadratic form on the frequencies of low-
frequency slow waves, i.e., what solutionsto dispersion
relations (11) are possible under conditions (14) and

w<=k,c,

PLASMA PHYSICS REPORTS Vol. 31  No.2 2005
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what solutions are certainly impossible. To do this, we
take into account the following inequalities and asser-
tions, which follow from expression (3) and condi-
tions (13) and (14):

(i) x5 >0and x2>0;

(i) if w 00, W), thene(r) <Oforadl r O[0, R];
and

(iii) for O (Wpin, Whay), there are finite intervals
along the r direction in which the dielectric function
£(r) has different signs.

For an infinitely strong externa magnetic field, the
first termintheintegrandin expression (9) ispositive and
the second term either is negative or necessarily changes
sign. Thisstructure of theintegrand makesit possiblein

principle to satisfy the equality (L; E,, E,) = O for any
frequency w over the range from O to w,,,. Conse-
guently, the frequency range of slow plasma waves that
can exist in an infinitely strong external magnetic field
is given by theinequalities 0 < W < -

For a zero external magnetic field, the integrand in
expression (10) and the dielectric function g(r) are of
the same sign. Therefore, in the absence of an external
magnetic field, low-frequency slow plasma waves in
the frequency range 0 < W< W, over which the
dielectric function &(r) does not change sign, cannot
exist. In this case, the only possible slow plasmawaves
are those whose frequencieslie in therange w,;, < W<
W« THis, however, does not imply that suchwavesare
indeed possible.

If the function wy(r) is not a piecewise constant
function, then the problem given by Eq. (5) and bound-
ary conditions (8) and that given by Eq. (6) and the
same boundary conditions cannot be solved analyti-
cally. An approximate method for solving these prob-
lems can be asfollows [4, 5]: For arbitrary values of w
and k,, the solutions to Egs. (5) and (6) cannot simulta-
neously satisfy both of boundary conditions (8). We fix
a certain value of k, and solve the Cauchy problem for
Egs. (5) and (6) with the following initial conditions at
r=0:

dd—IfZ(O) =0, E,L0) = const.

The value of the constant in the second condition is
unimportant because Egs. (5) and (6) and boundary
conditions (8) are linear and homogeneous. When solv-
ing the Cauchy problem, the frequency wis adjusted to
satisfy the second of boundary conditions (8). The fre-
guency (or frequencies, if there are several waves)
adjusted in such a manner is the sought-for eigenfre-
guency w = w(k,), and the corresponding solutions to
Egs. (5) and (6) are the sought-for eigenfunctions. The
correctness of the solutions obtained by this method
can be checked by substituting them into the integrals
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Fig. 1. Field structure of an internal—surface wave.

in expressions (9) or (10): if the solutions are correct,
then the integrals should vanish.

Equation (5) is fairly easy to solve numerically.
Physically, this stems from the fact that slow plasma
waves in a fully magnetized waveguide are actualy
internal—surface waves. For the waveguide regions
determined by the inequality wy(r) > w, Eq. (5) hasthe
form

(rE)'+ro(r)E, = 0, with o>0.
Here, it is assumed that inequalities (14) are satisfied.
The solution to this equation is expressed in terms of
oscillating functions (such as Bessel and Neumann
functions of the real argument [3]). In other words, the
solution describes a standing internal wave or an inter-
nal wave running in the radial direction. For waveguide
regions in which wy(r) < w, the form of Eq. (5) differs
from that in the previous case:
(rE)' —ro(r)E, = 0, with o>0.
The solution to this equation is expressed in terms of
monotonic functions (such as first- and second-kind
modified Bessel functions of the real argument [3]) and
thus describes a surface wave that is damped in the
radial direction. Figure 1 illustrates the characteristic
structure of the solution Er) to Eq. (5). In the region
r < r*, the function Er) describes a surface wave, and,
for r > r*, it describes an internal wave. Here, r = r* =
r*(w) isthe solution to the equation wy(r) = . This par-
tially internal nature of the waves described by the solu-
tion to Eq. (5) indicates that the problem given by
Eq. (5) and boundary conditions (8) has an infinite
number of eigenvalues and eigenfunctions. Each solu-
tion to this problem describes an eigenmode of a
plasmawaveguide in an infinitely strong external mag-
netic field. Such waves are commonly denoted as E,
wherel isthe azimuthal wavenumber (here, we are con-
sidering only symmetric waveswithl =0)ands=1, 2,
... istheradia wavenumber [6, 7], which characterizes
the number of oscillations (i.e., the number of zeros) of
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the function E/r) in the closed interva [0, R] (see
Fig. 1).

Equation (6) is more difficult to solve because it has
asingularity at theradiusr = r*, at which e(r) =0, i.e,,
W= wy(r). Let us rewrite Eq. (6) in a form convenient
for qualitative analysis of its solutions:

d°E, deDED 1|dE; 2 _
SRR T

(15)

Under inequalities (14) (and by virtue of the inequality
X2 > 0), the solution to Eq. (6) on both sides of the sur-
face r = r* is expressed in terms of monotonic func-
tions, which indicates that it describes a surface plasma
wave. It isthe singularity €(r) = 0 with which is associ-
ated the very existence of surface wavesin awaveguide
with an unmagnetized plasma inhomogeneous in the
r direction. Atr =r*, thereisa*“layer” of resonant elec-
trons whose oscillations constitute the essence of the
wave mation in a surface wave. The relationship w =
wy(r) isthe plasmaresonance condition. At the resonant
surface, the electromagnetic field component E, has a
singularity, the component B, is continuous, and the
component E, undergoes a jump.

Let us examine the qualitative behavior of the field
of a surface wave in an unmagnetized plasma
waveguide near a surface of radius r*, at which trans-
verse dielectric function (3) vanishes. In the vicinity of
this surface (whose radius is assumed to be nonzero),
we can retain only the lowest order termsin Eqg. (15) to
obtain

1dU _ 1de _ dE,
Udr = “edr’ T odr (16)
Integrating this equation yields [5]
0, . C o @ulD)
dr e(r) [w—w,(N)]’
K,dE, . . K wy(r)
E, = d——=-jC—2—P
2 To-w, ()] {1n
_wdE, K wy(r)
By —|s&2 O =—C ke

where Cisan arbitrary constant. Thelast two of relation-
ships (17) were derived using Egs. (4). In the vicinity of
theresonant surface of radiusr*, werepresent the plasma
electron frequency as wy(r) = w,(r*) + W (r*)(r—r*); in
this case, the first of relationships (17) yields the fol-
lowing representation near the resonant radius r*:

w,(r*
E,(r=r*) :_C-—?g——)lnlr —r*|+const.  (18)
wWy(r*)

It can be seen that, asr — r*, the field component E,
diverges logarithmically and the component E, has a
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nonremovabl e discontinuity. Note that the presence of
asingularity in one of the solutions at the surfacer =r*
at which p(r) = 0 is agenera property of equations of
form (12). Usually, the point r = r* is aboundary point
of the closed interval on which the Sturm-Liouville
problem for Eq. (12) is solved [2, 3]. In the case under
analysis, the singular point lies within the interval of
integration.

If we substitute asymptotic expression (18) into
quadratic form (10) and take into account the relation-
ship &(r) ~r —r*, which holdsin the vicinity of the sur-
face of radius r*, then we arrive at adiverging integral.
This circumstance indicates that, when considering
waves in an unmagnetized plasma waveguide, the fre-
guency w should be regarded as complex. The only
exception is the case of a piecewise constant function
wy(r); it is this case that will be investigated in detail
below. However, even when the plasma density is not
piecewise constant, the frequency w can be assumed to
be real under certain conditions and asymptotic for-
mula (18) can then be applied. In thiscase, theintegrals
should be understood in terms of the Cauchy principal
value. This point will be discussed in more detail in the
final section of our paper.

3. INTERNAL PLASMA WAVES
IN THE ABSENCE OF AN EXTERNAL
MAGNETIC FIELD

Along with solutions corresponding to surface
waves (which will be thoroughly analyzed below), the
problem given by Eqg. (6) and boundary conditions (8)
has solutions describing internal plasma waves in an
unmagnetized plasmawaveguide. In fact, let us assume
that, in a certain region G, that is continuous in the r
direction, the plasma density is constant, i.e., wy(r) =

=cong forr O G,. If weset w= , then we can
seethat, in the region G, Eq. (6) isidentically satisfied

for E(r) = Ez(r), where Ez(r) is an arbitrary function.
Outside the region G, Eq. (6) is satisfied by the func-

tion E/r) =0. If wehave E, =0 at theboundaries of G,,
then the function E/r) is continuous over the closed
interval [0, R] and satisfies boundary conditions (8).
Thus, for the problem given by Eq. (6) and boundary
conditions (8), we have constructed the solution that
determines the structure of the simplest internal plasma
waves in an unmagnetized plasmawaveguide. The dis-
persion of such waves is described by the formula

0 = Wy

Any smooth function wy(r) can be approximated by
a piecewise constant function. Specifically, for r 0 G;
(=1,2,...), wecanwrite w,(r) = wy = const, where G,
are nonoverlapping continuous subintervals of the
closed interval [0, R]. It has been shown above that, for
a piecewise constant function w(r), there exist internal
PLASMA PHYSICS REPORTS  Vol. 31
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waves whose elgenfrequencies and eigenfunctions are
given by the relationships

W= 0y
[arbitrary function for r 0 G,

E,(r) = )
@ %dentlcal null for r 0 G,

(19)

wherej=1,2, ....
Taking the limit |G;| — 0, =1, 2, ... in relation-
ships (19), we obtain the expressions

W = wy(r), EJ(r) = S(r—r*), (20)

which determine the frequencies and the field of the
waves in a plasma waveguide in a zero external mag-
netic field. Such waves can be called local internal

waves. In expressions (20), S(x) isan arbitrary function
that is nonzero only at the point x = 0, e.g., the Dirac &
function.

4. DISPERSION RELATIONS FOR DETERMINING
THE SPECTRA OF WAVES IN A WAVEGUIDE
WITH A PIECEWISE CONSTANT
PLASMA FILLING

In order to investigate the simplest internal—surface,
surface, and internal waves, we consider awaveguidein
which the piecewise constant plasmafilling is specified
by the formulas

= const;, O<sr<r,

21
r,sr<R. -

[(Wp1
w(r) =g "
[y, = CONnsty,

For a piecewise constant function &(r), Egs. (5) and (6)
are solved separately for theregionsr <ryandr >r,and
then the solutions obtained are matched at r = r,. One
of the matching conditions follows from the continuity
of the function Er), and the other is obtained by inte-
grating Egs. (5) and (6) over r in the vicinity of the
point r = ry,. For an infinitely strong external magnetic
field, the conditions for matching the solutions have the

form
E
H = o
oaro,

For an infinitely weak external magnetic field, the
matching conditions are

o

(22)

<]

{E}, =0,

Og dE

{E}, =0, (=—4 =0. (23)
P []XZ dr Drp

Solving Egs. (5) and (6) in the regions r < r, and
r>r, and substituting the solutions obtained into
boundary conditions (8) and (22) or into boundary con-
ditions(8) and (23), wearrive at dispersion relationsfor
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determining the frequency spectra of waves in the
waveguide under consideration. For an infinitely strong
external magnetic field, the dispersion relation has the
form[8]
11(Kqrp)
lIO(Klrp)
I (Kol p) Ko(KoR) + Ky (Kor ) 15(K2R)
Zlo(Kzrp)Ko(KzR)_Ko(Kzrp)lo(KzRy

2 2
Ki2 = Xo€y,2:

and, for a zero external magnetic field, the dispersion
relation is[8]

(24)

€1 15(Xarp)
X1lo(X1rp)
_ &l 1(X2r ) Ko(X2R) + K1(X2r p) lo(X2R)

"~ Xalo(Xar 0) Ko(X2R) = Ko(Xar p) 1o(X2R)’ 25
2
Xiz = kzz_%sl,Z'

Here, g, ,=1- wﬁlvz/wz and 1,(x) and K,(x) are Ith-
order modified Bessel functions of the first and the sec-
ond kind, respectively.

Dispersion relations (24) and (25) can a so be derived
by appropriately transforming quadratic forms (11) in
the following way. For a piecewise constant plasmafill-
ing, the continuous solutionsto Egs. (5) and (6) that sat-
isfy boundary conditions (8) have the form

ELr)
%IO(qlrL r <rp’

— EI (@r ) 19(92r) Ko(92R) — Ko(d2r) 1o(A2R)
0 e lo(Aar p) Ko(A2R) = Ko(Q2r o) 1o(02R)’

%p<r<R,

where g , = K; , for aninfinitely strong external mag-

(26)

netic field and qiz = Xiz for a zero external magnetic

field. Substituting functions (26) into quadratic forms (9)
and (10), performing simple but rather laborious inte-
gration, and equating the results to zero yields disper-
sionrelations (24) and (25). Of course, these dispersion
relations are much easier to derive by inserting func-
tions (26) into the second relationships in matching
conditions (22) and (23). However, the method of
matching solutions is effective only for a piecewise
constant function &(r). As for dispersion relations (11),
they are meaningful for arbitrary dielectric functions.
Moreover, for a zero external magnetic field, a disper-
sion relation of form (11) is more general than adisper-
sion relation of form (25). In fact, when deriving solu-
tion (26) in the region where &(r) is constant, we
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Fig. 2. Dispersion curves of the internal—surface and inter-
nal waves in a plasma waveguide in an infinitely strong
external magnetic field.

divided Eq. (6) by £(r) and thereby excluded from con-
sideration internal waves for which (r) = 0.

5. SPECTRA OF WAVES IN A WAVEGUIDE
WITH A PIECEWISE CONSTANT PLASMA
FILLING IN AN INFINITELY STRONG
EXTERNAL MAGNETIC FIELD

Now, we consider solutions to dispersion rela-
tions (24) and (25). Figure 2 shows the dispersion
curves for a plasma waveguide in an infinitely strong
external magnetic field. The curves were calculated by
solving dispersion relation (24) numerically for thefol-
lowing parameter values: R=2cm, r, = 1 cm, wy, =
10 x 10" rad/s, and w,, =2 x 10'° rad/s. Inthis case, we
have w,,, = Wy, and w,,;, = Wy, (see conditions (13)). In
this and similar subsequent figures, the frequency is
expressed in units of 10'° rad/s, the wavenumber being
given in units of cm~!. The dashed line in the figuresis
used to represent the “light” straight line w = k,c. Fig-
ure 2 displays the dispersion curves of slow plasma
waves with the highest frequencies (see five branches
below the line w = k€). The figure also shows the dis-
persion curves of the electromagnetic waves that were
captured by the relevant numerical calculations (see
two branches above the light straight ling). The plasma
waves are seen to fall into two groups:. those whose fre-
quencies approach the frequency w,, as k, —~ o and
those whose frequencies approach w,, as k, — .
Thisfollows from the fact that, in the short-wavelength
limit, the coupling between the neighboring plasma
species isweak.

The waves whose frequencies and wavenumbers are
marked by the points in the dispersion curvesin Fig. 2
can be described as follows. Points 1 and 3 refer to an
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E,, wave belonging to agroup of waves whose frequen-
ciesapproach the frequency wy,; ask, — . Sincew,
> Wy, the eigenfunctions corresponding to points / and
3 describe an internal wave in the regionr <r, and a
surface wave in the region r, < r < R. Points 2 and 5
refer to an E;, wave belonging to a group of waves
whose frequencies approach the frequency w,, as k,
— o, Since w, 5 < Wy, the eigenfunctions corre-
sponding to points 2 and 5 describe a purely internal
wave. Finally, point 4 refers to an Ej, wave belonging
to a group of waves whose frequencies approach the
frequency w,, ask, —= . Since w, > wy,, the eigen-
function corresponding to point 4 describes an internal
wave in the region r < r, and a surface wave in the
regionr,<r <R

The frequency spectra and eigenfunctions of waves
in awaveguide with a piecewise constant plasmafilling
in an infinitely strong external magnetic field are fairly
simple in structure. We touch on this point merely in
order to make our description more complete (see [8]
for details). In particular, if the positions of the higher
and lower density plasmaspeciesareinterchanged, i.e.,
if Wy < Wy, then we arrive at approximately the same
pattern of dispersion curves as shown in Fig. 2. For a
homogeneous plasma filling such that wy,; = Wy, = Wy,

andg =g, =¢g=1- oo,z)o /o, dispersion relation (24)
reduces to amuch simpler form:

2 2
lo(KoR) = 0, Ko = Xo€o-
The solution to this dispersion relation is determined

from the relationship Ké R + ugs =0, where s arethe
roots of the Bessel function, J,(x) = 0. In the frequency
range given by inequalities (14), these solutions
describe the spectraof an infinite number of slow inter-
nal plasmawaves, and, in the frequency range given by
inequalities opposite to inequalities (14), they describe
the spectra of electromagnetic waves.

6. SPECTRA OF WAVES IN A WAVEGUIDE
WITH A PIECEWISE CONSTANT PLASMA
FILLING IN A ZERO EXTERNAL
MAGNETIC FIELD

Here, we consider dispersion relation (25), which
determines the eigenfrequencies of a plasma
waveguidein the absence of an external magneticfield.
It is easy to see that, in the frequency range given by
inequalities (14) and in the limit k, — oo, dispersion
relation (25) reduces to the equation

g, te, = 0. 27
The solution to this egquation,
2 2
W, +W
W= [t _—p2 (28)
2
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describes how the dispersion curve of the only surface
wave in the waveguide under consideration behavesin
the short-wavelength range. In the opposite (long-
wavelength) limit, k, — oo, dispersion relation (25) is
difficult to investigate analytically. However, a qualita-
tively correct behavior of the frequencies of plasma
waves in the range given by inequalities (14) can be
derived in the potential approximation, which is valid
under the condition

W < C/R. (29)

Under this condition, and in the limit k, — 0, disper-
sion relation (25) has the form

1 22 R
éslkzrplnr—

p
The only solution to dispersion relation (30),

+e, = 0. (30)

-1/2
W = 1+% —1Dk22 ’In=
%2[ s
(31)

—1Dkf Fz)ln—
ag wp]

determines the long-wavelength asymptotic behavior
of the only surface wave in a plasma waveguide in a
zero external magnetic field.

When theinequality wy, < wy, issatisfied (animpor-
tant point here is that the electron plasma frequencies
are numbered in accordance with formulas (21)), fre-
guency (31) increases with k, and, as k, — oo,
approaches solution (28) from below. For wy; < Wy,
frequency (31) decreases with increasing k, (this indi-
cates that the dispersion of the surface wave is anoma-
lous, in contrast to the case Wy < Wy, inwhich thewave
dispersion is normal) and approaches solution (28)
from above ask, — . Note that, for wy, = wy, = Wy,
formula (31) becom&sw Wy Itisclear that the latter
relation corresponds to an internal wave because, at a
constant electron plasma frequency, there is no surface
of radius r at which a surface wave structure can be
localized. On the other hand, if we set W, = w,; = Wy,
and w = w,, informula(26), thenwe arrive at asolution
typical of asurface wave, i.e., that in which the deriva-
tive dE,/dr is discontinuous at r = r,. This, however,
does not cause confusion because, for wy(r) = wy, =
congt, Eq. (6) withe =0 (i.e., with w = wy) is satisfied
by any function Er), in particular, by function (26).

Let us discuss some other features of dispersion
relation (30) and its solution (31). Recall that disper-
sion relation (30) is a direct consequence of exact dis-
persion relation (25). It follows from solution (31) that,
for rh— R, there are waves with the frequencies w =
Wy, and there are no waves with the frequencies w=
wy. Looking at formulas (21), however, one may
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decide that the converse is true. The reason is that, for
r, =R, therelation w= wy, for aninternal wave follows
not from dispersion relation (25) but rather from differ-
ential equation (6), which is identically satisfied for
€, =0. In other words, differential equation (6) contains
more information than the dispersion relation derived
by the method of matching solutions. As for the dis-
persion relation w = w,, (whose presence in the case
r, — R appears at first glance to be strange because
the thickness of a plasma with the electron plasma fre-
quency w,, iszero, i.e., thereisno plasmaat all), it cor-
responds to a surface wave localized at the waveguide
boundary. The structure of such “boundary” surface
waves will be considered below.

Another digtinctive feature of dispersion relation (30)
is that it is not symmetric in the two electron plasma
frequencies. As a consequence, for k, —= 0, solution
(31) yields w = ), rather than w = w, (thisasymmetry
was pointed out above). Thisisattributed to the specific
properties of cylindrical geometry, in which the point
r = 0isasingular point. In the planar case, the disper-
sion relation is symmetric in the electron plasma fre-
guencies. If, in cylindrical geometry, the inner plasma
terminate at a certain finite distance from the
waveguide axis (i.e., if there were a vacuum axial
region in a cylindrical waveguide), then, as will be
shown below, a surface wave with w = ), would also
exist in the limit k, — 0.

For a plane waveguide that is formed by two metal
platesat x=-L, and x = L, and in which wy(X) = wy, at
x < 0and wy(X) = wy, a x>0, the dispersion relation has
the form

g1+ exp(=2X;Ly) _

_ &1+ exp(2x,L,)
X11—exp(-2x;L,)

X21—exp(2x,L,)

For k, — oo, the solution to this dispersion relation
coincides with that to dispersion relation (28). For
k,— 0, wehavee,L, + &L, =0, which yields

2 2
W = wp1L2+wp2Ll
L,+L,

We can see that the dispersion relation and its solutions
are both symmetric in the two electron plasmafrequen-
cies. Also, if there is only one boundary between two
plasmas of different densities, then thereisasingle sur-
face wave, asisthe case in cylindrical geometry.

In the case wy, = 0, inwhich solution (31) isinvalid,
dispersion relation (30) requires separate consideration.
Inthiscase, (w,,;, = 0), the dispersion of waves at small
k, is described by the formula

= plkr [In=.

(32)
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Fig. 3. Dispersion curves of the surface waves in a
waveguide with a two-step plasma density profile in a zero
external magnetic field: (1) oy =5and wy, =0, (2) wy; =5
and ) =2, (3) Wy = 0and wy, =5, and (4) wy; = 2 and
Wy = 5. The curves were calculated for (a) R= 1.5 cm and
rp,=0.75cmand (b) R=2.2cmandr,=1.1cm(inthiscase,
inequality (40) is satisfied).

We can see that, as k, increases, the frequency
approaches the value w,/~/2 .

On the whole, we can conclude that, under condi-
tions (14), the solutionsto dispersion relation (25) (and,
accordingly, to the boundary-value problem given by
Eqg. (6) and boundary conditions (8)) differ qualitatively
from those to dispersion relation (24) (and, accord-
ingly, to the problem given by Eqg. (5) and boundary
conditions (8)). Physically, thisis explained by the fact
that, under conditions (14), there is no more than a
finite number of surface waves in a plasma waveguide
in the absence of an external magnetic field. As for the
internal plasma waves occurring in such a waveguide,
they are closer to waves with a continuous spectrum
(see formulas (19), (20)) than they are to conventional
discrete waveguide E,, modes in an infinitely strong
external magnetic field. The mathematical structure of
plasma waves (both surface and interna) in a zero
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external magnetic field is far more complicated than
that of plasma waves in a waveguide in an infinitely
strong external magnetic field.

Now, we analyze the results of numerically solving
dispersion relation (25), which describes the frequency
spectraof wavesin aplasmawaveguide in azero exter-
nal magnetic field. First, we consider the results
obtained for a waveguide with the following parame-
ters: R=15cm,r,=0.75cm, w, =5 x 10" rad/s, and
Wy = 0. InFig. 33, the dispersion curve of the only pos-
sible surface wave in thiswaveguideis shown by curve 1.
For small k, values, the dispersion curveis described by
formula (32), and, for large wavenumbers, it asymptot-

ically approachesthevalue (opl/ﬁ =3.536 x 10'° rad/s
(dashed line a). If we choose the above values of the
waveguide radii and of the frequency wy,, and set wy, =
2 x 10" rad/s, wearrive at dispersion curve 2. Inthefre-
guency range w < Wy, = W, there are no waves at al.
For small k, values and for wy, < wy,;, dispersion curve 2
is described by formula (31); as k, increases, the curve
asymptotically approaches solution (28), w =3.808 x
10'° rad/s, from below (dashed line B). Dispersion
curves / and 2 correspond to waves with a normal dis-
persion.

Further, we keep the above values of the waveguide
radii and interchange the positions of the two plasma
Species; i.e., we set wy,; < wy,. Recall that, for an infi-
nitely strong external magnetic field, the wave pattern
in a waveguide in which the two plasma species are
interchanged remains qualitatively the same. For wy,; =0
and wy, =5 x 10'° rad/s, the dispersion curve of a sur-
face wave is shown by curve 3 in Fig. 3a. For small k,

values, the dispersion curve is described by formula
(31) and, as k, increases, the curve asymptotically

approaches the value u)DZ/ﬁ = 3.536 x 10'° rad/s
(dashed line a). For wy, =2 x 10'° rad/s and for the
abovevalue wy, = 5 x 10" rad/s, the dispersion curveis
represented by curve 4, which is seen to behave like
curve 3 but lies somewhat above the latter because, at
large k, values, it asymptotically approaches the limit
given by solution (28) and shown by dashed line 3. Dis-
persion curves 3 and 4 correspond to waves with an
anomalous dispersion.

Figure 3a aso shows dispersion curves of the elec-
tromagnetic waves (E,, modes) of a plasmawaveguide
in a zero external magnetic field. These dispersion
curves, which were obtained by the relevant numerical
calculations, liein the upper left of the figure above the
inclined dashed line corresponding to thelight line w =
k.c. Since we are not interested here in electromagnetic
waves, we do not even identify to which of the above
four plasma configurationsin question these dispersion
curves correspond.
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7. DETERMINATION OF THE SPECTRA
OF INTERNAL PLASMA WAVES
IN THE ABSENCE OF AN EXTERNAL
MAGNETIC FIELD

In Fig. 3a, the dashed lines w = wy, and W = W,
serve not merely as agraphica illustration of the char-
acteristic frequencies but describe the dispersion of the
actual internal plasma waves whose eigenfrequencies
and eigenfunctions are given by relationships (19).
However, the solutions w = wy,; and w = wy,, cannot be
derived from dispersion relation (25) because it has no
solutions describing waves with eigenfrequencies and
eigenfunctions (19). Recall that solution (19), instead
of being derived as a solution to the eigenval ue problem
in a mathematically precise way, was in fact con-
structed artificialy.

We regularize the problem given by Eq. (6) and
boundary conditions (8) in such away that the solutions
describing internal plasma waves with eigenfrequen-
cies and eigenfunctions (19) can indeed be its eigenso-
lutions, i.e., that they represent certain sets of eigenval-
ues and the corresponding eigenfunctions. To do this,
we assume that the external magnetic field is nonzero.
In this case, the transverse dielectric function of the
plasma is described not by formula (3) but by the
expression

wp(r)
2 2!
e

eq(r) = 1-

where Q. is the electron gyrofrequency. As for the lon-
gitudinal dielectric function, it is, as before, given by
formula (2). For Q. # 0, plasma dielectric tensor (1)
becomes far more complicated: its off-diagonal ele-
ments €, = —€,, become nonzero (for Q. < w, they are
proportional to Q.), which implies that the E and H
modes of the waveguide are coupled to each other. The
mode coupling effect is proportional in magnitude to
Q./c[1, 8]. Sincewearegoing to take the limit Q, — 0,
weignore the mode coupling and immediately set €4, = 0.
From Egs. (4), which remain valid in this case, we
obtain, instead of Eq. (6), the following more genera
equation:

d meg(r)dE
a% al )—ﬂ—rs”(r)Ez =0,

K o0 >

where X7 = kZ —e,(r)w?/c? and the dielectric functions
&(r) and e(r) were defined above. Equation (33) isalso
supplemented with boundary conditions (8). To takethe
limit Q. — 0 in the problem given by Eg. (33) and
boundary conditions (8) is not atrivial matter.

Let us solve the problem given by Eq. (33) and
boundary conditions (8) for the case in which the elec-
tron plasma frequency is described by formula (21).
We integrate Eq. (33) over r in the vicinity of the point

PLASMA PHYSICS REPORTS  Vol. 31

No. 2 2005

155

r =rptoobtain, instead of matching conditions (23), the
conditions

e dE,

=0.
D(él dr Drp

(E}, =0

Substituting solution (26) into these matching condi-
tions yields the following dispersion relation for deter-
mining the eigenfrequencies of a plasma waveguide in
afinite external magnetic field:
€m I1(qsrp)
lxél lo(darp)

Em2 11(0r p) Ko(R) + Ky (0 p) 10(02R)
232 16(0r ) Ko(GzR) — Ko(Gar ) 1o(0;R)’

(34)

m

Qiz = Xél,Zslli-

01,
Recall that Eq. (34) is valid only for a weak external
magnetic field such that the coupling between the E and
H modes is unimportant.

Although, for Q. = 0, Eq. (34) coincides exactly
with dispersion relation (25), it has in addition some
other, essentially different solutions. It is these solu-
tions in which we are interested now. Since we are
going to take the limit Q, — 0, we assume that Q. <
W, Wy, Where w,; is any of the nonzero electron plasma
frequencies of the plasma species of the piecewise con-
stant plasmafilling. For w < k., the signs of the quan-
tities

N

are determined by the signs of the ratios of the dielec-
tric functions (xéj > 0):

2 2 2 2
S = g _ (w0 —wy)(w -Q;)
I T el 2 2 2, 2
Oj (W = Q¢ —wp)w 35
. (35)
- (W —wy;)
(wz—Qg—wﬁj)
In the frequency range
wp <0 <oy + Q (36)

we have § < 0, in which case the quantities qu change

from zero to minus infinity. For qu < 0, the following
relationships are satisfied: 1,(q)) = I,(ilg))) = CJ(|g;]
and K (q) = Ki(i|g;}) = CN,(|q;[), where C are complex
constants and J,(x) and N,(x) are Bessel and Neumann
functions. Consequently, in frequency range (36), solu-
tion (26) describes an internal wave.
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For Q. < w, Wy, theinequalities ey | < Qe/ws; <1
hold in frequency range (36); therefore, dispersion rela-
tion (34) can be represented as

Di(la;)) = Cieg,

wherethe constants C; arefinitein frequency range (36)
for any Q. value and the dispersion functions D; are
given by the formulas

D;(laj)
DJ0(|Q1|rp), j =1,
= %Uo(|CI2|rp)No(|QZ| R)—Jo(|Q2| R)NO(|q2lrp)1
0= 2

j = 1,2, (37)

(38)

In this case, it follows from dispersion relations (37)
and (38) and solution (26) that, in the limit Q. — 0,
the boundary-value problem given by Eq. (33) and
boundary conditions (8) for a waveguide in which the
piecewise constant plasma filling is described by for-
mulas (21) hasthe following eigenval ues and the corre-
sponding eigenfunctions:

W= 0y = Wy +E(V),

O<r<r

O o
WMo Osy [ ps (392)

Ez(r) = Es(r) = [ p
, Ip<r<R,

s=12...,

W= W= Wyt l(Vv),
E,(r) = E(r)

%D, O<r<r,
0 r - r - (39b)
= %]OBEOSQ%NO(HOS) - NOH:IOSEH%JO(HOS)I
%p <r <R,
s=1,2,....
Here, v; = Qj/wﬁj, the functions &(x) and (X

approach zero asx — 0, [, isthe root of the equation
Jy®) = 0, [ is the root of the equation JAX)N(X) —
NyAX)Jy(X) = 0, and A = rp/R. In a waveguide with a
piecewise constant plasma filling, the structure of any
other internal plasma wave (see relationships (19)) is
analogous to that given by formulas (39). It follows
from formulas (39) that, for Q. — 0, al the eigenfre-
quencies are the same, ws= w,;, and thereareaninfinite
number of different eigenfunctions corresponding to
the same eigenfrequency. In this sense, it is possible to
speak of an arbitrary transverse structure of the field of
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internal plasmawaves in a plasmawaveguide in a zero
external magnetic field.

8. SOME DISTINCTIVE FEATURES
OF THE SURFACE WAVES IN THE ABSENCE
OF AN EXTERNAL MAGNETIC FIELD

We turn now to surface waves in awaveguide with a
piecewise constant plasmafilling (21) in azero external
magnetic field. In discussing the dispersion curves
showninFig. 3a, we used formulas (31) and (32), which
were obtained from exact dispersion relation (25) in the
potential approximation, i.e., under condition (29).
For the dispersion curvesillustrated in Fig. 3a, inequal-
ity (29) fails to hold. Nevertheless, these two formulas
provide aqualitatively correct description of the disper-
sion of the surface waves. However, in a waveguide
with higher electron plasma frequencies wy,; and with a
larger radius R, the situation is qualitatively different,
especially when alower density plasma species in the
waveguide is surrounded by a higher density plasma
Species, Wy, > wy;. From Fig. 3a and formula (31), we
can seethat, in the limit k, — 0, the frequency of the
surface wave is equal to wy,. This is aways true for
Wy < Wy, However, for w,, > w,, and under the ine-
quality

@2 > Hor 5+ P05, (40)
the frequency of the surface wave in the limit k, — 0
islower than w,,. Moreover, the dispersion of thiswave
in the long-wavelength range can become normal. In
condition (40), we have used the positive parameter
p(ry), which, usualy, differs insignificantly from unity
but cannot be calculated analytically in the general
case. Inequality (40) indicates that the electron plasma
frequency of adenser plasma speciesis higher than the
cutoff frequency of an internal electromagnetic wavein
awaveguide filled with alower density plasma.

Figure 3b shows the dispersion curves of the surface
and internal waves in a plasma waveguide in the
absence of an external magnetic field. In the figure, the
electron plasma frequencies are the same as those in
Fig. 3a and the waveguide radii are somewhat larger,
namely, R = 2.2 cm and r, = 1.1 cm. For a plasma
waveguideinwhich w,, = 5 x 10'° rad/sand wy, = 0, the
dispersion curves of a surface and an internal wave are
shown by the lower and the upper curves 1, respec-
tively. Curves 2 show the dispersion curves of the same
wavesfor w,, = 5 x 10" rad/sand wy;, =2 x 10'° rad/s.
In both cases, we have wy, < wy,;; hence, the dispersion
curvesin question are, on the whole, similar to the cor-
responding curvesin Fig. 3a. For awaveguidein which
wy; = 0and wy, =5 x 10'° rad/s, the dispersion curves
of a surface and an internal wave are shown by the
lower and the upper curves 3, respectively. Curves4 are
the dispersion curves of the same waves for w,; = 2 x

PLASMA PHYSICS REPORTS Vol. 31  No. 2 2005
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Fig. 4. Some particular cases of surface plasmawavesin a zero external magnetic field: (a) the dispersion curve of aboundary sur-
face wave (the lower curve), (b) the structure of the electric field components E, (upper curve) and E, (lower curve) in a boundary
surface wave, and (c, d) the dispersion curves of the surface wavesin awaveguide with two plasma species and with avacuum axial
region. In plot (c), the inner plasma species is denser than the outer plasma species; in plot (d), the converse situation is shown.

10'° rad/s and wy, = 5 % 10'° rad/s. Since, in this case,
the condition wy, > wy,; holds and inequality (40) is sat-
isfied, the dispersion curves in question differ from the
corresponding curvesin Fig. 3a. Thus, ask, — 0, the
frequencies of the surface waves approach a frequency
lower than the electron plasma frequency w,. As for
the cutoff frequencies of the electromagnetic waves,
they, on the contrary, become exactly equal to wy, (onthe
scale adopted in Fig. 3b, the upper dispersion curves 3
and 4 for the electromagnetic waves coincide almost
entirely with one another). For brevity, we do not
present here a more detailed analysis of the coupling
between electromagnetic and surface wavesin the case
in which inequality (40) is satisfied by alarger margin.

To conclude the analysis of a waveguide in which
the piecewise constant plasmafilling is given by formu-
las (21) and the external magnetic field is absent, we
consider the following two particular cases. In the
above discussion of dispersion relation (30) and its
solution (31), we have introduced the notion of the
boundary surface waves. Such waves, with the fre-
quency w = &), existinawaveguidein which aplasma
of small (and even infinitely small) thickness is adja-
cent to a metal wall. In order to give a clearer insight
into the physical meaning of these waves and their
structure, we consider numerical results obtained for a
waveguide with the parameters oy, = 5 x 10'° rad/s,
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Wy, =2 x 10" rad/s, R=1.5cm, andr, = 1.45 cm. Fig-
ure 4a shows the dispersion curve of the boundary sur-
face wave in such awaveguide, and Fig. 4b illustrates
the structure of the electric field components E,(r) and
E,(r) of thiswave that were calculated at the point (k, =
2.1086 cmr!, w = 2.1409 x 10'° rad/s) of the dispersion
curve. The shorter the distance from the interface
between the two plasma species to the waveguide wall
(rp, — R), the closer the dispersion curve to the
straight line w=w,, and the narrower the plasma
region near thewall, r, <r <R, wherethefield islocal-
ized. Moreover, in the limit , — R we have
[EN/E (N)]x — 0. Inthislimit, the field distribution
can be described by the relationships

[0, O<r<R-9
E(r) =0, E(r) =D '
™, R-0<r<R,

o — +0,

which clearly conveys the physical meaning of the
boundary surface wave.

Also, in discussing dispersion relation (30), we have
pointed out the fact that it is not symmetric in the two
electron plasma frequencies and, in particular, that for
k, = 0 it has no solutions describing waves with the fre-
quency w = wy, (recall that the electron plasmafrequen-
cies are numbered in accordance with formulas (21)).
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As was mentioned above, the reason for thisis that, in
cylindrical geometry, the point r = 0 isasingular point.
If we assume that there is no plasma at the waveguide
axis, then we arrive at new solutions describing new
surface waves. Figures 4¢c and 4d show dispersion
curves for two waveguides with the same radii R =
1.5cm and r, = 0.75 cm but with different piecewise
constant plasma fillings: w,, =5 x 10" rad/s and wy, =
2 x 10" rad/s (Fig. 4c) and oy, =2 x 10" rad/s and w3, =
5 x10'° rad/s (Fig. 4d). The inner plasma species occu-
piestheregionr (I [r,, rp], wherer, =0.1cm; i.e,, there
is avacuum axial region in the waveguide. We can see
that, although the radius of the vacuum region issmall,
new branches arise in the frequency spectra, namely,
the branch w = w, =5 % 10" rad/s in Fig. 4c and the
branch w = oy, =2 x 10'° rad/s in Fig. 4d. Cylindrical
waveguides possess the following fundamenta prop-
erty: in the long-wavelength range, there can never be
branches w = wy(r = 0), where w(r = 0) isthe electron
plasma frequency at the waveguide axis. If this fre-
guency is equa to zero, then, in the long-wavelength
limit, there are no waves with frequencies w — 0. We
emphasize that these conclusions do not refer to
waveguides in a strong external magnetic field.

9. WAVEGUIDE WITH A THREE-STEP
PLASMA FILLING

We turn now to the investigation of awaveguide with
athree-step plasma filling—a case that is more compli-
cated than the previous one but is more important from a
practical point of view. Specifically, we assume that the
function wy(r) is given by the relationships

(W, = CONsty, O<r<ry,
(op(r) = gupl = const;, r;<r<r,, 41)
[Wp2 = CONsty, r,<r<R.

We focus primarily on a waveguide in a zero external
magnetic field. We solve Eq. (6) for adjacent waveguide
regions filled with different plasma species and match
the solutions at the surfacesr, , with the help of condi-
tions (23) to obtain the following dispersion relation:

Qalo(X1r2) —Qula(Xar2)
Qolo(X1r1) = Qula(X1ra)

_ QzKo(X1r2) + Q:Ky(Xal»)
QoKo(X1r1) + QuKy(X1r)’

_ & l1(Xor1) _&

Qo = X_OIO(XOrl), Q = X_11

Q, = €5 11(Xar2) Ko(X2R) + |0(X2R)K1(X2rz),
X2l o(X2r2) Ko(X2R) = 1o(X2R) Ko(X2r2)

(42)
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2 _,2 W
Xi = k-,

=€, 1 =012
c

Inthe limit k, — oo, dispersion relation (42) trans-
formsinto the relation

(&0t &1)(e1+ &)

(43)
= —(g1—8&p)(ex =€) exXp(=2K,(r,—ry)).

For r, # r,, this dispersion relation has the solutions

2 + 2
o0 > Dot (44)

which are analogous to solution (28) and stem from the
interaction between neighboring plasma species. For
r, —r, — 0, dispersion relation (43) yields other
eigenfreguencies:

2 2
W, T W

pO p2 —_
T, w = OJpl.

Thefirst of relations (45) is analogous to relation (44).
The second is an analogue of the dispersion relation for
aboundary surface wave. Note that this second relation
is valid over the entire wavenumber range such that
k(r,—r)) < 1.

Figure 5 illustrates the results of solving dispersion
relation (42) numerically for R=3 cm, r, =1 cm, and
r, = 2 cm. The figure shows the dispersion curves of
only two surface waves that, in the case at hand, occur
at the two interfaces between three different plasma
species. The three electron plasma frequencies were
takento be 0, 2 x 10'°, and 5 x 10'° rad/s, and all their
possible combinations were considered. The triples of
the values of the electron plasma frequencies (in units
of 10'° rad/s) arranged in order of increasing distance
from the waveguide axis are presented at the top of each
frame of Fig. 5. Figure 6 presents the dispersion curves
of surface waves in the same waveguide but with elec-
tron plasma frequencies that differ somewhat from
those in Fig. 5, namely, 1 x 10'°, 3 x 10'°, and 5 x
10'° rad/s. Figures 5 and 6 clearly demonstrate all the
above regular features of the behavior of solutions to
the problem given by Eq. (6) and boundary conditions
(8) in the case of a piecewise constant function wy(r).

We again stress the following fundamental property
of the spectra of surface waves in a waveguide with a
piecewise constant plasma filling in a zero external
magnetic field: in the long-wavelength limit k, —~ 0,
there are no branches corresponding to waves whose
frequency is equal to the electron plasma frequency at
the waveguide axis. This property, which is fully con-
firmed by Figs. 5 and 6, holds not only for waveguides
in the absence of an external magnetic field but also for
waveguidesin aweak external magnetic field. An anal-

w = (45)
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Fig. 5. Dispersion curves of the surface waves in a waveguide with two plasma species and with a vacuum axial region in a zero

external magnetic field (e, is given in units of 100 rad/s).

ysis shows that the external magnetic field can be
regarded as sufficiently weak under the inequality (see
conditions (13))

Qe < (*)min- (46)

Inthis case, the surface plasmawaves generally possess
the same features as those in a zero external magnetic
field. Under the inequality

Q> Wy (47)

the external magnetic field is strong and slow wavesin
a plasma waveguide are fully analogous to waves in a
plasmawaveguide in an infinitely strong external mag-
netic field.

Function (41) models a so-caled annular plasma
filling, which is important for experimental investiga-
tions. Let us consider two more examples of
waveguides with annular plasma filling that are fre-
guently used in experiments. Figure 7 illustrates the
results calculated numerically for a plasma waveguide
with the parameters R=3 cm, r, =1cm, r, = 2 cm,
Wy = Wy, =0, and wy,; =5 x 10" rad/sin azero external
magnetic field. The dashed lines show the dispersion
curves of surface waves in the absence of the plasma
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background, Wy = Wy, = 0, and the solid lines show
those of the same surface wavesin the case of auniform
plasmabackground, w,, = wy, = 10'° rad/s. The presence
of the plasmabackground is seen to serioudly affect the
structure of the spectrum: there is no surface wave in
the low-frequency range. Note that the results illus-
trated in Fig. 7 do not contradict the fact that, in the
limit k, — 0, the frequency spectrum does not contain
a branch corresponding to a wave whose frequency is
equal to the electron plasma frequency at the
waveguide axis. For the case to which Fig. 7 refers, we
have Wyo = Wps and, in the long-wavelength limit
k, — 0, a wave with the electron plasma frequency
near the waveguide wall (in Fig. 7, this frequency is
Wyp) isinevitably present in the spectrum.

In awaveguide in an infinitely strong external mag-
netic field, the presence of the background plasma
affects the spectra of slow waves in another way: addi-
tional branches corresponding to internal waves with a
frequency w < Wy, = Wy, appear in the low-frequency
range (asisthe casein Fig. 2). The effect of the back-
ground plasma on the frequency spectra in a plasma
waveguide in a strong external magnetic field was
investigated in detail in[9].
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Fig. 6. Dispersion curves of the surface waves in a waveguide with a three-step plasma density profile in a zero external magnetic
field for different combinations of the densities of neighboring plasmas (wy, is given in units of 10% rad/s).
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Fig. 7. Characteristic dispersion curves of the surface waves
in a waveguide with an annular plasma filling in a zero
external magnetic field. The dispersion curves in the
absence of the plasma background are shown by the dashed
lines, and those for auniform plasmabackground are shown

by the solid lines.

10. PLASMA FILLING WITH SMOOTH PLASMA
BOUNDARIES

When the plasma boundaries in the waveguide are
not sharp, slow plasma waves have far more compli-
cated properties, especially inaweak external magnetic
field. The waves in such a plasma were considered in
our earlier paper [5]. Above, we have aready men-
tioned these waves in discussing formulas (16)—(18)
and solution (20). Now, we are going to investigate
these wavesin more detail: atask that isof considerable
physical interest and of great importance in solving
problems of microwave electronics[8, 10].

We begin with amodel problem that has an analytic
solution and permits a simple limiting transition to the
case of a plasmawith a sharp boundary. We go over to
plane waveguide geometry (i.e., switch from the coor-
dinater to the coordinate x) and restrict ourselvesto the
potential approximation (¢ —» o0). We assume that the
external magnetic field is absent and that the plasma
PLASMA PHYSICS REPORTS  Vol. 31

No. 2 2005
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distribution over theregion x [ (—oo, +00) isgiven by the
formulas

%bof, = const, X<-L

2 —

wp(x) = %Kwi/Z)(l—x/L), L<xsL ¥
(0, x>L.

A limiting transition to the case of a plasma with a
sharp boundary is obvious: it is necessary to reduce L
in formulas (48) to zero. For convenience, we nondi-
mensionalize the coordinate and introduce the follow-
ing notation:

(49)

In the region of constant plasmadensity, the electric
field component E, satisfies the equation
d’E,

Z_K°E, =0, &<-1, &>1.
d§

(50)

In the region where the plasma density varies, the cor-
responding equation has the form

d dEn _
e -0 FH-K(E-0)E, = 0,

1<Ei<l

(51

Thesolutionsto Eq. (50) that are bounded at infinity are
given by the formulas

OAexp(—KE), &>1
E, = 52
(&) EBexp(KE), & <1, (52)

lolk(1—a)] +I,[k(1-0)] _

o[K(1—0)] —K,[k(1—-0a)]
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where A and B are constants. The solutionsto Eq. (51)
are expressed in terms of the modified Bessel functions
I, and K, of the argument z= k(¢ — a):

E,(€) = Clo(k(€ —a)) + DKo(k(€ —a)).  (53)

In discussing formula (18), in which the field com-
ponent in question diverges logarithmicaly, we have
pointed out that the frequency w should be regarded as
complex. Consequently, the argument in solution (53)
isalso complex: z= x + iy. For small absolute values of
the complex argument, the function K, has a logarith-
mic singularity [11],

Ko(2) = =In(2)14(2) + ...

= —(InJX* +y* +iarctan(y/x))lo(2) + ...,
Z = X+iy,

while the function |, has no singularity. At a certain
point of the interval =1 < & < 1 on the rea axis &, we
havex =0 ({ =Rea) and y # 0. In this case, in moving
along the rea axis from the point § = 1 to the point
& = -1, thearctangent function in formula (54) changes
by +1, depending on the sign of y. Consequently, if
solution (53) is used near the boundary ¢ = 1, then the
solution near the boundary & = —1 should be written as

E,(€§) = Clo(k(a =¢))
+ DK o(K(a —£)) £iTD I o(k(a —£)).

We insert solutions (52), (53), and (55) into the
matching conditions,

(54)

(55)

d
(E(E=%1)} =0, acXe=+1T=0 (56)
nd¢ O

and eliminate the constants A, B, C, and D to obtain the
following dispersion relation for determining the com-
plex frequencies w:

Lo[K(L+a)] +1y[K(1+a)] ~ Kolk(1+0)] —Ky[k(1+0)] £it{ 1o[K(1+a)] +1y[K(1+a)]}’

Note that the last two of conditions (56) imply that the
normal components of the electric induction vector
should be continuous; this follows from the continuity
of the plasma dielectric function (x) at § = %1, the
plasma distribution being given by formulas (48). Note
also that dispersion relation (57) can be derived only
from solution (53); in this case, however, it is necessary
to use the following familiar formulas of the theory of
analytic continuation [11]:

IV(eimrrz) — eivmnI \;(Z);

| | - 58)
- ._sinvmm (
K (€™2) = e "MK, (2) —iT= 1.(2).
Wl ) W(2) e W(2)
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(57)
In the long-wavelength limit
K| = |kjL <1, (59)
dispersion relation (57) transforms to
FiTK = ——1——. (60)

1+a 1-a
Taking into account inequality (59) and using the
expression for a (see formulas (49)), we obtain from
dispersion relation (60) the sought-for expression for
the complex frequency:

W TU (O
W = 7_;%[—|Z|kZ|LD. 61)
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For L=0(i.e., for asharp plasmaboundary), formula(61)
determinesthe well-known frequency of asurface wave
a the boundary of a plasma half-space. The surface
wave also existsin the case of a smooth plasma bound-
ary (L # 0); moreover, under condition (59), it is
damped only weakly. Presumably, this damping is
caused by the conversion of the surface wave into local
internal waves (see solution (20)) at the plasma reso-
nance point w = wy(X).

Inlong-wavelength limit (59), the surface waves can
be investigated analytically not only for a plasma den-
sity distribution given by formulas (48) but in a more
general case aswell. Let the transverse dielectric func-
tion &(x) of the plasma be continuous and constant at
X< X (€=¢)) and a x> X, (€ = &,). When integrating
the equation (see Eq. (15))

2
dE
d E2+dlns z_kaZ -0

o | dx dx (62)

over theregion x 1 [X,, %] inthe long-wavelength limit

(X, — X,)] < 1, we can ignore the term k’E,. As a

result, we obtain the following genera solution (see
formulas (16), (17)):

DAexp(—kzx), x>

E, = DIs(x) Xy € X< Xy. (63)
D
DBexp(ka), X< Xg.

We match functions (63) in a conventional manner and
eliminate the constants A, B, C, and D to arrive at the
dispersion relation

1, .d
£, = _kz;!"Ti) = z p_[ﬁ(

where the symbol Vp denotes the principal value of the
integral and x,, is a point at which g(x) = 0. Dispersion
relation (64) and formulas (48) immediately yield rela
tion (61).

It follows from formulas (52) that the quantity A ~

k,” determines the characteristic transverse spatia

scale on which the surface waveislocalized. Therefore,
inequality (59) implies that the scale on which the
plasma density varies is short in comparison to the
transverse scale on which the wave field is localized,
L < A. However, this is obviously a natural condition
for the existence of a surface wave. When inequality
(59) fails to hold, the surface wave ceases to exigt, or,
more precisaly, it degenerates into an internal wave
whose field is localized just in the region where the
plasma is inhomogeneous. When the inequality oppo-

—1

zuwxo

(64)

1
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sitetoinequality (59) is satisfied, dispersion relation (57)
reduces to

Wexp(W) =z, z= %=

L
50
The function W(2) defined by this dispersion relation is
known as the Lambert function, which was thoroughly
investigated and tabulated [12]. Dispersion relation (65)
yields the following expression for the frequency of the
wave that is damped at the slowest rate:

W = 2k(1-a). (65)

(0.54—0.36i). (66)

2J_

Thisexpressionimpliesthat |w|< w, and that theimag-
inary part of the frequency is on the order of its real
part. Since the inequality opposite to inequality (59) is
satisfied, the wave field islocalized in the region where
the plasma is inhomogeneous (as if there were metal
wallsat x = L ). Such strongly damped internal (unnat-
ural) oscillations of an inhomogeneous plasma were
studied in [13, 14].

Inthelong-wavelength limit, the damping of surface
waves by plasma density variations is weak. This indi-
catesthat, in deriving the dispersion relations w= wx(k,),
the damping can beignored to afirst approximation. On
the other hand, by taking into account weak damping, it
is possible to eliminate divergences in the components
of the electric field of surface waves (see formulas (17)
and (18)) and, thereby, to overcome difficulties in
numerically solving the boundary-value problem given
by Eqg. (6) and boundary conditions (8) for a smooth
plasma density profile in a waveguide. The difficulties
in carrying out integration were overcome in the fol-
lowing way: First, Egs. (4) were solved over the inter-
val from zero to r* — h/2, where (r*) = 0 and histhe
mesh spacing of the difference grid. Second, the same
equations were solved in the interval from r* + h/2 to
R. The equations were integrated under the assump-
tions E(r* + h/2) = E(r* — h/2) and By(r* + h/2) =
By(r* — h/2); this is equivaent to the integration over
the vicinity of the singular point r* in terms of the
Cauchy principal value. Recall that, in the case of a
strong external magnetic field, numerical solution of
the boundary-value problem given by Eg. (5) and
boundary conditions (8) presents no difficulty. In con-
clusion, we consider the results of numerical calcula-
tion of the frequency spectra of waves in a waveguide
with athin-walled annular plasma—an important issue
in plasma microwave electronics.

Figure 8 shows the profiles of the function wy(r) for
which the calculations were carried out. We investi-
gated four plasma density profiles: a step profile in the
absence of the plasmabackground (Fig. 8a), a Gaussian
profile in the absence of the plasma background
(Fig. 8b), a step profile in the presence of the plasma
background (Fig. 8c), and a Gaussian profile in the
presence of the plasmabackground (Fig. 8d). Inall four
PLASMA PHYSICS REPORTS  Vol. 31
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cases, the waveguide radius was R = 2.05 cm, the mean
radius of a thin-walled annular plasma was r, =
1.05 cm, and the maximum electron plasma frequency
(see conditions (13)) was w,,,, = 22 % 10'° rad/s. In the
case of a step profile, the plasma thickness was A, =
0.1 cm, the maximum electron plasma frequency in the
presence of the plasma background being w,,;, = 6.96 x

10'° rad/s. The Gaussian profile 6, (1) = 6ra exp((F —

rp)2/6,§) was chosen (8, = 0.0564 cm) so that the line

density of athin-walled annular plasmawasthe samein
al the cases under analysis. For the profiles chosen,
long-wavelength limit (59) implies that ok, ~ Ak, < 1;
itisthisinequality that is satisfied over almost the entire
wavenumber range k, < w,,,./C, which is important for
plasma microwave electronics. Note that the cases of a
step plasma density profile (Figs. 8a, 8¢) can be inves-
tigated analytically by the method of dispersion rela-
tions (see Section 9, Eq. (42)). Here, we present only
the results of numerical solution in finite differences of
the boundary-value problem given by Eq. (5) and
boundary conditions (8) and that given by Eq. (6) and
the same boundary conditions. A comparison of numer-
ical resultswith the solutions to the dispersion relations
(in the cases of a step plasma density profile) confirms
the efficiency and reliability of numerical methods used
in our simulations. The parameters of the plasma
waveguides (such as the waveguide radii, the electron
plasma frequencies, and the plasma thicknesses) that
were chosen for simulations correspond to those in
actual physical experiments [15].

Figure 9 depicts the dispersion curves for a
waveguide free of the plasmabackground. Inthefigure,
the dispersion curves of the slow plasma waves and of
the E- and H-type fast electromagnetic waves are
shown. The straight line emanating from the origin of
the coordinates is the light line w = k,c. Figures 9a and
9c were calculated for an infinitely strong externa
magnetic field and for a step and a Gaussian plasma
density profile, respectively. It can be seen that the dis-
persion curvesin thefiguresare essentially identical. In
other words, in the case of a strong external magnetic
field, the dispersion curves are insensitive to the shape
of the plasma density profile. This conclusion stems
from the internal nature of the wave field within the
plasmaand isvalid only for thin-walled annular plasma
columns with the same line densities.

Figures 9b and 9d display the dispersion curves cal-
culated for a zero external magnetic field and for a step
and a Gaussian plasma density profile, respectively. In
both figures, the lower curves, which are the dispersion
curves of alow-frequency slow plasma wave, are seen
to have essentially the same shape. This indicates that
the dispersion of such wavesisinsensitive to the shape
of the plasmadensity profile, in agreement with disper-
sion relation (61), which was obtained in the long-
wavelength limit. It is of course necessary to take into
account that formula (61) was derived in the potential
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Fig. 8. Density profiles of athin-walled annular plasma for
which the simulations were performed: (a) a step profilein
the absence of the plasma background, (b) a Gaussian pro-
filein the absence of the plasma background, (c) a step pro-
file in the presence of the plasma background, and (d) a
Gaussian profile in the presence of the plasma background.

approximation for a plasma half-space rather than for
a waveguide plasma. Moreover, the lower curves in
Figs. 9b and 9d are identical to the corresponding
curvesinFigs. 9aand 9c. Thisindicatesthat the disper-
sion of along-wavelength low-frequency slow plasma
wave in a waveguide with a thin-walled annular
plasma is independent of the strength of the external
magnetic field [16].

In Fig. 9b, we can also see the dispersion curve of a
high-frequency slow plasma wave (the upper curve).
For small k, values, this curve describes an el ectromag-
netic wave (w/k, > c). As k, increases, the wave
becomes dower and, as k, —= oo, its frequency

approaches wy,/ /2, the wave dispersion being anoma-
lous. Waves of thistype have been discussed in detail in
Section 9. In order for the two surface plasmawaves—
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Fig. 9. Dispersion curves of thewavesin awaveguide with (a, b) asteplikeand (c, d) aGaussian annular plasmain (g, ¢) aninfinitely
strong and (b, d) an infinitely weak external magnetic field in the absence of the background plasma

low-frequency and high-frequency—to exist simulta-
neously, the plasma in the waveguide should have two
free surfaces (boundaries). In particular, for a high-fre-
guency plasma wave, it is of fundamental importance

that there be the inner boundary r =r,—A,/2. InFig. 9d,
there is no dispersion curve of a high-frequency slow
plasma wave. More precisely, the long-wavelength
electromagnetic branch of this dispersion curve is
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nitely strong and (b, d) an infinitely weak external magnetic field in the presence of the background plasma.

present, but there is no indication that the wave is
slowed and its dispersion becomes anomalous. Hence,
in a plasmawith a Gaussian density profile, a high-fre-
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guency slow plasma wave cannot exist. The reason is
that such a wave is generated by opposite electric
charges induced on the boundaries of the annular
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plasma column [16]. Moreover, the penetration depth
of the wave field into the plasma should exceed the
transverse size of the region where the surface charges
are localized. In the case of a step plasma density pro-
file, the surface charges are localized in an infinitely
thin region. For a Gaussian profile, thisis not the case
in the long-wavelength range, while short-wavelength
plasma waves should be considered with allowance for
their strong damping.

The dispersion curves for a waveguide with a thin-
walled annular plasma and a background plasma are
shown in Fig. 10, which demonstrates the same regular
features of the frequency spectrum as those in the pre-
viousfigure. A new featureisthe appearance of internal
waves in the plasma background in a strong external
magnetic field (see Figs. 10a, 10c, and also Fig. 2) and
the disappearance of a low-frequency slow plasma
wave with afrequency w < w,,;, in azero external mag-
netic field (see Figs. 10b, 10d, and also Figs. 3, 6).

Inour opinion, it isof interest to investigate, in both
its theoretical and practical respects, the problem of
how the dispersion of waves in a plasma waveguide is
influenced by the shape of the plasma density profile.
For awaveguidefilled entirely with aplasma, this prob-
lemwasinvestigated in [5] (seeaso[8]). A much more
complicated case of an annular plasmarequires a sepa-
rate study. Note that in this case the Gaussian plasma
density profileisnot optimal in the sensethat it does not
permit a limiting transition to a step profile. In subse-
quent papers, we will continue our work on the effect of
the shape of the plasmadensity profile on the dispersion
properties of plasma waveguides, including those in a
finite external magnetic field.
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Abstract—Space-resolved X-ray spectra and electron emission spectra from amicropinch discharge are mea-
sured with the help of tracking detectors. Results from measurements of the discharge optical emission with a
high temporal and spatial resolution are also presented. © 2005 Pleiades Publishing, Inc.

In this paper, we present the results from experimen-
tal studies of micropinch discharges by untraditional
diagnostic methods. The experiments were carried out
in a low-inductance vacuum spark (LIVS) facility (the
parameters and design of the facility are described in
[1]) at discharge currents of up to 150 kA. The working
medium was iron plasma.

The most widespread method for determining the
spectrum of X-ray emissionisto measurethe extinction
curve [2]. The determination of the emission spectrum
from the extinction curve is arather complicated prob-
lem and, in some cases, requires prior information
about the spectrum. In the present study, X-ray spectra
were measured with the help of nuclear photoemul-
sions that allowed us to detect X-ray photons from the
tracks of secondary electrons. This method ensures
much higher accuracy than the extinction curve
method; moreover, it allows oneto reveal thefine struc-
ture of the spectrum, which cannot be measured by the
filter method.

Another advantage of the tracking method is that it
allows one to measure X-ray spectra from different
regions of the emitting plasma by forming a plasma
image (e.g., with the help of a pinhole camera) in the
detector.

In this study, thick photoemulsions were also used
as tracking detectors in a magnetic analyzer of elec-
trons [3]. To study the particle emission spectrafrom a
short-lived hot plasma, X-ray films are most frequently
used as particle detectors. The main difficulty in using
thesefilmsisthat it is necessary to know their absolute
spectral sensitivity, i.e., the dependence of the film
blackening on the number of incident particles per unit
areaof the detector surface throughout the entire energy
range under study. For this purpose, fragmentary exper-
imental data on separate spectral intervals and the cal-
culated spectral sensitivities are usually used. This can
introduce substantial errors into the measurement
results.

The use of a tracking detector, first, increases the
sensitivity of measurements (because, in this case, it is
possible to detect individual €electrons); second, it
allows oneto determine the energy of the detected elec-
tron from the measured track length; and, third, it sub-
stantialy increases the reliability of the calibration of
the spectrometric system as awhole.

To take the advantages of the tracking method, it is
necessary to know the main spectral characteristic of
the nuclear photoemulsion—the instrumental line
shape, i.e., the response of the detector to the flux of
monoenergetic electrons throughout the entire energy
range under study. Since the energy of an individual
electron (either primary or secondary) can be conve-
niently determined by counting the number of grainsin
its track [4], the instrumental line shape in our case
describes the distribution of the primary or secondary
electrons over the number of developed grains in the
track, provided that the recorded particles (electrons or
X-ray photons) are monoenergetic.

In our measurements, we used a 200-pum-thick
P-type (relativistic) nuclear photoemulsion without a
substrate. The photoemulsion efficiently detected parti-
cles with arelatively low ionizing power, such as hard
X-ray photons and high-energy electrons.

The instrumental line shape for X-ray emission was
measured in the photon energy range from a few to
160 keV. For this purpose, the photoemulsion was
exposed to the emission of gamma-active isotopes and
the characteristic X-ray emission of foils of different
elements. The photoabsorption of monoenergetic pho-
tons is accompanied by the formation of a series of
monoenergetic groups (lines) of photoel ectrons emitted
from the K and L shellsof Ag and Brionsthat enter into
the composition of the emulsion microcrystals. It was
found that the yield ratio of the different groups of pho-
toelectrons only dightly depends on the energy of
X-ray photons in the energy range of 10-150 keV.
Moreover, in the exposed photoemulsion, the groups of
photoelectrons corresponding to the characteristic Ag

1063-780X/05/3102-0167$26.00 © 2005 Pleiades Publishing, Inc.
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and Br emission, as well as Compton and Auger elec-
trons, were observed.

Theresults obtained show that theleading roleinthe
interaction of X-ray emission in the photon energy
range of hv > 10 keV (which is of interest to us) with a
photoemulsion is played by photoabsorption. The con-
tribution from Compton absorption turns out to be neg-
ligibly small. The Auger electrons leave tracks of afew
grains in a nuclear photoemulsion; in this case the
beginning of the track coincides with the beginning of
the primary photoelectron track. Such an elongated
track can be erroneously interpreted as the track of an
electron with a somewhat higher energy.

The part of the response function that correspondsto
photoel ectrons can be represented in the form

_ —n)7
K(n,n(E)) = A{exp%—(nzoz)g

O (n—n-An,)°0
+ 0.33expB—wD ey
g 20 O

O (n—n—-An,)T
+ O.llexp[-l—% ,
0 20° O

where n isthe number of the developed grainsin a sec-
ondary electron track; n(E) isthe position of the most
intense photopeak for secondary electrons with an
energy E; 0 = 1.5 isthermsdeviation; A isthe normal-
izing coefficient; and An, = 3 and An, = 6 are the shifts
of the second and third photopeaks relative to the most
intense photopeak, respectively.

The photoabsorption of monoenergetic X-ray pho-
tons with an energy Ej, is accompanied by the genera-
tion of photoelectronsfrom theK and L shellsof Ag and
Br atoms with energies

E = Epn—Ex ()

where E | is the electron binding energy at the K or L
shell (Egag = 25.5 KeV, Ex,y = 135 keV, and E, ) =
3.5keV) [5].

To determine the instrumental line shape with
respect to electrons, the photoemulsion was irradiated
by electrons with energies 40, 60, 80, and 100 keV. The
distributions of the tracks of primary electrons with the
above energies over the number of grains were approx-
imated by a Gaussian distribution, and the position of
the maximum of the distribution for a given electron
energy and the distribution width (which determines
the energy resolution) were then found. The results
obtained from the photoelectron tracks and the primary
electron tracks agree well with one another. Thisallows
us to derive a general calibration relationship between

DOLGOV et al.

the electron energy and the number of grainsin an elec-
tron track:

E E

n(E) = a)—no_E n Eo’

(3
where w = 1.67 keV/grain is the energy spent by an
electron on the formation of adeveloped grain, n, = 17,
and E, = 28.5 (the energy is measured in kiloelectron-
volts) [6].

The procedure of recovering the energy distribu-
tions of the electrons and X-ray photons from the mea-
sured instrumental electron spectra was described in
detail in [7, 8]. In the present study, we used a some-
what smpler procedure of recovering the spectrum of
primary electrons. The experimental distribution of the
number of tracks over the number of grains in them,
N, was first determined. The energy range of the
recorded electrons (from E,,,,, to E,,,,,) was then divided
into intervals AE;, and the parameter

W.(n) = J'K(n, E)dE/AE; (4)
AE,

was calculated for each interval. Thereafter, the set of
the algebraic equations

Niax

3 EN(n)—

n=n

i O
lei(n)ANHqu(n) =0,

i=1

5)
k=12 ..,m,

was solved. Here, m< n,,,, — N, 1S the number of the
above spectral intervalsand AN, isthe sought number of
primary electrons within the energy interval AE;. This
set allowed usto find the linear combination AN, corre-
sponding to the minimal deviation of the calculated dis-
tribution of the number of tracks over the number of
grains in them from the experimentally determined
value of N,. The obtained spectrum of primary elec-
trons, which had the form of a histogram

AN,

o(E) = AE (6)
was then approximated by a continuous function. The
error in determining the energy spectrum was statistical
in character and was governed by the number of pri-
mary electrons in the above spectral intervals.

X-ray emission from different regions of a
micropinch discharge was recorded on a nuclear photo-
emulsion using a pinhole camera with a 100-um-diam-
eter hole covered by a 100-pum beryllium foil. Animage
of the radiating plasma was simultaneously produced
on an X-ray filmwith the help of asimilar pinhole cam-
era. The extinction curve of the X-ray emission from of
the discharge plasma was measured with a multichan-
nel scintillation spectrometer [9], and the energy spec-
PLASMA PHYSICS REPORTS  Vol. 31
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Fig. 1. X-ray (hv > 3 keV) pinhole image of the discharge
region: (Z) hot spot, (2) electrode plasma, and (3) electrode
surface.

trum was then determined by the method of effective
energies [10].

X-ray pinhole images vary from shot to shot; how-
ever, they aways contain three characteristic spatially
separated regions (Fig. 1): a hot spot (micropinch), the
electrode plasma, and the surface of the external elec-
trode (cathode). Figure 2 shows the measured emission
spectra from different regions of the same discharge.

Let us note the main features of the measured spec-
tra. The X-ray spectrahave acharacteristic inflectionin
the energy range hv = 10-15 keV. For comparison, the
dotted line showsthe thermal spectrawith temperatures
of 3 and 10 keV. In the photon energy range of 10—
30 keV, the shape of the spectrum is approximately the
same for al of the emitting regions of the discharge.
This means that the energy spectra of the electrons
accelerated in the micropinch plasma and electrode
plasma are similar to the spectrum of the electrons
bombarding the electrode surface.

Figure 2b shows the integrated (over the entire dis-
charge gap) X-ray spectrum restored from the extinc-
tion curve measured with the help of a scintillation
spectrometer. This spectrum is very similar to the spec-
trum obtained with the help of a nuclear photoemul-
sion.

The measured X-ray spectrum lies in the photon
energy range hv = 10-30 keV. At lower energies, the
accuracy of measurements with the help of a nuclear
photoemulsion is substantially aggravated. On the side
of higher energies (at least up to 300400 keV), there
are no fundamental restrictions on the spectra mea-
surements. In this case, the 30-keV upper bound was
determined by the exposure conditions of the nuclear
photoemulsion. These conditions (the material and
thickness of the foil, the hole diameter of the pinhole
camera, and the distance between the source and detec-
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Fig. 2. X-ray spectra(a) measured with the help of anuclear
photoemulsion for different regions of a micropinch dis-
charge (the triangles and circles refer to the hot spot and the
electrode surface, respectively) and (b) recovered from the
extinction curve obtained by the attenuation filter method
with the help of ascintillation spectrometer. Segments 1 and
2 of thefitting dotted lines correspond to electron tempera-
tures T, of =3 and =10 keV, respectively.

tor) were, in turn, determined by the desire, on the one
hand, to compare the results obtained by the nuclear
photoemulsion and scintillation spectrometer methods
and, on the other hand, to facilitate the process of
adjusting the recording system (i.e., to provide the pos-
sibility of comparing the structure produced in the
nuclear photoemulsion with images of the emitting
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Fig. 3. Characteristic electron spectra obtained in two dif-
ferent discharges.

plasma produced on an X-ray film in each dischargein
the same spectral range). Under chosen exposure con-
ditions, most of the photoemulsion sensing area was
occupied by the tracks of electrons with relatively low
energies and it was impossible to analyze and measure
the parameters of the longer tracks of high-energy elec-
trons.

The spectrum of the fast electrons emitted from the
discharge plasmawas measured with the help of acom-
pact permanent-magnet analyzer and a nuclear photo-
emulsion [3]. The entrance dit of the analyzer was
placed coaxialy with an orifice in the external elec-
trode in the immediate vicinity of it. The exposure was
produced in a single-shot mode.

Figure 3 shows two typical electron spectra in the
energy range of 50-80 keV. The difference between
these spectra indicates that there is a random shot-to-
shot scatter in the acceleration conditions in the
micropinch plasma. The spectra are nonmonotonic,
whichisprobably dueto either the specific dynamics of
the acceleration process or the presence of severa dif-
ferent acceleration mechanisms. The shapes of the
spectra agree qualitatively with the datafrom [11].

In order to confirm that the time evolution of the
acceleration processes in the discharge is determined
by the process of micropinching, we aso recorded
X-ray emission in the photon energy range of hv >

Table

Element Ag Br C D N
183 | 1.36 | 0.28 | 0.28 | 0.09

Content, g/cm?®
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3 keV and electron emission in the energy range of 50—
80 keV by scintillation detectors with a time resolution
of no worse than 10 ns [12]. The X-ray and electron
beams were spatially separated into two synchronized
recording channel swith the hel p of amagnetic analyzer.
Our experiments unambiguously show that the forma-
tion of amicropinch region [13] is aways accompanied
by the generation of intense high-energy electron
beams. It was earlier shown that, in a micropinch dis-
charge, there are also electron accel eration mechanisms
that are not related to the micropinch formation [1].

The method for recovering the X-ray spectrum from
the measured distribution of the ranges of the second-
ary electrons generated in the interaction of X-ray pho-
tonswith anuclear photoemulsion allows oneto record
X-ray photonswith energiesof hv 25 keV [5]. For pho-
tons with energies of hv < 5 keV, the electron tracks
consist of only one or two developed grains; asaresullt,
the energy spectrum can hardly be determined from the
distribution of tracks over the number of grains[7].

In the present study, X-ray spectra in the photon
energy range of 1-20 keV were measured by the filter
method (see [14] for details). In our case, the nuclear
emulsion itself served as a filter. This allowed us to
obtain information about the spatial structure of X-ray
Sources.

The element composition of the 50-um-thick P-type
photoemulsion used the this series of experiments is
givenin thetable.

To measure the distribution of the recorded photons
over the photoemulsion depth, the photoemulsion was
divided into identical 8.8-um-thick horizontal layers
with an areaof 300 um?. The number of photons passed
through each layer was determined from the number of
the developed grains. Using these data, we constructed
the extinction curves from which the X-ray spectrum
from the discharge plasma was evaluated. The plasma
emission transmitted through the entrance window cov-
ered by a 100-pum beryllium foil formed imagesin the
nuclear photoemulsion with the help of five identical
pinhole cameras with 350-um-diameter holes made in
a 180-um lead foil and covered by 200-, 400-, 600-,
800-, and 1000-pum beryllium foils. Among five images
obtained with different foils, we chose oneimagein the
upper layer of which the number of tracks was about
100. The extinction curve of X-ray emission was then
constructed for different regions of the plasma image
(the hot spot, the electrode plasma, and the electrode
surface).

From the measured extinction curves, we deter-
mined the plasma temperature T,. It was assumed that
the emission spectrum was thermal and was completely
determined by one parameter—the temperature T,

dN 0 Eo _
IE DexpD T E = hv. @)
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The choice of a one-parameter model of the spec-
trum is based on our earlier results on the recording of
X-ray emission from the plasma of a micropinch dis-
charge [13, 15]. These results show that such an
approach isquite justified in the photon energy range of
120 keV.

The temperature T, was determined by minimizing
the deviation S of the measured extinction curve from

that cal culated for the plasma emission spectrum with a
temperature T

C(NT-N"(T)”

S(T,) = , 8
(Te) Zl . @®)
NF = N, = N7, )

ol = N;+ N, (10)

where N; is the total number of tracks in the ith layer

(signa + background), Nib is the number of back-

ground tracks in the ith layer, and f is the number of
points in the extinction curve (the superscript “ex” and
“th” refer to experiment and calculation, respectively).

The expected number of tracks in the ith layer was
calculated from the following formulas:

N'(T) = TNGEEETS, (D
k

N(E) = NoKo(E)K g5 (L—K(E)), (12)

Ko(E) = exp —ZUJ(E)ijJ}, (13)
Lo

K(E) = exp —XZM(E)Q}, (14)
L |

where N, is the total humber of the photons that are
emitted into the solid angle at which the working area
of the photoemulsionis seen; y; (E), p;(E), and x; arethe
photoeffect cross section, specific density, and effective
thickness of the entrance window and foil for the ele-
ments that enter into the composition of the entrance
window and fail; y (E) and p.(E) are the photoeffect
cross section and specific density of the photoemulsion
components; and K,(E) and K(E) are the fractions of the
photons that have not interacted with the entrance win-
dow, the foil, and the photoemulsion. The data on the
photoeffect cross section iz were taken from [16].

The summation over k was performed in the elec-
tron energy range of 1-20 keV. The extension of the
energy range toward smaller energies does not influ-

ence the calculated values of NiT(E), since the low-
energy photons are completely absorbed in the entrance
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window and foil. The extension of the energy range
toward higher energies also does not influence the
results of calculations, since the fraction of high-energy
photons in the emission spectrum is small. The main
contribution comes from photons with energies of 3—
10 keV.

To find the error in determining T,, we performed a

series of calculations with different sets of N; and Nib

obtained by processing different regions of theimage of
the radiating plasma within the same discharge.

The size of the micropinch region was estimated by
measuring the width of the edge fuzziness of the
micropinch image. We observed two groups of
micropinches with sizes of <5 pum and =150 um and
temperatures of 1.8 + 0.3 and 1.1 + 0.3 keV, respec-
tively. The characteristic electron temperature of the
plasmawas 2.4 + 0.3 keV at the electrode surface and
1.3+ 0.3 keV near the electrode (see Fig. 4). Note that
the effective temperature characterizes the energy of
fast electrons bombarding the cold peripheral plasma.

The available literature data show that the optical
and X-ray emissions from a micropinch plasma corre-
late well with one another [17]. This led us to the idea
of investigating the spatiotemporal characteristics of
the visible and near UV emission from a micropinch
discharge by using a small-size FER-7 streak camera.
An apparent advantage of this device (in addition to the
nanosecond time resolution) is that it can operate in a
continuous mode (in contrast, e.g., to photography with
pulsed laser illumination).

An optical scheme for investigating the visible
plasmaglow isshownin Fig. 5.

The radiation of adjusting HeNe laser 1 (A =
633 nm) with an initial beam diameter of ~3 mm was
expanded to a diameter of ~15 mm by two-lens
expander 2; as a result, interelectrode gap 3 was
entirely covered by the laser beam. Lens 4 and dia-
phragm 5 served to cut off the scattered radiation. Two-
prism system 7 alowed one to obtain 90°-rotated lon-
gitudinal slit images of theradiating plasmaat different
distances from the discharge axis. The necessity of the
image rotation was related to the vertical orientation of
the entrance dlit of the streak camera. Otherwise, it
would be necessary to rotate the streak cameraitself by
90° in the vertical plane, which would obviously be
inconvenient from the operational standpoint. Slit
images were cut off by vertical dlit 8 and, after passing
through lens 9, which magnified the dit image by afac-
tor of about 4 in order to improve the spatial resolution,
got onto the entrance of the FER-7 streak camera. By
shifting lens system 7 in the horizontal plane, it was
possible to either vary the distance from the discharge
axis when obtaining longitudinal streak images of the
plasma glow in different cross sections paralel to the
discharge axis or choose the position of the transverse
cross section between the anode and cathode when
obtaining transverse streak images.
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Fig. 4. Measured (closed circles) and calculated (open circles) extinction curves of a nuclear photoemulsion for X-ray emission

from different discharge regions.
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Fig. 5. Schematics of (a) the optical system for studying the plasma emission with the help of an FER-7 streak camera: (1) adjusting
He-Nelaser (A = 633 nm), (2) two-lens expander, (3) electrode system of a micropinch discharge, (4) lens (F = 500 mm), (5) dia-
phragm, (6) optical bench, (7) two-prism system, (8) 0.5-mm dlit, (9) lens (F = 500 mm), and (10) FER-7 and (b) the system for
laser shadowgraphy of LIV S discharges: (1) ILGI-503 nitrogen laser (A = 337 nm), (2) two-lens expander, (3) electrode system of
amicropinch discharge, (4) quartz lens (F = 500 mm), (5) diaphragm, (6) interferencefilter (A = 337 + 5 nm), and (7) photographic

camera.

An analysis of the streak images obtained with adlit
oriented along the discharge axis alowed us to study
the spatiotemporal evolution of the plasma glow
throughout the entire interelectrode gap (Fig. 6). At a

discharge current amplitude of I ,,, = 150 kA, the pat-
tern of the processes occurring at the discharge axisand
near it (up to aradius of ~0.75 mm) isfairly reproduc-
ible: the brightest plasma glow is observed within the
PLASMA PHYSICS REPORTS  Vol. 31
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timeintervals 1.0-1.2, 1.4-1.8, and 2.0-2.4 ysat adis-
tance of 2.75-3.85 mm from the cathode surface (the
first two intervals are marked in Fig. 6 asregions B and
C, respectively). In region C, at a distance of about
3.30 mm from the cathode surface, a fine double-hump
temporal structure of the plasmaglow with atimeinter-
val of 40-60 ns between the humps is observed. This
structure disappears as either of the electrodes is
approached. Moreover, regions B and C are displaced
toward both the cathode and the anode with initial
velocitiesof V, =5 x 10° cm/sand V, = 3.5 x 10° cm/s,
respectively. The propagation velocities of these
regions decrease as the electrodes are approached. In
addition to the axial propagation, we also observed the
radial propagation of the above glow regions with
velocities of V, = 1.5 x 10° cm/s in the middle of the

gap and near the cathode and V,, = 4 x 10% cm/s near the
anode.

In the electrode regions, the character of the plasma
glow is nearly the same as in the middle of the gap, but
its brightness is much lower.

At distances from the discharge axis larger than
1.0 mm, the glow pattern described above is smeared
out: regions B and C merge together and form a
smoothly varying glow in the time interval 1.5-3.7 s,
on the background of which spikes with a duration
300400 ns can spontaneously arise.

Aninteresting result isthe observation of afine dou-
ble-hump tempora structure of the plasma glow at the
discharge axis (with atime interval of ~50 ns between
the humps) at the instant when the discharge current
reaches its first maximum. This structure disappears
with increasing distance from the place where the con-
striction devel ops and the micropinch forms.

Streak images obtained with a dit oriented perpen-
dicularly to discharge axis give an idea of the dynamics
of theradial distribution of the plasmaglow. An analy-
sis of these streak images show that, in the cross section
in which the constriction devel ops, the compression of
the plasma near the instant at which the discharge cur-
rent reaches its first maximum proceeds in two stages
divided by atime interval of ~70 ns.

To obtain information about the spatiotemporal
plasma dynamic in the interelectrode gap of the LIVS
facility, we developed a system for optical shadowgra-
phy (Fig. 5b).

Theradiation of nitrogen laser 1 with aninitial beam
diameter of ~3 mm was expanded with the help of
expander 2 consisting of two quartz lenses with focal
lengths of 50 and 250 mm (the positions of the focal
points of the lenses coincided with one ancther). As a
result, the diameter of the laser beam increased by a
factor of about 5, which was sufficient to entirely cover
interelectrode gap 3. The radiation passed through the
plasmawas gathered by quartz lens4, in thefocal point
of which diaphragm 5 was placed. The diaphragm com-
pletely transmitted the radiation that was not deflected
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Fig. 6. Densitograms of streak images obtained with a
detector dit oriented along the discharge: (A) cross section
corresponding to the region in which the constriction devel -
ops and the micropinch forms, (B) contraction of the cur-
rent-carrying shell toward the axis, and (C) formation of the
congtriction. The distance from the cathodeis plotted on the
vertical axis.

by the plasma. By varying the diameter of the dia-
phragm orifice, it was possible to substantialy reduce
the parasitic effect of the spontaneous plasmaemission.
For this purpose, we also used interference filter 6,
tuned to the laser wavelength (A = 337 £ 5 nm). The
images of the discharge region were recorded on the
MIKRAT 300 film with the help of a ZENIT photo-
graphic camera operating in the rel eased-shutter mode.
By choosing the optimal distances between the ele-
ments of the optical system and by varying the diameter
of the diaphragm orifice 5, we achieved a contrast
shadow pattern with a minimal background illumina
tion from the spontaneous plasma emission.

The LIVS discharge was photographed starting
from the instant of discharge initiation up to the stage
of plasma decay. The amplitude of the discharge cur-
rent was varied in the range |,,,,, = 40-150 kA. During
each discharge, one shadow image was taken at a defi-
nite instant. To increase the reliability of the results
obtained (taking into account variations in the plasma
behavior in each discharge), the shadow image statis-
tics (over about fiveimages) was gathered for the above
instant.

Images produced by the laser radiation in the
absence of a discharge and by the background plasma
emission are presented in Figs. 7aand 7b, respectively.
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Fig. 7. Series of shadow images of the LIVS discharge region at I ,,,, = 150 KA.
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By theinstant T = 1.1 s, which correspondsto the time
interval between the instant of discharge initiation and
the instant of triggering the nitrogen laser, localized
plasma structures consisting of the ionized vapor of the
electrode material appear near the electrodes (Fig. 7d):
around “cap” of width 0.5 mm near the anode and a
similar structure with a diameter and width of about
4 mm near the cathode. The propagation of the elec-
trode plasmas toward one another (Fig. 7€) with veloc-
ities of ~10° cm/sresultsin their collision in the central
region of the interelectrode gap at theinstant t = 1.5 us
(Fig. 7f), their compression toward the discharge axis
(Fig. 7g), and the formation of a plasma column with a
diameter of about 1 mm (Figs. 7h, 7i). The column is
subject to the onset of sausage instability (the m=0
mode) over atimeinterval T =1.8-2.0 pus near the max-
imum of the discharge current. In some shots, the onset
of kink instability (the m= 1 mode) was al so observed.
Starting from 1 = 2.1-2.2 ps (Figs. 7j, 7k), the plasma
channel expands with a velocity of ~10% cm/s. By the
instant T=2.6 s, a funnel-shaped plasma structure
expanding toward the cathode is formed in the dis-
charge gap (Figs. 71, 7m, 7n, 70). This structure disap-
pears by the end of thefirst half-period of the discharge
current, T = 4.0 ps (Fig. 7p). Thereafter, there are no
distinct plasma structures with appreciable electron
density gradientsin the discharge region (Fig. 79).

On the whole, shadow images of the interelectrode
gap taken at different energies deposited in the dis-
charge are qualitatively the same as those obtained at
the maximum amplitude of the discharge current
(Imax = 150 kA). A decrease in the current amplitude is
accompanied by the shrinking of the region with appre-
ciable (for probing radiation) electron density gradi-
ents: this region is mainly concentrated near the dis-
charge axis.

A comparative analysisof shadow images of thedis-
charge gap and streak images of the emitting plasma of
aLIVSdischarge alows usto draw the following con-
clusions:

At the axis of the discharge and near it, region B cor-
responds to the compression of the current-carrying
shell toward the axis and region C corresponds to the
onset of the sausage instability of the plasma column,
which results in the formation of micropinches (this
stage manifestsitself in the appearance of afine double-
hump temporal structure of the plasma glow). Thereaf-
ter, the plasma in the interelectrode gap decays. The
fact that the above regions are smeared out as the dis-
tance from the discharge axis increases may be related
to the propagation of the different plasmaregionsin the
axial and radial directions with velocities of ~10° cm/s.
The same (on the order of magnitude) plasma propaga-
tion velocities in both the longitudinal and transverse
(with respect to the discharge axis) directions were
recorded by particle diagnosticsin [18].
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CONCLUSIONS

(i) Direct evidence that there are two successive
compressions of the constriction region inamicropinch
discharge (as predicted by the model of radiative com-
pression for currents above the critical one [19]) has
been obtained for the first time in experiments with a
continuous recording of plasma emission with high
temporal and spatial resolution. Note that, in streak
images, the plasma surrounding the micropinch (rather
than the micropinch itself) is probably observed. Previ-
ously, the hypothesis about the presence of two com-
pressions (aslow compression followed with afast one)
have been invoked to explain the discrepancy among
the results from different diagnostics: multiframe pho-
tographing of the micropinch plasma with the help of
pulsed laser illumination, measurements of the deriva-
tive of the discharge current, and recording of the X-ray
emission from multiply charged ions [20]. In accor-
dance with the above hypothesis, the first two diagnos-
tics allow one to observe the first compression, while
the latter allows one to observe the formation of a hot
dense plasma, which is a consequence of the second
compression.

In this study, it has been found that the devel opment
of acongtriction in the plasmacolumn resultsin thefor-
mation of a contracted glowing region that propagates
along the discharge axis toward both the cathode and
anode with an initial velocity of ~10° cm/s. The propa
gation velocity of the glowing region decreases as the
electrodes are approached. Such a pattern can be inter-
preted as the plasma outflow from the constriction
region or the formation of a shock wave in this region
[21].

(ii) Space-resolved measurements of the X-ray
spectra from the three regions of a micropinch dis-
charge (the micropinch itself, the electrode plasma, and
the electrode surface) with the help of tracking detec-
tors in the photon energy range of 10-30 keV have
shown that these spectraare clearly nonequilibrium and
closely coincide with one another. This indicates that
the energy spectra of the accelerated electrons in the
micropinch plasma and electrode plasma are similar to
the spectra of the electrons bombarding the electrode
surface. Simultaneous measurements of X-ray emis-
sion in the photon energy range of hv > 3 keV and elec-
tron emission in the electron energy range of 50—
80 keV in the axial direction with the help of scintilla-
tion detectors have shown that the formation of a
micropinch is accompanied by the generation of high-
energy electrons. In other words, it is shown experi-
mentally for the first time that the region where the
micropinch formsis a source of superthermal electrons
propagating in the axial direction and bombarding the
electrode plasma and el ectrode surface.

M easurements of the spectrum of high-energy elec-
trons with the help of a magnetic analyzer and tracking
detectors have shown that the spectrum is nonmono-
tonic. Thisisprobably dueto either the specific dynam-
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ics of the micropinch plasmaor the presence of several
different acceleration mechanisms. The reliability of
the previous measurements of the spectra of high-
energy electrons with the help of a photofilm in the
multipul se exposure mode has been confirmed. There-
fore, our results support the conclusion that the high-
energy electronsin amicropinch discharge in the vapor
of high-Z elements are generated in electrostatic fields
and that the electron emission spectrum is threshold in
character; i.e., it changes substantially when passing
from subcritical to supercritical currents.

(iii) Space-resolved measurements of X-ray spectra
in the photon energy range of hv = 1-20 keV by thefil-
ter method and with the help of tracking detectors have
made it possible to estimate not only the electron tem-
peraturein the micropinch but also its size. Two groups
of micropinches were observed with characteristic
sizes of <5 um and =150 pum and temperatures of 1.8 +
0.3 and 1.1 = 0.3 keV, respectively. According to the
theoretical model [22], the regime of strong radiative
compression terminates when the plasma is com-
pressed to the radius (in cm)

r = 1001%/T2°, (15)

where the discharge current | isin MA and the plasma
electron temperature T, is in keV. At a current of
150 kA, temperatures of 1.8 keV and 1.1 keV corre-
spond to the minimum possible micropinch sizes (i.e.,
the sizes at which radiative compression terminates) of
~1 um and ~15 pum, respectively. A micropinch size of
~150 um corresponds to the so-called first compres-
sion. Due to an increase in radiative losses, the first
compression is followed by the second compression
[19]. The first of the recorded micropinches is appar-
ently formed in the regime of strong radiative compres-
sion, whereas the second micropinch is formed in the
regime of the spontaneous heating of the pinch plasma
between the first and the second compressions because
of adecreaseinthe number of charged particles per unit
length and the development of anomalous plasmaresis-
tivity in the constriction region [23].

The above theoretical model was previously used to
explain the specific features of the X-ray spectra of
multicharged ions measured in different micropinch
experiments by the method of high-resolution diffrac-
tion spectroscopy. However, in those studies, the effect
of polarization of the emitted radiation, which is now
being actively discussed in the literature (see, eg.,
[24]), was not taken into account; this can throw doubt
on the correctness of the interpretation of the data
obtained. Thus, the experimentally observed relation

between the limiting values of T, and r,, in a

micropinch with allowance for the Bennet equilibrium
condition

_ Uolz
T S — (16)

8T[2Te(1 + z)r2
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(where n; is the ion density of the micropinch plasma
and z is the average degree of ionization) can be
regarded as afirst direct confirmation of the fact that the
higher the micropinch temperature, the higher the
micropinch plasma density. For the two observed
micropinches, the plasma densities differ by approxi-
mately three orders of magnitude; this should inevita-
bly manifest itself in the line emission spectrum from
multiply charged ions[25].
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Abstract—The energy spectra of particles in a cluster plasma produced during the Coulomb explosion of
spherically symmetric clusters with an arbitrary initial density distribution are investigated. A relationship is
found between the energy spectrum of the ions and the density profile of the atoms in the cluster. © 2005 Ple-

iades Publishing, Inc.

At present, high-intensity ultrashort laser pulses are
widely used in experiments on the interaction of high-
power laser radiation with cluster plasmas [1]. A char-
acteristic feature of cluster plasma is its ability to
strongly (almost entirely) absorb laser radiation [2].
Thisproperty makesit possibleto build high-brightness
X-ray sources [3]. Moreover, the expansion of clusters
results in ion acceleration to high energies [1, 4-6]. In
the case of deuteron clusters, ion—ion collisions pro-
duce fusion neutrons [7]; this provides an opportunity
to create subnanosecond neutron sources for use in
materials science, defectoscopy, etc.

If the laser field is strong enough, it almost instanta-
neously knocks electrons out of acluster, thereby creat-
ing conditions for the subsequent Coulomb explosion
of a positively charged microplasma. The ions of the
exploding clusters are accelerated to high energies and
give rise to a macroplasma with a high effective ion
temperature. So far, the Coulomb explosion of acluster
and the spectrum of the accelerated ions have been
described in the simplest “idea cluster” model, in
which the exploding cluster is treated as an exploding
homogeneous spherical bunch with a given initia
radius r. and which predicts a square-root ion energy

spectrum ./ with asharp energy cutoff at the maximal

energy €., O rf [5, 6, 8]. Similar energy spectrawere
obtained in three-dimensional particle-in-cell simula-
tions [5] and also were observed in experiments on the
interaction of high-power laser radiation with cluster
targets [9]. At the same time, in some experiments, ion
energy spectra were found to differ from the above
square-root spectrum with a sharp energy cutoff. This
difference may be attributed to, e.g., the radial nonuni-
formity of the ion density in a cluster or to the initia
spread in the cluster radii. Such a nonuniformity can
lead to asmoothing of the energy spectrum of the accel-
erated ions (see [8, 9] for details). Currently, there are
no reliable data on the relation of theinitial density dis-

tribution in the clusters to the methods for producing
them and to the parameters of the laser prepulse, which
virtually always precedes the main laser pulse in actual
experiments and affects the initial cluster density pro-
file. In the present paper, we develop atheory of cluster
plasmafor clusters with an arbitrary initial ion density
distribution and establish the relation between this dis-
tribution and the ion energy spectrum. Obviously, the
ideal cluster model implies that the atomic density in a
cluster isuniform and that the contrast of thelaser pulse
intensity is very high. The latter requirement is needed
in order to prevent the cluster from expanding under the
action of the prepulse, but it is hard to achieve in prac-
tice [10]. In connection with this, Kaplan et al. [11]
investigated the expansion dynamics of an individual
cluster with an initially nonuniform density in terms of
the test ion modédl. In cluster plasma theory, however,
the question of how to describe theion energy spectrum
as a function of the initial ion density profile has
remained open. A discussion of this question is the
main objective of our paper.

Let us consider a cluster affected by a high-power
laser pulse such that the kinetic energy mc?a?/2
acquired by an electron in a strong laser field is much
higher than the energy ZNe’/r . of its Coulomb interac-
tion with the cluster and the amplitudemax{ 1, a}(c/w,)
of its oscillations is much larger than the characteristic
cluster radiusr.. Here, mand e are the mass and charge
of an electron, cisthe speed of light, a = eE,/(mwyc) is
the dimensionless amplitude of the vector potential of
the electromagnetic field with the electric field strength
E, and frequency w, Z istheion charge number, and N
is the number of atoms in the cluster. We assume that
the laser field is strong enough to ionize the cluster and
to knock the electrons out of it. The subsequent Cou-
lomb explosion will occur as an expansion of the clus-
ter into vacuum, provided that the pressure of the sur-
rounding electron gas nymc?a?/2 is much lower than the
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characteristic pressure €Z>Nn/r . of the expanding clus-
ter. Here, n, is the electron density in the intercluster
space and n isthe atomic density in the cluster. In what
follows, we will assume that these conditions are met
and will study the parameters of the plasma produced
during Coulomb explosions of spherically symmetric
clusters.

We describe the expansion dynamics of an individ-
ual spherically symmetric cluster under the action of
Coulomb repulsive forces by the one-dimensional col-
lisionless cold hydrodynamic equationsfor theionsand
Poisson’'s equation for the electrostatic field E:

atn+r_26rr2nu =0, odu+ud,u= ZeE/M, W
r‘zarrzE = 4mZen,

where M isthe mass of anion and uistheradial expan-
sion velocity of the cluster. This set of equationsiswell
known in the theory of charged plasma (see, e.g., [12]).
At the same time, an analogous set of equations in
which the right-hand side of Poisson’s equation hasthe
opposite sign describes the dynamics of particles mov-
ing in a self-consistent gravitational field (see, e.g.,
[13], Section 81).

Theinitial conditionsfor Egs. (1) specify the spatial
profiles of theion density and velocity, n|; o= h(r) and
ul._, = U(r) (and, consequently, of the electric field

El_o = (4rr2e/r2)J;drr2nc(r)), a the time t = 0.

The boundary conditions for the electric field imply

that it vanishes at r = 0 and decreasesto zero at infinity,
[ — o0,

With such initial conditions, Egs. (1) can be solved
analytically in Lagrangian variables [13, 14] or in
hodograph variables [15]; they can also be solved by
using the energy and charge conservation laws[11, 16].
For initially immobile ions (U = 0), the solution to
Egs. (1) hasthe form

2w(h) _ 1, 1+q, _q
h® 2'1-9 1- qz’
h

w(h) = jdyyzwiw),

t

ut,r) = q ZW(h), E(t, 1) = r2w(h),

(2)
r = h
1—q2’
n(t,r) = n(h)(1-q)°
3 2 -1
3t . 2 Pw(h)g  hoc(h)p

X[l 5d(1-q") | 3 H T 0|
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where w, (r) = (41Z%€n(r)/M)'2. Here and below, we
work in dimensionless variables in which the time is
normalized to the inverse ion Langmuir frequency
w, (0) calculated in terms of the initial density n,(0) at
the center of the cluster; the coordinates r and h, the
Langmuir frequency w, (0), the densities n and n., the
velocity u, and the variable w are expressed in units of
re, (1), Nn(0), wy (O)r,, and oof (O)rf, respectively; and
the electric field E isin units of 41Zen(0)r.. Given the
initial cluster density profile, the function q(t, h) is
determined from thefirst of relationships (2). Substitut-
ing the function q(t, h) so obtained into the remaining
relationships yields an implicit solution for an expand-
ing cluster.

It should be noted that the condition for the nonneg-
ative function n(t, r) = 0 to be finite at an arbitrary time
is not satisfied for an arbitrary initial density distribu-
tion. Specifically, at atimet = t; determined from the
condition

3
St h)(1-q(t, ) [2H0)
G)
X%l h OJL(h)D O
3w(h) O -

the density given by the last of relationships (2)
becomes infinite at a certain radius; in other words, the
density hasasingularity at t = t.. In this case, the radia
derivative of the ion velocity, du/dr, also becomes infi-
nite, which corresponds to the breaking of the Coulomb
explosion wave, followed by the ion multistream
motion at t > t,. For a smooth initial density profile
whose curvature passes through zero as r increases,
such as, eg., the Gaussian density profile ng(r) =
exp(-r?), theradius of the spherical surface at whichthe
explosion wave breaks corresponds to the vanishing of
each of the derivativesdr and 0, r at afixed timet and
is determined from Eg. (3) and the equation

oot (h) h%oﬁ(h)+
3 - aw(h) 0~ 3| "wih)

h°wy (h)
w’(h)

“)

h’w’(h) . h*a(wi(h)7 _
T w(h) -2 w(h) ]'O'

When theinitial density profile does not have an inflec-
tion point, asisthe case, for instance, with the parabolic
profilen,(r) = (1 —r?)6(1 —r)), where 6(r) is the Heavi-
side step function, the Coulomb explosion wave breaks
at the cluster’s outer boundary. In this case, since the
density of the cluster equals zero at its outer boundary,

u)f (1) =0, the time at which the solution becomes mul-

tivalued is determined by the root of an algebraic equa-
tion for the quantity gs = q(ts, 1):
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_ 2 1
3/2w(1)qy(1-qd)’

1+g,, 1

1_qs - ZE:]S__

The solution g5 = 0.6232 to this equation gives the fol-
lowing universal formulafor the time at which the solu-

tion becomes multivalued: t; = 1.237/4/w(1). For al
similar clusters having the same total number of ions
and differing only in the manner in which the density
decreases monotonically with radius, the value of the
quantity w(1) isthe same, w(l) = 1/3; i.e., asingularity
arises at thetime ty= 2.142.

(&)

:—Lln
2

Hence, the description of cluster expansion on the
basis of solution (2) to Egs. (1) on time scales longer
than t, becomes meaningless; hence, the discontinuity
that arises at the explosion front should be described by
means of akinetic approach. The onset of the disconti-
nuity is similar to the onset of a singularity in a self-
gravitating gas [15, 17, 18]. Such discontinuities are
also subjects of the gas dynamics of simple waves in
which some portions of the density profile are decreas-
ing in the propagation direction of the wave. It is only
for some idealized density distributions (such as radi-
ally nondecreasing density profiles ny(r) with a cutoff at
a certain radius r = r) that the discontinuities do not
arise. In particular, this is the case for an initial step
density profile (an ideal cluster) [6, 8].

In spite of the presence of asingularity, which, inthe
hydrodynamic limit, corresponds to a spherical shock
wave, Kaplan et al. [11] extended the hydrodynamic
solution to the problem of the Coulomb explosion of a
cluster beyond the instant at which the singularity
arises. In contrast to that paper, we will not go beyond
the limits of single-stream hydrodynamics and will
consider how the accelerated ions are distributed over
energies, which is an important problem for experi-
ments with cluster plasmas. Integrating the ion energy
distribution function dN/de = 4mr’n(t, r)/(de/dr) over
energy gives the total number of ions in the cluster.
Accordingly, solution (2) yields

_ COND" AN
= CdeD ¥ e
N _ ENge(dsldr)
Hdel g N®e(—de/dr),
, (0)
e, h'n(h)[ 3t 2 2w(h hwi(hy
N (h){ a-a) S d w0

Ww(hy |
o

BYCHENKOV, KOVALEV

where N is expressed in units of nC(O)rf, and € is nor-

malized to My, (0)r2/2. The fact that distribution

function (6) is the sum of two terms is related to the
possible nonmonotonic dependence of € on r: the
superscript plus and minus signs indicate the contribu-
tions of the particles whose energy increases and
decreases with r, respectively. Depending on the shape
of the profile n(r), there may be several radial regions
with different signs of the derivative de/dr. For clusters
with a parabolic and an exponential initial density pro-
file, examples of such regionsoccurring at t;>t > 0 will
be presented below. At the points at which the radial
derivative of the ion velocity vanishes, a singularity
arises in N& and, accordingly, in the energy spectrum
dN/de. This singularity, however, is integrable. For
instance, if the singular point €, of the spectrum arises
at a nonzero second derivative of the velocity, then, in

the vicinity of this point, we have dN/de O 1/,/¢,,— €.
For amonotonic velocity profile (e.g., for anideal clus-
ter), the ion energy spectrum is nonsingular. Let us
present the solution and the ion energy spectrum that
correspond to this case.

For an idea cluster such that n, = n(0)8(r. — r),
solution (2) has the form

_ 2=t
v= “/;) re re 9%[
E = (r/3)r;,

Here, the radius of the front of an expanding plasma,
r:(t), is given by the same formula as that in the model
of a test ion occurring at the spherical surface of an
expanding cluster [6]:

o,
f
0 7

r<ry.

[ r 1,1, 1+./1- 1+, /1-1/r, ®
R Ao, 1,
i.e,wehaver;=1+t%6fort<1andr= ./2/3t for

t> 1. These formulas imply that the velocity of the
cluster ions and the electric field within the cluster
increase linearly with r and reach their maximaatr =r;;
ahead of the front (r = r;), the electric field decreases
monotonically with radius, E = (1/3)r=2. Theion density
profilein the cluster keepsitsinitia shape: it continues
to have the form of a step, whose width and height,
however, change with time. The expansion front veloc-

ity v¢=r; increaseswith time, v; = ./(2/3)(1—1/r;),
and approachesitslimiting value v,,= /2/3 . Formula(7)

for theion energy spectrum yields a square-root depen-
dence on energy € = MU?/2 [5],

dN _ 32 |3€
< = an-1ry) J; [ (1-1/r,)— s] )
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Fig. 1. Radia profiles of the ion velocity (top) and ion density (middlie) and the ion energy spectrum (bottom) in clusters with the
same total number of particles and with different initial profiles of the atomic density, (a) ng=08(1 —r), (b) n(r) =2.5(1 — r98(1 1),

2
and (c) n.(r) = (4/3 4/ e, intheinitial stage of expansion, t = 0.2tg (curves /), and in its fina stage, t = 0.99t (curves2) (at a

time close to the instant at which the front of the Coulomb explosion wave breaks in the cases of decreasing density profiles).

with a cutoff at thefront, i.e, at &= M vf/2 . The max-
imal cutoff energy is €., = Mwﬁ (O)rf /3.

In order to illustrate solution (2) and spectrum (6),
Fig. 1 presentsthe radial profiles of theion density and
ion velocity and also theion energy spectrafor different
initial radial profilesof the cluster density: astep profile
(anideal cluster), aquadratic profileny(r) 0 1 —r?, and
an exponentia profileny(r) O exp(-r?), thetotal number
of particlesin the cluster being the same. In contrast to
the case of a step ion density profile, the velocity, den-
sity, and energy spectrum of the ions in an expanding
cluster with a decreasing density profile behave in a
qualitatively different manner. Thus, since the ions in
the inner regions of an expanding cluster catch up with
the peripheral ions, theion density progressively equal-
izesin such away that the ions are then accumulated at
the outer boundary of the cluster. Over afinite time, a
monotonically decreasing ion density evolvesto acom-
paratively uniform profilein the form of astep but with
a sharp increase in the ion density at the front of the
expanding cluster. For a decreasing initial density pro-
file, theion energy spectrum differs from a square-root
one (characteristic of an ideal cluster) and exhibits a
sharp peak near the cutoff energy.

In actual experiments, the ion energy spectrum is
smoother than the theoretical spectrum dN/de because
of the spread in the cluster radii. Moreover, in the case
of clusters produced during the cooling of agasjet, this
spread is quite large [8] and the distribution of clusters
over their dimensions is close to a Gaussian distribu-
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tion, G(ro) O reexp[—(r. — ry)*/d?], with d ~ r,. Accord-
ingly, the averaged ion energy distribution is deter-
mined by the convolution

dN\ _ ooo|_|\| ” )
<E> = IdsG(rc)drc, IG(rC)drc = 1. (10)
0 0

Figure 2 shows averaged ion energy distributions (10)
calculated for d =, and for the sameinitia density pro-
files asthose in Fig. 1. We can see that the height and
width of the spectral peak, as well as its position at a
fixed time, depend on the atomic density distribution
within the cluster. It would be worthwhile to verify this
result experimentally.

Let us now discuss the “temperature”’ of the cluster
plasma, i.e., theion energy averaged over an ensemble
of clusters, [£[] In order to find the cluster plasmatem-
perature, we first use the definition of the mean energy
in an individual cluster, € = (1/N)JZ"“(dN/ds)sds

(where the upper limit of integration, €, is determined
by the maximal velocity), and then average this energy
over cluster radii with the help of the above distribution
function G(r,). For example, for an ideal cluster such

that d =r, and for t > 1, we have € = (3/5)¢,,, ad
[(£0= 0.9798M cof (0)r§/2. The time evolution of the
cluster plasma temperature [£Ocalculated in units of

M oof (O)r§/2 for d=r,isshownin Fig. 3 for the above
three density distributions in the cluster. It can be seen
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Fig. 2. lon energy distribution functions (10) in cluster plasmas with different initial profiles of the atomic density, (a) n.=6(1 —r),

(b) ng(r) =2.5(1 - r2)8(1 - ), and (©) ne(r)=(4/3 Jm) e’ , a thetimest = 0.2t (curves /) and t = 0.99tg (curves 2).

that the cluster plasmatemperature increases with time.
On long time scales, the temperature has a tendency to
saturate. For decreasing density profiles, this feature
requires further investigation because, in order for the
model used here to be capable of correctly describing
such time scales (on which a singularity arises), it
should be extended to include the ion multistream
motion. For clusters with different initial density pro-
files, the cluster plasma temperature exhibits qualita-
tively the same behavior but has somewhat different
numerical values. In particular, for the initial density
profiles n, = const, n(r) = 2.5(1 — r?), and n(r) =

4/3.Jme" , theion temperature ratios at t = 2 are
equal, respectively, to 1 : 1.548: 0.314; in other words,
sharply decreasing density profiles ensure maximal
cluster plasma temperatures, whereas, in the case of
smooth profiles, the temperature is substantially lower.

The above analysis has shown that the problem of
investigating the spectrum of accelerated ions during a
spherically symmetric Coulomb explosion of a cluster
admits an analytic solution in the hydrodynamic

g4

0.6

Fig. 3. Normalized ion temperature 2(£ [JM (.of (O)rg in

cluster plasmas with different initial profiles of the atomic
density in the cluster: (a) n. = 8(1 —r), (b) n(r) = 2.5(1 —

r)6(1 —r), and (c) n(r) = (4/3 Jﬁ)e"2 .

approximation. For monotonically decreasing profiles
of the atomic density in a cluster, the ion trajectories
eventually become self-intersecting, which corre-
sponds to the onset of a singularity in the solution. In
this case, the solution obtained and, accordingly, theion
spectra calculated from it are valid only over a finite
time. The behavior of the solution after the time at
which it has become singular (i.e., the ion motion has
become multistream) should be investigated by means
of akinetic approach. Thisisthe subject of our further
studies. Notethat theradial position of the maximumin
the ion energy spectrum and the radius at which theion
density becomes singular are separated in space. This
permits us to suggest that the evolution of the ions to
multistream motion will not eliminate the peak in the
ion spectrum but rather will change the peak shape. In
addition, it isimportant to point out aqualitative agree-
ment between our results, which have been obtained in
the hydrodynamic approximation, and the characteris-
tic features of the expansion of clusters that were
observed experimentally and were revealed numeri-
cally. Thus, the ion energy spectrum measured by
Zweiback et al. [8] has a pronounced peak and
decreases gradually in the high energy range, as do the
spectrashown in Fig. 2. It is also possible that the dis-
crepancies between the results calculated numerically
by Nishihara et al. [5] and those obtained in the ideal
cluster model (such asalocal increasein theion density
leading to the appearance of a peak in the ion density
profile or the formation of alocal region where theion
spectrum is concave upward and is peaked near the
energy cutoff) can be attributed to the fact that, in the
initial stage of the cluster evolution, theion density dis-
tribution near the cluster boundary is smeared out by
the electrons that escape from the cluster under the
action of astrong laser field. The behavior of the cluster
plasma parametersthat has been revealed in the present
paper can be checked experimentally and is of practical
interest for experiments on the interaction of high-
power short laser pulses with cluster media.
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Abstract—The effect of the density gradient of high-energy ions moving in large magnetic drift orbitsis stud-
ied analytically in the context of the problem of toroidal Alfvén eigenmodes (TAEs) in atokamak. It is found
that, when the population of such ionsis not too small, this effect can substantially modify standard TAEs and
give riseto new types of TAEs, which are called TAES-H, TAEs-H"s, and TAESs-Hs. The continual dissipation
of TAEsisinvestigated with allowance for the effect in question. It is shown that the dissipation acts to dampen
all the TAE types under consideration. © 2005 Pleiades Publishing, Inc.

1. INTRODUCTION

The study of Alfvén eigenmodes in atokamak is of
interest in connection with the problem of instabilities
driven by their interaction with high-energy ions (see
[1], Sections 29-31, and the literature cited therein).
Earlier, it was found that, in discharges with a mono-
tonic safety factor profile (i.e., with a positive shear),
the most important of such modes are toroidal Alfvén
eigenmodes (TAES) and kinetic toroidal Alfvén eigen-
modes (KTAES) (see[1, 2] and the references therein).
That these types of modes do indeed exist is confirmed
by experimental investigations, in particular, those con-
ducted in the TFTR [3], DIII-D [4], JT-60U [5], and
JET [6] tokamaks.

In recent years, experiments have been carried out
not only with discharges with a positive shear but also
with reversed-shear discharges, i.e., those with a non-
monotonic safety factor profile [7]. Observations of
discharges with reversed shear revealed the generation
of so-called Alfvén cascades (ACs) [8, 9], i.e., Alfvén
waves whose properties differ considerably from those
of TAEs and KTAEs. Berk et al. [10] (see aso [11])
suggested that ACs are a new type of Alfvén eigen-
modes and that an important role in their formation is
played by the Berk-Breizman-Sharapov (BBS)
effect—the effect of the density gradient of high-energy
ions moving in large magnetic drift orbits. The mecha-
nism underlying this effect wasexplained in[12, 13], in
which it was suggested that it is attributed to the drift
motion of the electrons neutralizing the electric charge
of high-energy ions and that it is unrelated to the reso-
nant interaction of these ions with the waves. (This
interaction, which, in particular, gives rise to the so-
called “energetic particle modes,” was investigated in
[14] and in some earlier paperscited there.) To simulate

MHD modes with allowance for the effect in question,
a specialy developed MISHKA-H computer code was
developed [13].

The effect of the density gradient of high-energy
large-orbit ions is typical not of reversed-shear dis-
charges aone; it may also manifest itself in discharges
with positive shear. Thisiswhy it isof interest to exam-
ineitsrolein the problem of TAEs. This subject will be
taken up in the present paper. It should be noted that the
first step in this direction was made in [15] in consider-
ing TAEsin the casein which the shear sislessthan the
inverse aspect ratio e: s < e. In contrast to [15], we
assume here that s> e. However, setting s > €, we nev-
ertheless use the low shear approximation (s< 1). Thus,
the shear lies within the range

e<s<l.

(1.1)

The TAEs were first investigated analytically by
Rosenbluth et al. [16], who calculated, among other
things, the frequency of these modes and their damping
by continual dissipation in the case corresponding to
condition (1.1), in which we are interested here. Breiz-
man and Sharapov [2] derived the expression for the
frequency of TAEsin asimpler way than it wasdonein
[16]. They considered the spatial structure of the TAES
and obtained an expression for their energy. Our analy-
sis can be regarded as a generalization and extension of
the analyses carried out in [2, 16] to the scope of prob-
lems outlined above, including the BBS effect. We
show, in particular, that this effect can give rise to new
types of TAEs and clarify how they are influenced by
continual dissipation. In our examination, the BBS
effect is characterized by the parameter H, introduced
through Eq. (2.8). For this reason, the BBS effect will
also be referred to as the H effect.

1063-780X/05/3102-0093$26.00 © 2005 Pleiades Publishing, Inc.
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Our paper is organized as follows. In Section 2, we
present the basic equations. In Section 3, we derive the
dispersion relation for TAEs with allowance for the
BBS effect and without allowance for continual dissi-
pation. Section 4 presents an analysis of thisdispersion
relation. In Section 5, we consider the spatial structure
and energy of the perturbations under consideration. In
Section 6, we take into account the continual dissipa-
tion, and, in Section 7, we analyzeitsrolein the pertur-
bations in question. In Section 8, we discuss the results
obtained. Finaly, inAppendix A, we present the deriva-
tion of the basic egquations, and in Appendix B, we
explain some aspects of solving the perturbed equa-
tions.

2. BASIC EQUATIONS
AND THEIR PRELIMINARY
TRANSFORMATIONS

2.1. Basic Equations

The derivation of the basic equations for TAEsin the
absence of high-energy ions can befoundin Section 29.1
of [1]. The basic equations for our problem can be
derived by incorporating the effect of the density gradi-
ent of high-energy ions into those equations. This will
be donein Appendix A. The resulting set of basic equa-
tions has the form

e 0
(L +LDg-—55=22 =0, @)
49°R” or
~ 62
L+ LD )0 - —==2 = 0. (22)
4q R ar’

Equations (2.1) and (2.2) differ from Egs. (29.16) and
(29.17) of [1] only in that they contain the terms with

L,(: ) and Lr(T:'ll, which account for the effect at hand.

According to Appendix A, inthe approximation m> 1,
which will be used below, we have

WK, Q. mn,M
Lf:) - L(h) — h=>¢h __h__h

= . 2.3)
m-1 rvi nCMi

The notation introduced hereisexplained in Appendix A.

By analogy with [1, 2], we switch from the coordi-

nater to the new radial variable
X = ng(r)—m+ /2. 2.4)

Carrying out the same manipulations asin Section 29.2
of [1], wereduce Egs. (2.1) and (2.2) to the form

dx[tge x_x@%} _1rge

Oa Odx |~ 204 X=X
, 2.5)
ed Q1
—He —<—m-1 -
4 gy

04 ~* "0 dx

d[Eg_e_ _
dx

where sisthe shear and
2 2 2 |:|
- 1gaRw
el vA O

Q2.7)

I mKnQp Ny My,

H=-— :
ams”wNe M;

(2.8)

In what follows, we will consider a standard case,
namely, that in which the density of high-energy ionsis
radialy decreasing: k;, < 0. In this case, we also set
Q,, > 0toobtain

sgnH = sgno. (2.9)
Thefreguency range w > 0 correspondsto perturbations
propagating in the direction of the equilibrium mag-
netic field, and the range w < O refers to perturbations
propagating in the opposite direction.

Equation (2.7) gives

2

2
w

(1+eg) (2.10)

4qR

Consequently, in our formulation of the problem,
which goes back to the formulation developedin[1, 2],
the procedure of finding the frequency of the eigen-
modes reduces to that of calculating the parameter g.

2.2. Smplification of the Basic Equations
in Inertialess Regions

Assuming that s < 1, we first consider Egs. (2.5)
and (2.6) in inertialess regions, i.e., those in which the

termswith ge can beignored. In these regions, we also

ignore toroidal effects, i.e., the terms with €. In our
problem, there are three singular points on the x axis,

= (0, £1); there also are two singular points at minus
and plusinfinity, x — xo0. Asin[1, 2], theinertialess
region of primary interest for us is the vicinity of the
point x =0, i.e., the Alfvén gap region: itisonly in this
region that the behavior of the perturbation should be
considered in order to determine the rea part of the
oscillation frequency . In this region, Egs. (2.5) and
(2.6) reduce to

d<Pm

0, (2.11)
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d O l"'(l"'x) (Pm : écpm—l-'-H(pm—l:O'
dx s 2.12)

Note that the x-dependent coefficients of thefirst deriv-
atives d@,,/dx and dg,,_,/dx in Egs. (2.11) and (2.12)
are correctionterms (see[1, 2] for details). In thetermi-
nology of [1, 2], the inertialess region is merely the
external region of the mode.

In the vicinity of the point x = 1, it is sufficient to
know the behavior of the mth field harmonic and in the
vicinity of the point x = -1, it is sufficient to know the
behavior of the m — 1th harmonic. In analogy with
Egs. (2.11) and (2.12), we obtain from Egs. (2.5) and
(2.6) the set of equations

d<Pm A0y x-1 _
(x —1) dX 7 —¢,+Hop, = 0, (2.13)
(x+1) (Pm 1 Xd(pm—l
dx? dx
(2.14)
Xt i~ H@p s = 0.

We must aso know the behavior of the mth and
(m—= 1)th harmonicsof the perturbed field in regionsfar
from the singular points in question. In these regions,
Egs. (2.5) and (2.6) have the form

d dg.1 1 _
C3([x(1—x)a}—Szx(l—x)cpm—Hq)m =0, (2.15)

[X(l X) d@y— 1}

1 (2.16)
—S—ZX(1+X)(Pm—1+ H@y,_, = 0.

Equations (2.13)—2.16) differ from the corresponding
equations of [16] in that they contain the terms with H.

2.3. Smplification of the Basic Equations
in Inertial Regions

We distinguish between three inertial regions: the
main region, which isthevicinity of the point x=0, and
two dissipative regions, which are the vicinities of the
pointsx = 1. Inthe main inertial region, weignore the
terms with x/s? and H and also corrections on the order
of x. Equations (2.5) and (2.6) can then be reduced to
Egs. (29.35) and (29.36) of [1]:

d d(pm dz(pm—l —
dz[(g+z dz}—? = 0, 2.17)

dg, 7 d P _
HO-275= =0 e
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where
z = 4x/e. (2.19)

In dissipativeregions, weignore not only the correc-
tion terms containing the combination x ¥ 1 and the

terms containing (x ¥ 1)/s*> and H but also toroidal
effects. In this case, Egs. (2.5) and (2.6) yield the equa-

dx[D4 _% } 0,
dx[D4 1+ A 1} = 0,

Accounting for the terms with @,,, ; in Eqg. (2.20)
and for the terms with @,,_, in Eq. (2.21) leads to cor-

(2.20)

2.21)

rections on the order of me .

3. DERIVATION OF THE DISPERSION RELATION
WITHOUT ALLOWANCE FOR CONTINUAL
DISSIPATION

According to Appendix B, the solution to Egs. (2.11)
and (2.12) is represented in terms of confluent hyper-
geometric functions (cf. [1], Egs. (29.28), (29.29)):

¢, =D expD |X|D [ 4sgnx 1, 2|X|}, (3.1)

Qn_1 = Dp_ lexpD |X|DU[ sgnx 1, 2|X|} (3.2)

where D, and D,,,_, are constants and the parameter §
is defined by the relationship

§ = s(1-2H). (3.3)

For [x|/s<< 1, theasymptotic behavior of solutions(3.1)
and (3.2) is given by the expressions

2A
_ X TS
@, = Tt usz[In%%E+ y—2|n2—?sgnx}, (3.4)

Pm-1

3.5
=" Dm l[InEZleD+y 2ln2 + L2 sgnx}( )

where y is Euler’s constant. For H = 0O, solutions (3.4)
and (3.5) pass over to solutions (29.33) and (29.34)
of [1].

Consider perturbations with

g°<1 (3.6)

According to expression (2.10), such perturbations
occur in the Alfvén gap region (see [16] for details). In
this case, in accordance with [1, 2], the solutions to
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Egs. (2.17) and (2.18) have the form (cf. [1], formu-
las (29.42), (29.43))

9C.—C,, . 3.7)
——ﬂzarctan[(l—z)ﬂz} + const,
(1-g°) -9
_ (3.8)
+ g—gﬂ‘—‘—l—z——jcj—:zﬂ‘arctan [————Z—E—U—Z} + congt,
(1-99) (1-99)

where C,,and C,,,_, arethe constants that are important
for further analysis and “const” stands for those whose
role is unimportant. For |z| > 1, solutions (3.7) and
(3.8) take the form (cf. [1], formulas (29.44), (29.45))

@, = C.In |Z|_1219C Cﬂ‘zlsgnz+const, (3.9)
(1-g°)
@m-1= Cn_ 1|n|2|+29-(—:m—-1——§-2—sgnz+ const.
(1—g ) (3.10)

In writing formulas (3.7)—3.10), we have corrected for
misprinted formulas (29.42)—(29.45) from [1].
Asymptotic expressions (3.9) and (3.10) coincide
with expressions (3.4) and (3.5) when the parameter g
satisfies the relationship
n §7 TS _

2
-9 -T60 7"

which playstherole of thedispersion relation. For H =0,
this relationship gives

T .
—08, @3.11)

g=-1+9, (3.12)
where d isasmall positive quantity equal to
5 = 1s’/8. (3.13)

Relationships (3.12) and (3.13) characterize standard
TAEs[1, 2.

Relationship (3.11) can be converted into the form
o = (18/2)°
[1+(1&/4)7°
Intransforming relaionship (3.11) into relationship (3.14),
the operation of squaring was used, which generally
introduces redundant roots. Consequently, the solutions

obtained with the help of relationship (3.14) should be
tested against relationship (3.11).

From relationship (3.14) we obtain

_ - (ns/4)2|
1+ (T8/4)°

1- (3.14)

(3.15)

In using thisrelationship, the roots should al so betested
in the above manner.

4. TYPES OF TOROIDAL ALFVEN EIGENMODES
IN THE PRESENCE OF THE H EFFECT

According to relationship (3.3), we have
§<0 4.1)

for
H>1/2. 4.2)

In this case, the perturbations under consideration have
very different propertiesfrom the standard TAEs. Thus,
in the interval

40
<H <2%1+— 4.3)

dispersion relation (3.11) has no solutions with g < 0,
which correspond to standard TAEs (cf. relation-
ships (3.12), (3.13)). Instead, it has solutions with

g=1-39, (4.4)
where

0<d<1l 4.5)
For |§ < 1, the parameter & is small, d < 1, and,
according to dispersion relation (3.11), it is determined
by relationship

5 = 1548, (4.6)

The solutionsthat correspond to H valueswithininter-
va (4.3) and are characterized by relationships (4.4)—
(4.6) will bereferred to as TAES-H solutions.

For large positive values of the parameter H,
namely, those above the upper limit of interval (4.3),

1 4
H > EETL +
the only solutionsto dispersion relation (3.11) arethose
with g < 0, in which case relationship (3.15) gives
_ (1%14)° -1
1+ (T8/4)%
Inthelimit sH > 1, thisresult can be represented in the
form of relationship (3.12) with
& = 8/(msH)>. (4.9)

The perturbations characterized by relationships (4.8),
(3.12), and (4.9) will be called TAES-H"s.

For moderately large negative H values and for pos-
itive H valueslyingintheinterval 0<H < 1/2, i.e,, for

4.7)

(4.8)

104 [l

g ELE <H<1/2 4.1
2Uts ID v2, (4.10)
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we are dealing with perturbations with g < 0, which
are analogous to standard TAES. In this case, relation-
ship (3.15) gives

_ 1 (n&/4)°
1+ (T&/4)%

For small § values, relationship (4.8) passes over to
relationship (3.12) with the parameter & given by for-
mula (4.6). When

(4.11)

H<—%%%—1E, 4.12)

we see from relationship (3.15) that dispersion rela-
tion (3.11) has solutions with g > 0; in this case, the
parameter g is given by formula (4.11). For |[H|s > 1,
relationship (4.11) reduces to relationship (4.4) with o
satisfying relationship (4.9). The relevant perturbations
will be called TAES-H-s.

5. SPATIAL STRUCTURE AND ENERGY
OF PERTURBATIONS

5.1. Internal Dimension of Perturbations

From solutions (3.7) and (3.8) it is clear that the
quantity (1 —g?)'? isacharacteristic spatial scale of the
internal layer in the z space. Using relationships (2.19)
and (2.4), wefind that, in ordinary space, this character-

istic dimension, denoted by A#’LE , isdetermined by the
relationship

i ~|’ 2.1/2
Al = —m(1-¢*)"".
TAE 4|m|s( g)

From relationship (3.14) we see that, for the perturba
tions under analysis, the relationship generally means

(5.1)

n _ Tem_ [3
TAE T Blmsy 4 (T[§/4)2.

For H = 0, this gives the following shear-independent
dimension [1, 2]:

(5.2)

Ter
8m
For finite H values satisfying the condition |H| < 1/s,

i.e, for |§ < 1, relationship (5.2) reduces not to rela
tionship (5.3) but rather to the relationship

in _
ATAE -

(5.3)

nZ—:rm

in - Nm,
Arpe = 8|m||1 2H|. (5.4)
For 1 < |H| < 1/s, we have
| €rm/H|
Al = DEm T, (5.5)
TAE 4 |m
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so the dimension Alye increases linearly with H. For
[H|s> 1, relationship (5.2) reads

in ~|’
AT = % (5.6)
mim/[H[s

We recall that the parameter H is defined by Eq. (2.7)
and rewrite relationship (5.6) as

in _42'0)'&;

TAE — ﬁlKhlghnh. (5.7

In the limiting case in question, the dimension AiT'}\E is
shear-independent (cf. formula (5.3)).

5.2. Perturbation Parity Invariant

By analogy with [1, 2], we introduce the parameter

M, which is caled the perturbation parity invariant,
through the relationship

— Cm—l_Cm — Dm—l_Dm

" Cu+Cuq Dp+Dpy

By matching the internal and external solutions, we
obtain the following expression for p:

(5.8)

"= sgngsgn(1—1°8%/16) — 1
sgngsgn(1—1°E%/16) + 1

(5.9)

From this expression we see that each type of TAES
considered in Section 4 is characterized by only one of
the two values of the parameter pi: either p =0 or || = oo.

In the first case, we have C,,_, = C,,and D,,_, = D,
and, accordingly, are dealing with even parity modes.
In the second case, we have C,,_, =-C,,and D,,_, =

-D,,,, which correspondsto odd parity modes. The situ-
ation with particular types of TAES may be describedin
the following way:

For 0 < H < 1/2 and for negative H values in inter-
val (4.10) (which corresponds to solutions with g < 0,
analogous to standard TAES), expression (5.9) gives
|1 | = o0 and, therefore, refers to odd parity modes,

C.,=-C, (5.10)

For positive H values in interva (4.3) (which corre-
sponds to TAEs-H with g > 0), we have u = 0 and are
thus dealing with even parity modes,

Cpn.1 = Cp. (5.11)

For large positive H values satisfying inequality (4.7)
(which corresponds to TAEs-H*s), we also have u =0
and are again dealing with even parity modes (see
equality (5.11)). Finaly, for large negative H values
satisfying inequality (4.12) (which corresponds to
TAEs-H-s withg> 0), the parameter pLisinfinite, ||= oo,
and refersto odd parity modes (see equality (5.10)).
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5.3. Even- and Odd-Parity Components
of the Electrostatic Potential

In place of the functions @, and @,,_, we introduce
the functions ¢, through the relationships

(pJ_r = (pmi(pm—l- (512)

Based on what was said above about the parameter H,
we take into account solutions (3.7) and (3.8) to find
that, for standard TAEsand for TAEs-H-s, thefunctions
@, intheinterna layer have the form

o, = 29 DCn o 2 (5.13)

1-g9)" 1-g)"

o= C,In|Z+1-¢7.

(5.14)

As for TAEs-H and TAEs-H*s, we otherwise arrive at
the function ¢, of form (5.14) and at the function ¢ _ of
form (5.13), with the replacementg+ 1 — g - 1.

5.4. TAEs Energy for Finite H Values

Accordingto[1, 2], we can begin with thefollowing
expression for the energy of the TAEs:

W= — [Oq}] dr.

4nv CorD (5.15)

In terms of the poloidal harmonics @, and ¢,,_, and
radial variable z, this expression reads[1, 2]

W= 8Tr|m|sRc J.[[Pl%j 4 [P

: o+ B D}dz (5.16)

Using the results obtained in Section 5.3, we obtain

16T m/sR ml sRc’

W = V2|Cm| lw» (5.17)

G

&z dg+1)°+7, u

lw = [——0 ’(5.18)
" I(zz+1—gz)2D(g—1)2+z2, n

0.

We can seethat I,y > O; consequently, in agreement with
the initial expression (5.15), all the TAE types under
consideration possess positive energy: W > 0.

We take the integral on the right-hand side of
expression (5.18) to find
oo T E(l 97,
w
Vl g E(1+g) M

=
|

(5.19)

For standard TAES (H = 0), thisyields
lw = 1/s. (5.20)

Substituting relationship (5.20) into expression (5.16),
we arrive at the result that was obtained in [2] and was
also presented in [1]. As for TAES-H with |§ < 1,
expression (5.19) leads, instead of relationship (5.20),
to the relationship

ly = 1/4. (5.21)

Using expression (5.19), we can also show that the
energy of the TAEs-H*s and TAES-Hs can appreciably
exceed that of the standard TAEs: for the former two
types of eigenmodes, the right-hand side of this expres-
sion is proportional to (s|H|)>.

6. ACCOUNT OF CONTINUAL DISSIPATION
FOR FINITE H VALUES

6.1. Solutions to the Perturbed Equations
in the Vicinities of the Points x = +/

In the vicinities of the points x = +1, we are faced
with inertialess equations (2.13) and (2.14) and inertial
equations (2.20) and (2.21). We begin by working with
Egs. (2.13) and (2.14). The approach of Appendix B
leads us to solutions analogous to solutions (3.1) and
(3.2):

011-X0
~ s O

<[ 2-2son(1-2,1
U

@ = Dnexp

2|11- xl}
S (6.1)

Cneingl 5. 2(1-x)7d
+6(1 x)GmM[Z 2 L5 }E

0l1+xn0
1 &XP 0

xaj[}—§sgn(l+ Xx), 1;
O

(pml_D

2|1 + X
} 6.2)

1 8§, 2(1+x)10
+8(1+X)G- 1m[2 215 }E

Here, M is a confluent hypergeometric function; B(t) is
the Heaviside step function defined as

M, t>0,

B(t) = (6.3)
(t) ED t<0.
1 -1 1 -1
and D,,, D,,_,, G, and G,,_, areconstants.
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Now, we solve Egs. (2.20) and (2.21). Thetechnique
of solving Eqg. (2.20) can beillustrated as follows: We
integrate Eq. (2.20) over x, make the standard replace-
ment w — w + IA (where A > 0), and take the limit
A — 0. Asaresult, we obtain

doy,
dx
N (6.4)
= ct L—in nw6@+1—%
~ " gela+ 1-x >one oy ’

where the symbol P standsfor the principal value of the

integral and Crﬂ is a constant of integration. We again

integrate over x to arrive at asolution similar to solution
(3.9):

@, =—-Ci[In|1—x| —iTtsgn w1 —X)] + const, (6.5)

where const is a constant of integration, which isunim-
portant for further analysis. Analogously to the deriva
tion of solution (6.5), solving Eqg. (2.21) yields

On-1 = CooalIn[1+ X —imsgnw@1+x)] oo

+ const,

where C,;l_l isaconstant of integration.

Now, we expand theright-hand sides of solutions (6.1)
and (6.2) in powers of the small argument and match
the resulting expressions with solutions (6.5) and (6.6).
This, in particular, yields the foIIowing expr&ssions

for the constants of integration G and G _, insolu-
tions (6.1) and (6.2):
8
GL =G, , = —T+m ?sgnoo. 6.7)

For H = 0, the results just given agree with those
obtained in [16].

6.2. Matching the Solutions in the Vicinities
of the Points x = +/ with the Solutions
in the Vicinity of the Point x = 0

In analogy with solutions (6.1) and (6.2), we modify
solutions (3.1) and (3.2) by taking into account the con-
tribution of the functions M:

9n = Dpexpd |X|D[UD1 Ssgnx 1, 2X0

s O
6.8)
[t 2X]
+0()GME -2 51, D}
PLASMA PHYSICS REPORTS Vol. 31 No.2 2005

(pm - Dm lexp |X|D|:UD1-+ San, l,

s
b 4

M_s, 24
+ e(—X)Gm_lMl:E—é, 1, - SD:|

2[X
s
(6.9)

Here, G, and G,,,_, are constants. In order to determine
them, we solve Egs. (2.15) and (2.16) and match the
solutions obtained with solutions (6.1) and (6.2) in the
vicinities of the points x = 1 and with solutions (6.8)
and (6.9) in the vicinity of the point x = 0.

Solving Egs. (2.15) and (2.16) in the quasiclassical
Wentzel-Kramers—Brillouin  (WKB) approximation
(with 1/8”> being the large parameter), we arrive at the
following expression for the mth harmonic:

E.exp[—(1—x)/9|
Pm = (L+sH)/2_ (1—sH)/2
—X) X

(1

Fexp[(1—x)/9
(1- X)(l—sH)IZX(l+ sH)/2’

(6.10)

where E,, and F,, are constants and x lies within the
range 0 < x < 1. An analogous result is obtained for the
m— 1th harmonic in therange—1 < x< 0.

Assuming that the argument of the functions U and
M on the right-hand side of solution (6.1) is large, we
find

g2 Oexp[—(1 - x)/]

On = Dm +5l
P D(l_x)(l H)/2
(6.11)
Gn(s/2) ™" exp[(1-x)/s] O
F(1+5sH)/2] (1 x5
Matching solutions (6.11) and (6.10) gives
D} = E(s/2) "7 (6.12)
g Gt
F,=E o (6.13)

"0 r[(1+sH)/2]
Taking into account expressions (6.12) and (6.13), we
reduce Eq. (6.10) in the vicinity of the point x =0to

exp(—x/s)
X(1+ sH)/2

(6.14)

_ AT Ga
O = Em“p@% FI(L+sH)/2]

0 20exp(x/s) O
+exp O 4] X(l—sH)/2 %
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On the other hand, for large values of the argument of

the functions U and M on the right-hand side of solu-
tion (6.8), wefind

(1+sH)/2
_ exp(=x/s)
O = Dm% X(1+sH)/2

(1—sH)/2

(6.15)
Gn(s/2)
F[(1+sH)/2]

exp(x/s) U

NEEDE i

Assuming that solution (6.14) coincides with solu-
tion (6.15), we obtain the relationship between E,, and
D,, (in further analysis, however, this relationship will
not be used) and the expression for the coefficient G,;;

_ Q20T [(1+sH)/2]
- FPI oo Gl

The coefficient G,,,_, isfound in an analogous way.
It turns out that

G, (6.16)

(6.17)

6.3. Dispersion Relation with Allowance
for Continual Dissipation

For [x|/s<¢ 1, solutions (6.8) and (6.9) lead to thefol -
lowing generalization of solutions (3.4) and (3.5):

P (6.18)

4

= —n_ﬂsz{lnlxl ——=5+ —G Dsgnx+const}

-1 (6.19)

= —Tr_llZDm_l[Inlxl +—= %+ —Gngsgnx+ const}.

In deriving these solutions, we took into account the
relationship

8(x) = (1+ sgnx)/2. (6.20)

Matching solutions (6.18) and (6.19) with solutions (3.9)
and (3.10), we arrive at adispersion relation of theform
of (3.11) with the replacement

312

§ — 5+4G /T, (6.21)

where the coefficient G, is given by formulas (6.16)
and (6.7).

We areinterested only in the imaginary (dissipative)
part of the parameter G, We denote this part by G,(nl )
and, from the above formulas, obtain

G(l) —i sgnoon A/4 (6.22)

MIKHAILOVSKII e al.

where
A 0 2g ™LA + sH)/2]
A= —ex — (6.23)
ZorOsE T (riay
Intermsof A, replacement (6.21) reads
5§ — é—iAsgnw. (6.24)

In this case, instead of relationship (3.11), we arrive at
the relationship

All—g2

nsD T,

160" 2%
. (6.25)
. TT TS | PR
= IE%_Z l—gDAsgnco

With allowance for A, the eigenvalue g is complex,

so we have
g = gotilmg, (6.26)
where g, is the rea part of g. In these terms, relation-
ship (6.25) implies that the quantity g, satisfies disper-
sion relation (3.11) with the replacement g — g, and
yields the following expression for the imaginary part

Img:
Img = —g&/l—gg

) - (n814) /1 - o} ©27
sgnw.
Jo(1—TC8/16) — (18/2) /1 —gf
For H = 0, this expression gives
Img = —Tsexp(—2/s)sgnw, (6.28)

which coincides with the corresponding results
obtained in [16].

7. ANALY SIS OF THE ROLE OF CONTINUAL
DISSIPATION FOR FINITE H VALUES

In analogy with expression (6.26), we set
W— Wytilmw, (7.1)

where w, isthe real part of the oscillation frequency w.
Using expression (2.10), we find that Imw is related to
Img by

ev
Imw = ———Img. (7.2)
80 R w,
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Taking into account therelationship | |uy | =VA/20R (see
expression (2.10)) and using relationships (6.27) and
(3.11), we obtain

T[EVA" 2 1
Imw = —Ne22A 1 gl
8 qR °1 + 178416

We thus see that continual dissipation acts to dampen
al the TAE types under investigation.

In accordance with [16], relationship (7.3) for stan-
dard TAEs (H = 0) has the form

(7.3)

Daj

Imw =

(7.4)

In contrast, for TAEs-H (|§| < 1), relationship (7.3)
becomes

020

—expD—gj. (7.5)

8. DISCUSSION OF THE RESULTS

We have shown that TAEs are significantly modified
by the effect of the density gradient of high-energy ions
moving in large magnetic drift orbits (an effect that was
mentioned in [10] and was called above the BBS
effect). Itisof course clear that, for this effect to be pro-
nounced, the population of high-energy ions should not
be too small; i.e., the parameter H, introduced here
through Eq. (2.8), should be large enough in compari-
son to unity: [H|= 1. An approximate estimate of the
required H values can be obtained from Eq. (2.8) by set-
tingM, =M, r.K,=1,s=03, m=3, n,/n. = 1023, and
Qn/w = 10° (cf. [13]). These parameter values yield
H = 1. Note that Eq. (2.8) gives H ~ 1/ i.e., the
parameter H increases substantially as the shear
decreases. Conseguently, for asufficiently low shear, we
have H > 1. Our analysis aso makes use of the param-
eter sH. Since sH ~ 1/s, the situations with [sH| > 1,
which have been examined above, can occur when the
shear is sufficiently low.

The effect we have investigated is highly sensitiveto
the sign of the parameter H; i.e., in accordance with
(2.9), it is sensitive to the propagation direction of the
perturbations relative to the direction of the equilibrium
magnetic field. We have shown that, depending on the
sign and magnitude of the parameter H, high-energy
ionscan giverise not only to perturbationslike standard
TAEs but also to new types of TAES, which have been
called above TAEs-H, TAEs-H's, and TAES-Hs (see
Section 4 for details). Asin the case of standard TAEs,
the frequencies of TAES-H-s liein the lower part of the
Alfvén gap, whereas the frequencies of TAES-H and
TAEs-H*s lie in its upper part. These new types of
TAEs aso differ from standard TAES in spatia struc-
ture and energy (see Section 5 for details). It is shown
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that al the TAE types under consideration possess pos-
itive energy. It is pointed out that, like standard TAEs,
the TAES-H-s are odd parity modes; in contrast, the
TAEs-H and TAEs-H*s are of even parity. Note also
that the question about the parity of TAEs was the sub-
ject of an experimental investigation by Kramer et al.
[17]. In that paper, however, the BBS effect was not
taken into account, so it would be interesting to exam-
ine this problem in further experiments.

In order to take into account the continual dissipa-
tion of TAEs at finite H values, we have developed an
approach similar to that taken in [16]. Using this
approach, we have derived dispersion relation (6.25), in
which the continual dissipation is characterized by the

parameter A, introduced through equality (6.23). It is
shown that this dissipation acts to dampen all the TAE
types under discussion.

The effect of the density gradient of a thermal
plasma was studied in a recent paper by Konovalov et
al. [18] in connection with the problem of Alfvén cas-
cades in tokamaks. In the context of our anaysis, it
seems worthwhile to examine the effect of this gradient
on the TAEs.

The analytic formulas that have been derived above
display the regular features characterizing the role of
the BBS effect in the behavior of the TAEs. The fea-
tures that have been revealed, on the one hand, can
serve as a basis for numerical analysis of these modes
with the MISHKA-H code [13] and analogous MHD
computer codes capable of describing the effects of
high-energy large-orbit ions, and, on the other hand,
they should be taken into account in developing ITER-
type fusion reactors.
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APPENDIX A
Derivation of the Basic Equations
The derivation begins with the current continuity
equation

Oyii+ Voo = 0, (A1)

where ]|| and fu are the perturbed current densities
along and across the equilibrium magnetic field B, and
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0, and V, are the longitudinal and transverse compo-
nents of the gradient operator. In Eqg. (A.1), the term

(BD/BO)VD jjp (where By is the perturbed magnetic
field and j,, isthe equilibrium longitudinal current den-
sity) isignored because it is unimportant for the prob-
lem under analysis (for details, see [1], Sections 4, 7).

The term with j; in Eq. (A.1) can be expressed
through the perturbed el ectrostatic potential @by means
of the same transformations as in Section 29.1 of [1].
The transverse current j is represented as a sum of the
inertial current given by expression (29.5) from[1] and
the current j(Dh) of the electrons that drift in crossed

fields and neutralize the electric charge of high-energy
large-orhit ions, so we have (see [13] for details)

(h _—

io = —en\Ve, (A.2)

where Vg = c(B, x V@)/B; is the drift velocity in
crossed fields, n,, and g, are the density of high-energy
ionsand their electric charge, and cisthe speed of light.
In this case, Eq. (A.1) yields the following generaliza-
tion of Eq. (29.8) from [1]:

Lo=(8B, DV)%ZVD(BO V)¢

(A.3)
+ —Vucp+ [(Pg =0,
VA
where

(M = i hwanh My 0¢
?= rvz Br M;n.a6’

(A4)

Here, w is the frequency of the mode (the perturbed
guantities are assumed to depend ontime asexp(—iwt)),
Q,, and M,, are the gyrofrequency of high-energy ions
and their masses, n, is the density of the thermal
plasma, M; isthe mass of thethermal ions, r istheradial
coordinate, and 6 is the poloidal angle.

Equation (A.3) istransformed under the assumption
that the electrostatic potential depends on the radius as

o(r) = exp(—inZ)Z(pm(r)exp(ime)+c.c., (A.5)

where C is the toroidal angle, n is the toroidal mode
number, and mis a set of poloidal mode numbers. The

operators Vé and B, - V are transformed according to
the samerulesasin Section 29.1 of [1]. Inthiscase, the

operator Lr(,?)(pm in Eq. (2.1) hasthe form

2 Dd 2 2 |:|
L @ = { kﬁnu (p'“} %B"—Z—kﬁnucpm, (A.6)
r -y, U
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where
Kim = (M=na)/gR, (A7)
g is the safety factor, and R is the mgjor radius of the

torus. The operator L,(T?Zl(pm_l isgiven by the samefor-
mula but with the replacement m — m— 1. Applying

the operator L™ to expression (A.5) for the potential @
yields expression (2.3) with k,, = dInn,,/dr. Accounting

for the toroidal geometry leads to the terms with € in

Egs. (2.1) and (2.2); here, € = 5¢/2, with € being the
inverse aspect ratio.

APPENDIX B

Solution of the Perturbed Equations
in the Inertialess Region

Equations (2.11) and (2.12) can be solved as fol-
|ows. We assume that

O = exp(=alx)y(x). (B.1)

Substituting representation (B.1) into Eqg. (2.11) and
requiring that the parameter a satisfy the relationship

_ L, 19"

= 2sgnx+ ot = (B.2)
yields the following equation for the function y:
2
xj%(’+[1—x(l+2asgnx)]3—§ (B3)
—(asgnx+H)y = 0.
Equation (B.3) has asolution of the form
yOuU(a b,t), (B.4)

where U is a confluent hypergeometric function, b =1,
and

_ asgnx+H

2asgnx+1’ (B.5)

t = (1+2asgnx)x. (B.6)

For s < 1, relationship (B.2) gives the approximate
expression
o = 1/s—sgnx/2. B.7)

In this case, we have

2= 333

where § isgiven by relationship (3.3).

Taking into account representation (B.1) and relation-
ships(B.4)—B.8) leadsto solution (3.1). Solution (3.2) is
derived in an analogous way.

(B.8)
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