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Abstract—The problem of plasma MHD stability in the T-15M tokamak is considered in realistic geometry.
Stability of the external kink modes with the toroidal wavenumbersn =1, 2, and 3 is numerically investigated
in equilibrium configurations similar to the systematically analyzed steady-state configurations with reversed
shear in ITER. The stability limitsin T-15M are found with and without account taken of the stabilizing influ-
ence of the first wall. The results of the calculations are used to compare T-15M with ITER. The stabilizing
effect resulting from reducing the distance between thefirst wall and the plasmain T-15M is evaluated. © 2003

MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The projects of upcoming fusion devices are based
on thoroughly elaborated physical evaluations provid-
ing aclear idea of the operational limits[1-17]. One of
the major characteristics is the 3 limit (the ratio of the
plasma pressure to the magnetic pressure) since, at a
given magnetic field, the specific fusion power is pro-
portional to 32. Continuous attention to the problem of
B limitsisalso related to the fact that even in tokamaks,
which are closer to a reactor than other systems, the
achievable values of 3 are obvioudy insufficient for
reliable extrapolations and the decisive step toward a
reactor. Theoretical and experimental results inevitably
lead to the conclusion that, at present, a prototype of a
fusion reactor can only be a tokamak operating in a
rather extreme regime, actually near the 3 limit. There-
fore, anincreaseinthe 3 limit and the study of the phys-
icsof high-f3 plasmadischargesin tokamaks remain the
main problems of present-day research on tokamaks.

In recent years, the possibility of constructing the
T-15M tokamak at the Kurchatov Institute has been
discussed [18]. The achievement of high  values is
considered to be one of the main objectives of the
T-15M experimental program. On the whole, the
dimensions and main engineering parameters of this
device have already been specified. The present study is
a first step in the physical evaluation of the T-15M
project from the viewpoint of operational (3 limits.

It isknown that the problems of plasma equilibrium
in tokamaks are being solved quite efficiently, and that
the restrictions on [ arise from plasmainstabilities [1].
It is aso known that the predictions of MHD theory
provide a reliable guide in estimating the 3 limits [1,
19]. Inall the projects of fusion devices, MHD calcula-
tions are a necessary and rather important element of
the physical assessment. Such work must be done
before arriving at afinal decision on the T-15M project.
Here, we consider the problem of plasmastability inthe

T-15M tokamak within classical ideal magnetohydro-
dynamics. The purpose of the present study is to deter-
mine the MHD limits caused by the ideal modes for a
given geometry of T-15M with account taken of the sta-
bilizing influence of itsfirst wall. The shape of the wall
isafactor that substantially affects the result and isthe
reason for the difference between T-15M and ITER,
from the standpoint of the MHD ideal limits.

The T-15M tokamak is being planned as an ITER-
like device. Its operation should be coordinated with
the ITER program in order to contribute as much as
possible to solving the basic problems of the tokamak
reactor. Naturally, any theoretical analysis of T-15M
should be organized so that the results obtained can be
easily compared with those for ITER. Following this
principle, we lean here on the earlier results of MHD
and transport calculations for ITER [20, 21], using
them asinitial data. The calculationsfor T-15M are per-
formed here in the same way, using the same means as
described in [21].

In Section 2, the statement of the equilibrium prob-
lem for an ITER-like configuration with T-15M param-
eters is described. In Section 3, the results of calcula-
tions of the plasmastability limits set by theideal exter-
na kink modes in T-156M are discussed. In the
conclusion, the results obtained are summarized.

2. EQUILIBRIUM CONFIGURATIONS

To study the plasma stability in T-15M, we chose
scenarios similar to the 4A ITER scenario with nonin-
ductive (stationary) current drive, described in detail in
[20, 21]. To obtain ITER-like equilibrium plasma con-
figurations with the T-15M dimensions, we rescale the
initial ITER configurations so that the radius of the
plasma center is R = 1.55 m. In so doing, the dimen-
sionless parameters describing the plasma shape are
kept unchanged. The basic characteristics of the equi-
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Main parameters of the analyzed equilibrium configurations
inthe T-15M

Equilibrium 1 2
am 05 "
Ogs 0.39 8
Kos 1.76 "
R'm 1.55 "
B(R), T 25 "

I, MA 1.4125 "
Jos 414 414
Omin 2.16 1.66
Bu 3.53 3.74
Py P 2.55 31
l; 0.58 0.74

librium configurations, whose stability is analyzed
below, are given in the table. Here, asin [21], we solve
the equilibrium problem for T-15M with afixed plasma
boundary whose shape exactly replicates a standard
separatrix in the 4A ITER scenario.

The first equilibrium corresponds exactly to one of
the equilibrium configurations adopted for ITER sce-
narios (thefourth columnin Table 1in [21], the 4A sce-
nario), differing only in smaller a and R and smaller
values of the magnetic field and net current. Briefly, the
plasma shape prescribed in our calculations for T-15M
isthe TER shape with a separatrix at the boundary. The
values of g5 and q,,;, aso coincide here with those in
ITER, so the first equilibrium is an exact analogue of
the 4A scenario [21]. The second equilibrium differs
from the first by the choice of the profiles, in particular
by asmaller value of g5 and larger peaking factor of the

plasma pressure, p,/p = 3.1, where p, is the plasma
pressure at the magnetic axisand p isthe volume-aver-
aged pressure. As a measure of 3, we use here the

widely accepted Troyon factor
_ a[m] B[T]

where a isthe minor radius of the plasma, B isthe mag-
netic field, and | isthe net current in the plasma.

Let usnotein advance that the 3 values givenin the
table for the two equilibrium statesin T-15M are actu-
aly far in the unstable region. However, the first equi-
librium would be stable if the first wall of T-15M were
similar to the ITER wall.

MEDVEDEV, PUSTOVITOV

The problem of plasma equilibrium in atokamak is
reduced to solving the Grad—Shafranov equation [22],
which can be written as
r A U]

U'OJ(I) = _E_[V Dr_zs (2)

where  is the poloidal flux, related to the magnetic
field B by the equality

2B = VU xVd +FV, 3)

and j, isthe toroidal component of the current density
j =V x B/, (in Sl units), which, for an axially symmet-
ric equilibrium configuration, is explicitly expressed
through poloidal current F and the plasma pressure p:

2np(y) = | Ve - &) @)
2T !

Hereinafter, r, ¢, and z are the cylindrical coordinates
attached to the main axis of the tokamak.

Following the procedurein [21], we consider bel ow
equilibrium configurations with the parameters givenin
the table. The toroidal current density j, in Eq. (2) is
given by the formula

. .0 d
iy = InCRAG(W) + SHW) ~aGW)E, )
O U

wherej,, isaconstant determining the net current in the
plasma; G and H are the functions corresponding at a = 1
to self-consistently calculated steady state ITER sce-
narios [21]; Ris, generally speaking, an arbitrary con-
stant not necessarily equal to the major radius of the
device. Let ussay that a = 1 givesthe main equilibrium
state. Varying a at fixed G and H and, accordingly, the
given profiles of the pressure and current density, we
can consider similar equilibria with different values of
B. The profiles of the current density, pressure, and
other characteristics of the main state (the first equilib-
rium) are shown in Fig. 1. In the main state, we have
p,/P = 2.55, where p, is the plasma pressure at the

magnetic axis and p is the volume-averaged pressure.
In addition to the main state, we will also consider the
second equilibrium with alarger pressure peaking fac-
tor, py/ P = 3.1. The peakedness of the pressure profile
is an important factor determining the plasma stability,
especialy in configurations with reversed shear. The
profiles of the equilibrium plasma parameters for the
second scenario considered here are shown in Fig. 2.
The bootstrap current density shown in Figs. 1 and 2
was cal culated by Hirshman'sformulas[23] in the low-
collisional approximation (the “banana’ regime) at
similar profiles of the density and temperature.

Under the procedure in given boundary conditions,
the properties of equilibrium configurations are com-
pletely determined by the functions G and H in Eq. (5).
One can express them explicitly through the equilib-
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Fig. 1. Calculated profiles of the equilibrium plasma parameters for the main scenario with a pressure peaking factor of p,/p =

2.55. All the parameters, except for the safety factor g, are normalized to their maximum values. On the |eft, the profiles are shown
asfunctions of the square root of the normalized poloidal flux of the magnetic field (zero at the magnetic axis and unity at the plasma
boundary). On the right, the profiles are shown in the equatoria plane, which passes through the magnetic axis, as functions of the
major radius normalized to the radius R, of the magnetic axis. In addition to the profile of [j - BIAB - V¢L] the dashed line shows,

in the same units, the profile of (jy,q - BUM - VL) where ji,4 is the bootstrap current density calculated in the low-collisional approx-
imation (the “banana’ regime) [23] at similar profiles of the density and temperature. In addition to the profile of p' = dp/dy, the
dashed line shows the limit of p' set by ballooning instability. Here, py = 2.5 x 10° Pa, j,,x = 2.9 x 10® A/m? Ry = 1.66 m, B =

0.039884, I = 1.13, and By = 3.5296.

rium characteristics, comparing Eq. (5) with a conse-
guence of Eq. (4),

o O, RIR\rds ., O
Il = ZHREﬁP(lIJ)+?<FZ> [W—p(lb)}%, (6)
where

J= Zinp VoV )
\%

is the longitudinal current flowing inside a magnetic
surface; V is the volume enclosed by this surface; and
the angular brackets stand for the canonical averaging
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over the volume between the neighboring magnetic sur-
faces,

-4d
Xd = Y Xdv. (8)
\%
In agenera case, we have
JnadG(Y) = 2nRp'(Y), €

jnH(W)

_ R\ dJ . RA™ (10
= 2TtR<FZ> a—\—/+2T[Rp(ljJ)[l—<?z> }

At any R, the function G is determined by the plasma
pressure profile only. The function H can be made
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Fig. 2. Calculated profiles of the same equilibrium parameters asthosein Fig. 1, but for a scenario with an increased pressure peak-
ing factor, py/p = 3.1. Here, py = 3.2 X 10° P4, j 4 = 3.1 X 10° A/m?, Ry = 1.66 m, B = 0.0422, Iy = 1.13, and By = 3.7377.
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Fig. 3. Functions G (solid line) and H (dashed line) for

seriesof equilibrium configurationswith p,/p =2.55, illus-
trated by Fig. 1.

dependent only on the current profile by choosing R sat-
isfying the condition 0R?/r?00= 1. It is clear that the
dependence of H on J aso remains dominant at other R
close to this value. For example, one can take R to be
equal to the radius of the plasma column axis. With
such a choice, by varying a, we obtain a series of equi-
librium configurations with almost the same profile of g.

Thefunctions G and H, which are used here to spec-
ify the current density, are shown in Figs. 3 and 4.
These functions were obtained in a series of self-con-
sistent transport calculations [21] with the use of the
ASTRA code [24]. The purpose of these calculations
was the optimization of the ITER discharge scenarios
over a number of parameters. With given sources of
plasma heating (neutral beams) and with lower hybrid
current drive at the plasma periphery, it was required to
obtain a steady-state scenario with an internal transport
barrier, reversed shear in the central region, a given
peakedness of the pressure profile, a large fraction of
the bootstrap current, and an acceptable level of con-
vective and diffusive losses through the separatrix.
Accordingly, redlistic self-consistent boundary condi-
2003
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tionsfor theion and el ectron densities and temperatures
were set at the separatrix, and moderate absol ute values
of the transport coefficients were used in calculations.

In both experiment and theory, a combination of
necessary tokamak characteristics can only be obtained
by carefully balancing mutualy exclusive require-
ments. Whether or not it will be possibleto realize them
in T-15M depends on the device instrumentation. Here,
we use the ITER functions G and H for the purpose of
easy comparison of the results obtained for T-15M with
those for ITER. For an ITER-like device, such an
approach isquitelogical (especialy asafirst step), tak-
ing into account that the possible scenarios of T-15M
operation are not yet finally determined.

3. STABILITY LIMITS FOR IDEAL EXTERNAL
KINK MODES

Itisknown that theideal MHD stability theory gives
reliable predictions of the 3 limits, which indeed mani-
fest themselves as real restrictions in tokamak experi-
ments [1, 19]. The most dangerous of these are the
large-scale modes seizing the greater part of the plasma
column. Here, we study the stability of plasma equilib-
rium in the T-15M tokamak against external kink
modes with the toroidal wavenumbersn =1, 2, and 3.
The calculations show that, for the configurations under
study, the lowest level of the B limitisset by then=1
mode. It is these limits that are discussed below.

The plasma stability in T-15M was simulated with
the help of the KINX code [25]. This code allows one
to investigate the stability of equilibrium in axialy
symmetric systems (including configurations with a
separatrix) within the linear idea magnetohydrody-
namics. The KINX code was successfully applied to
studying the global kink mode stahility in various equi-
librium configurations, such as conventional tokamaks
[21], configurations with several magnetic axes and
internal separatrix (“doublets’) [25], and tokamaks
with a small aspect ratio [26]. The code was aso used
to calculate the stability of MHD modes that have large
toroidal wavenumbers and are localized near the
plasma boundary [27], i.e., modes that can be responsi-
ble for so-called ELMs.

We obtained a series of equilibrium configurations
with various values of the normalized (3, = 100p/1 by
varying the parameter a in Eqg. (5) while keeping fixed
the normalized current

___1[MA]

"] By (1] n

where | isthe net plasmacurrent, a isthe minor plasma
radius, and B, is the vacuum magnetic field at the
plasma center. Here, (3 is defined by the equality B =

2U, p/Bg . The value of | is controlled by changing j,
in Eq. (5).
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Fig. 4. Functions G (solid line) and H (dashed line) for a
series of equilibrium configurations with py/p = 3.1, illus-
trated by Fig. 2.

In a tokamak, the stability of ideal kink modes
essentially depends on the boundary conditions, in par-
ticular, on the position of the conducting wall with
respect to the plasma[1, 28]. Thiswasawaysknownin
theory and quite recently this was convincingly con-
firmed by the experiments carried out in the DIII-D
tokamak [29, 30]. It isnow an established fact that, in a
tokamak with low or reversed shear and alargefraction
of the bootstrap current (the so-called “advanced oper-
ation” regime [31-33]) large 3 could be obtained if the
kink modes with low n were stabilized by a conducting
wall [34].

A real wall with finite conductivity can stabilize
external kink modes only during afinitetimeinterval of
about the diffusion time of the magnetic field through
thewall, 1, which, in the cylindrical approximation, is
defined by theformulat,, = y,0,,d,r., whereg,, r,,, and
d,, are the conductivity, minor radius, and thickness of
the wall, respectively (estimates for T-15M yidld t,, =
6.35 x 103 s). The wall reacts as an ideal conductor to
fast perturbations with a characteristic time smaller
than 1, whereas for very slow perturbations, the influ-
ence of the wall on the perturbation structure can be
completely ignored. Thus, two representative parame-
ters naturally appear in the problem:

(i) the parameter B1>', which is the stability limit
for ideal MHD modes with account taken of thewall as
an idea conductor, and

no wall

(ii) the parameter By , which is the MHD limit
calculated for the same configuration, but without a
conducting wall.

These values can be precisely determined only with
the help of MHD codes. Here, they are calculated for
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Fig. 5. Poloidal cross-section of the T-15M tokamak [35]:
(CS1-CS6) sections of the central solenoid, (PF1-PF6)
windings of the poloidal magnetic field, (VV) vacuum ves-
sel, and (P1-P3) windings of the passive stabilization sys-
tem. The Y = const contours are shown for the stationary
phase of the Ohmic discharge scenario.

the T-15M tokamak with the use of the KINX code
[25]. The geometry of the tokamak, the shape of the
vacuum chamber, and its parameters (the thickness and
conductivity of the wall) are taken from the technical
project of the T-15M tokamak [18]. The geometry of
the problem isillustrated by Fig. 5[35].

Numerous computational and experimental data[1,
36] show that
By " = 4l;, (12)
wherel; istheinternal inductance of the plasmacolumn
per unit length. The value defined by formula (12) is
called an empirical scaling or arigid limit on (3. The
approximate equality in formula (12) reflects rather
substantial scatter inthe data. More precisely, the quan-
tity 41, should be regarded as an estimate of the upper
limit, since aresistive wall mode (RWM) can become
unstable even at an appreciably smaler B, e.g., a By =
2.51; [19]. It was stated in [19] that the dependences
observed in the DIII-D tokamak can be described by a

MEDVEDEV, PUSTOVITOV

1.6
Iy

Fig. 6. Dependence of the n = 1 mode stability limit By on
the normalized current 1 for scenarios with reversed shear
in the T-15M tokamak. The circles show the results of cal-
culations for py/p = 2.55, and the squares are for py/p =

3.1. The open symbols correspond to 3 limits without wall
no wall

stabilization (B ), and the closed symbols show the

BY2" limit for the case in which the T-15M wall is consid-
ered ideal. The dashed line shows q,;, for a configuration
withpy/p =2.55anda = 1.

no wall

scaling By = k; with k < 4, where k is constant for
a given discharge. In any case, these scalings empha-

size the dependence of B " onl,.

The internal inductance |, is an integral characteris-
tic of the current profile. Here, it is defined as

I, = 2B2VI(AI°R), (13)

where By is the poloidal field and V is the plasma vol-
ume. For acircular plasma, this definition reduces to

I, = BYBY, (14)

where B; = By(b) is the poloida field at the plasma
boundary. Largel; can be obtained only for peaked dis-
tributions of j,. However, an advanced operation
regimewith low or negative shear requires wide current
distributionsthat yield small I; and, accordingly, thelow

B imit.
The results of numerica calculations of the limits

Bu and B ™™ in the T-15M tokamak for the n = 1

mode at different values of the normalized current are
shown in Fig. 6. The calculations were performed for
an ITER-like configuration with parameters given in

the table. Therefore, the B’ "' values shown in Fig. 6
equally represent both T-15M and ITER. However, the

PLASMA PHYSICS REPORTS Vol. 29 No. 12 2003
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Fig. 7. Structure of the n = 1 mode for a plasmawith different values of the normalized current: |y = 1.13 (on theleft) and Iy = 1.53
(on theright). In both cases, By = 3.5 and py/p = 2.55. Theinstability growth rates cal culated with account taken of the stabilizing
influence of the T-15M wall, which are shown by the bold contour, satisfy yt, = 0.02 and 0.01, respectively, where 1, isthe Alfvén
time. The cal culated structure of the modes is shown by the contour lines of §,, which is the component of the plasma displacement

normal to the magnetic surfaces.

values of BK,V""" in T-15M and ITER should certainly be

different because the shape and position of the vacuum
vessel with respect to the plasma is different in these
devices. This point will be discussed in more detail
below.

The calculated By "' limits shown by the open
symbolsin Fig. 6 are, on average, close to scaling (12),
which yields By = 2.4 for an ITER-like configuration
(the first equilibrium). At the same time, for the second
equilibrium with alarger pressure peakedness, we have
obtained (in the obvious contradiction with formula

(12)) alower B "™ limit at a larger internal induc-

tance (the open squares in Fig. 6). Thus, as well asin
the above case with DIII-D [19], the dependence
B! = kI, should be regarded as more correct. For all

no wall

the cases considered here, the 3 /I, variation cov-
ersarangefrom 2.7 to 4.5 (the value 2.7 is obtained for
po/P = 3.1 and q,,;, = 1.8). In particular, for the maxi-

no wall

mum values of By in Fig. 6, in both cases corre-
sponding to the same values of q.,;, but different values

PLASMA PHYSICS REPORTS Vol. 29 No. 12 2003

of p,/p, the simulations give k= B> "' /I, = 4.5 for a
maximum B **' = 2.7 on the lower curve and k = 3.2

for B = 2.4 (the upper open square). Note that, in
addition to the pressure peakedness, the second impor-

tant factor determining the value of B "' in configu-
rations with reversed shear is the position of g,,;, with
respect to the surfaces with resonant q values of 2 and

3. Themaximum value of B (B "™ =2.7) onthe

lower curveisachieved at an intermediate value of ;..

no wall

The calculated values of By for the n = 2 and
n =3 modes are much larger than those for the most
unstable n = 1 mode. For example, for the first equilib-

rium, the B "' stability limitsfor these higher modes

are 3.7 and 4.3, respectively.

The quantity By is the idea limit, so that it is

impossible to achieve higher (3 in atokamak under any

wall

conditions. The higher thevalueof 3~ withrespect to

B | the stronger the stabilizing influence of the
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Fig. 8. Dependence of the By limits on q;, in the T-15M
tokamak plasma for different positions of the conducting
wall. Inall cases, py/p = 2.55. In addition to the two curves

presented in Fig. 6 (open circlesfor By vl

clesfor B‘,(,le ), the B‘,'\,Vd' limits are shown by squares for a
configuration with an ITER-like wall and by dashed lines
for aT-15M configuration with a plasma shifted by 10 cm
aong the Raxis (small circles) and along both axes (dots).

and closed cir-

wall. Figure 6 shows that, in the T-15M tokamak, the
gap between these limits is not large. This actually
means that the wall is far from the plasma. To increase

v in T-15M, it is necessary to place the vacuum

Bn

chamber closer to the plasma.

The main scenario, the parameters of which are
given in thetable, correspondsto I = 1.3. Varying j, at
given G, H, and a in Eq. (5) and at a given vacuum
magnetic field, we obtain a series of equilibrium con-
figurations with different Iy. The calculations show

that, for the main equilibrium, the difference Br,’a" -

B " startstoincreasewithincreasing I in therange
Iy > 1.3 (see Fig. 6). In other words, in thisrange of I,
the stabilizing influence of the wall becomes stronger.
This can be explained by the fact that the mode struc-
ture changes with changing I; i.e., the mode becomes
more extended in the external region (which is illus-
trated in Fig. 7) and, therefore, reacts more strongly to
thewall. Let us note that the zone between the two dis-
cussed MHD limits widens due to the two effects. the

increasein By and thereductionin B> "' . Operating

in this parameter range would be very interesting from
the standpoint of verifying the MHD theory predictions
in T-15M experiments.

MHD limits depend substantially on the plasma
pressure profile. As the pressure peakedness increases,

MEDVEDEV, PUSTOVITOV
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1.0 12 14

Fig. 9. Plasma boundary (light solid line) and the position
of the T-15M wall (heavy lin€). The dashed and dotted lines
show the plasma boundary shifted outward by 10 cm and
therescaled ITER wall, respectively.

wall

the value of By~ becomes smaller and, at I > 1, the

B limit also goes down, as is shown in Fig. 6 by

squares for a configuration with p,/p = 3.1. Then, for
the considered equilibrium T-15M tokamak configura-
tions, the gap between these limits appreciably
decreases.

In Fig. 8, results for the first equilibrium (p,/p =
2.55) identical to those in Fig. 6 are shown as depen-
dences of the 3 limits on the value of 1/q,,,, (the max-
imum rotational transformation) in the plasma. The
guantity 1/q,,;, isplotted asan abscissain Fig. 8 to facil-
itate the comparison of the results for series of equilib-
rium configurations with different plasma boundaries
(corresponding to different shifts of the boundary along
the R axis), since the local minima of the B limit are
associated with the approaching of q,,,;,, to resonant sur-
faces. At the same plasma boundary and fixed G and H,
the q,,;, value is, with good accuracy, inversely propor-
tiona to the normalized current Iy. In particular,
Ominln = 2.5 for the initial plasma boundary. For defi-
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niteness, the correspondence between the normalized
current I (which is prescribed in our calculations) and
the q,,, value is specified for equilibrium configura-
tionswith a = 1in Eg. (5).

For the sake of comparison, in Fig. 8 we also display

the results of calculations of BVN“” for the same plasma

configuration, but with an I TER-like wall shown by the
dotted linein Fig. 9. One can see that the Br,’a" limitin
T-15M is noticeably lower than the samelimitin ITER.
In this sense, T-15M lags substantially behind the

ITER.

Figure 8 is a quantitative illustration of the above
statement that the wall in T-15M isfar from the plasma.
It is also shown there what would happen if the wall
were closer to the plasma. The dashed lines show the

calculated By limit in T-15M, but with a plasma

shifted by 10 cm toward the wall along either one or
two axes simultaneously. The effect of such a shift is
rather strong: the difference v — Brovall js amost
twice as large as that calculated for the initial configu-
ration and is closer to the ITER vaues. The position of
the plasma with respect to the wall for the shifted con-
figuration is shown by the dashed curvein Fig. 9.

The B value can be caled the RWM limit

because it manifests itself as a stability limit for the
RWMs, whose growth rate is on the order of 1/1,, [34,
36-41]. This limit can be exceeded and (3 can be

increased to B,Vf‘” either in short pulsesor at completely

stabilized RWMs. Physically, this stabilization reduces
to compensating for the resistive losses in the wall and
the maintenance of the currents induced in the wall by
the plasma-produced perturbation, at the level at which
they would be for an ideal wall.

An analysis of the RWM stabilization requires a
detailed description of the stabilizing system and possi-
ble algorithms of its operation. This brings to the prob-
lem a distinctly applied aspect with strict engineering
restrictions. For T-15M, they are not yet formulated,
therefore the question of the possibility of stabilizing
RWMsin T-15M still remains open. The results shown
in Fig. 6 prove that RWM stahilization in T-15M could
be useful for extending the operational 3 limits, espe-
cialy at Iy > 1.3.

4. CONCLUSIONS

The results of the calculations presented in Fig. 6
show that By = 3.2 can be regarded as the stability limit
of theideal kink modesfor the steady-state operation of
T-15M. This value is obtained for an equilibrium con-
figuration with p,/p = 2.55 and parameters corre-
sponding to the ITER scenario 4A [21]. Figure 6 aso
showsthat even asmall increasein the pressure peaking
factor can result in a substantial reduction of this limit:
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Bu' < 26 a p,/p = 3.1. Earlier, the same strong

dependence of the 3 stability limit on the plasma pres-
sure peaking factor was found in calculations for ITER
[21].

The By =3.2limit for ascenariowithp,/p =2.55is
obtained with account taken of the stabilizing influence
of the first wall (vacuum vessel) in T-15M. Without
wall stabilization, thelimit dropsto 3y = 2.6-2.7. These
are rather low values. If one of the main objectives of
the T-15M experimental program will be, as is pre-
sumed in the technical project [18], to study the possi-
bility of operating at high 3, it is necessary to take spe-
cial measuresin order to increase the 3 limit in T-15M

above the calculated B " value.

The most simple means could be the equipment of
T-15M by a system of active stabilization of kink
modes. A similar system, known as a system for RWM
stabilization, is already in successful operation in the
DI11-D tokamak [34, 36-41].

Generaly speaking, RWM stabilization in T-15M
could allow steady-state operation in the entire area (in
anideal case) or in apart of the area between the curves
passing through the calculated points (circles) in Fig. 6.
It would yield a gain in 3. However, even in this case,
the upper limit on 3 in T-15M would be low. This is
clearly seen when comparing T-15M with ITER in
Fig. 8. Let us also recall the JT-60SC project, in which
steady-state operation with 3, = 3.5-5.5[17] isconsid-
ered, whereas in T-15M (even in the best case), RWM
stabilization would allow one to increase the limit to

not higher than By , i.e., only to By = 3.2 a py/p =

2.55.

It is also expedient to compare the calculated ideal
limitswith the 3y values aready achieved in tokamaks.
L et us mention two examples of successful operation at

B, above the calculated B> ™" limit for T-15M. In JT-

60U, plasmawith 3y > 2.7 was sustained for more than
seven seconds [42]. In the ASDEX Upgrade tokamak,
steady-state operation was demonstrated with By > 3
(upto By =3.5) [43].

A relatively low 3 limit in T-15M is a consequence
of atoo large distance between the plasma and the first
wall and, accordingly, the weak stabilizing effect of the
wall. The dashed curves in Fig. 8 show how strong an
effect would result from the reduction of this distance.
Placing the wall closer to the plasmain T-15M should
be considered inevitable if the objective of T-15M isto
operate with 3 above the upper limit shown in Fig. 6.

RWM stabilization in the T-15M tokamak and the

possibility of operating at By > B will be investi-
gated in a separate paper. However, the problem of
positioning the first wall closer to the plasma goes

beyond the scope of formal theory.
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Abstract—It is shown that the relative intensity of the second harmonic of gyrotron radiation on the axis of a
microwave beam after quasi-optical filtering in afour-mirror quasi-optical transmission line is about —50 dB of
the total radiation intensity. The second-harmonic radiation is used in collective-scattering diagnostics of tur-
bulent density fluctuations in the plasma column of the L-2M stellarator. At an electron temperature of 0.8—
1.0keV and average plasma density of 2.0-2.5 x 10'* cm™ (a plasma energy of about 0.6 kJ), which was
achieved after the boronization of the vacuum chamber, spatiotemporal structuresin plasmadensity fluctuations
were observed in the centra region of the plasma column. The correlation time between the structures was
found to be on the order of 1 ms. It isshown that the spectrum of the signal from the second-harmonic scattering
extends to higher frequencies compared to that from the fundamental-harmonic scattering. © 2003 MAIK

“ Nauka/Interperiodica” .

1. Millimeter and submillimeter microwaves are
widely used in plasma diagnostics. The oscillator
power in this wavelength range is usually around sev-
eral dozen milliwatts and rarely attains that of a few
watts. This requires very high sensitivity and noise
immunity of the receiving facility, especially when
radiation scattering by plasma density fluctuations is
used to diagnose plasma oscillations. On the other
hand, microwave oscillators with powers of severa
hundred kilowatts are used in most experiments on
plasma production and heating in magnetic confine-
ment systems. Dueto nonlinear effects, the output radi-
ation of these oscillators contains harmonics of the fun-
damental frequency. The power of these harmonics,
even though they are —40 to -50dB of the output
power, substantially exceeds the power of the conven-
tional oscillators used in plasma diagnostics. Our
experiments on electron-cyclotron resonance (ECR)
plasma heating and microwave dischargesin gases have
shown that the second-harmonic component with a
fairly high power is certainly present in the gyrotron
radiation.

Thisiswhy, inthe L-2M experiments, we decided to
measure the intensity of the second harmonic of
gyrotron radiation after quasi-optical filtering at the exit
from afour-mirror quasi-optical transmission line, and
to study plasma density fluctuations in the central
region of the plasma column by using collective scatter-
ing of the second-harmonic radiation.

2. The parameters of the L-2M stellarator and its
gyrotron complex were described in our previous
papers (see, e.9., [1, 2]). The plasmawas produced and
heated by microwave radiation at the second harmonic

of the electron gyrofrequency. The magnetic field at the
axis of the vacuum chamber was 1.35T.

In our experiments, we used two GYCOM
gyrotrons of the Brider-1 type with an operating fre-
guency of 75.3 GHz and a pulse duration of 1-12 ms.

The signals at the second harmonic of the gyrotron
frequency (at 150 GHz) were measured with the help of
a collimator that was a cylinder made of an absorbent
rubber placed in a plexiglass shell. The cones of the
absorbent rubber protruded into the cylinder interior so
as to form a corrugated waveguide with absorbent
walls. A waveguide transition from the 7.2 x 3.4- to
1.6 x 0.8-mm section was attached to the bottom of the
plexiglass shell at its axis. The waveguide transition
was connected to a 1.6 x 0.8-mm rectangular
waveguide section (or two sections placed one after
another), which ended with a detector unit sensitive to
the 150-GHz radiation.

Thus, the gyrotron radiation at a frequency of
75 GHz was attenuated by a bel ow-cutoff waveguide of
length 25 or 50 mm. The absorbent rubber cylinder
served as a beam collimator. All the waveguide junc-
tions and the detector unit were shielded by the absor-
bent rubber. The entire assembly was placed inside an
absorbent rubber cylinder.

The gyrotron second harmonic was separated out
with the help of afilter made of two plane-parallel mica
plates placed between the last mirror of the quasi-opti-
cal transmission line and the window of the stellarator
vacuum chamber. The filter plates were oriented at an
angle of 1/4 to the beam axis. The filter was tuned so
that it was amost transparent (the transmission coeffi-
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Fig. 1. Experimenta arrangement: (1) vacuum chamber of L-2M, (2) quasi-optical detector unit, (3) quasi-optical coupler with a
detector unit for monitoring the gyrotron incident power, (4) quasi-optical filter, (5) detector unit for measuring the second-harmonic
power, (6) stellarator input window, (7) detector unit for measuring the scattered signal at the fundamental or second harmonic, and
(8) detector unit for measuring the passed fundamental -harmonic power.

cient was no lessthan 0.9) at awavelength of 4 mm (the
fundamental harmonic) and, at the same time, reflected
up to 80% of radiation at a wavelength of 2 mm (the
second harmonic). After leaving the quasi-optical trans-
mission line, the second-harmonic beam was deflected
by thefilter placed at an angle of T¢/2 toward the detec-
tor unit positioned at a distance of 67 cm from the cen-
ter of the filter, i.e., at the same distance as the inner
wall of the stellarator vacuum chamber. The detector
unit was calibrated in a microwave beam from a stan-
dard-signal generator, whose output power was mea-
sured with the help of a calorimeter. The experimental
arrangement is shown in Fig. 1. Figure 2 shows exam-
ples of the detected signals. The signal at the funda
mental harmonic of the gyrotron radiation, having
passed through the filter, was measured by a detector
installed behind the inner port of the stellarator. Mea
surements showed that, within the measurement error
(~10%) of the microwave pulse amplitude, therewasno
difference between the signals in the presence and in
the absence of the resonance filter. Hence, we can con-
clude that no more than 10% of the fundamental-har-
monic power was directed by thefilter into the detector
unit measuring the second-harmonic radiation.

The second-harmonic signal was at maximum when
the filter was tuned to the resonance frequency. If the
filter was out of the resonance, the signal was almost
one order of magnitude lower. The maximum second-
harmonic power measured by the detector unit was
about 10 mW, which corresponded to an intensity of
40 W/cm? at the beam axis. On the other hand, the cal-
culated intensity of the gyrotron beam at the same dis-
tance from the focal plane is about 4 x 103 W/cm?.
Hence, the second-harmonic intensity in the gyrotron

beam after filtration in the quasi-optical transmission
line is 107 of the fundamental-harmonic intensity. To
determine the total second-harmonic power, it is neces-
sary to know the field distribution across the beam.
Unfortunately, we could not perform such measure-
ments. To estimate this power, we calculated the param-
eters of the second-harmonic radiation after the focus-
ing by the mirrors of the quasi-optical transmission
line, assuming the beam to be Gaussian at the gyrotron
output window. In calculations, the characteristic
radius of the Gaussian beam was varied from 5 to
40 mm. The calculations showed that the second-har-
monic beam should have a smaller divergence as com-
pared to the fundamental-harmonic beam, and itsradius
at the focal plane should aso be smaller. Based on the
calculated beam radius, we can conclude that the total
second-harmonic power is no less than 0.3 W. Such a
power at theinput window of the stellarator is sufficient
for the diagnostics of plasma density fluctuations and
exceeds the output power of the conventional oscilla-
tors used in plasma diagnostics. We also measured the
degree of polarization of the second-harmonic radia-
tion. For this purpose, we measured the signals at two
orientations of the receiving waveguide: its wide wall
was oriented perpendicular or parallel to the plane of
incidence of the gyrotron radiation onto the mica plates
of the filter. The measurements showed that the polar-
ization was the same for the second and fundamental
harmonics: the electric field vector lay in the plane of
incidence, the ratio of the signals measured at two
mutually orthogonal orientations being no less than
10 dB.

We measured the dependence of the second-har-
monic intensity on the gyrotron power at different cath-
No. 12
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Fig. 2. Examples of signalsrecorded in studying the second harmonic of the gyrotron radiation at a gyrotron output power of (a) 89
and (b) 150 kW. From top to bottom: the second-harmonic signal reflected from the quasi-optical filter, theincident-radiation signal,

gyrotron voltage, and gyrotron-beam current.

ode voltages and beam currents. It turned out that, as
the gyrotron output power varied from 84 to 155 kW,
the amplitude of the second-harmonic signal varied
only dlightly. The variations in the second-harmonic
signal were more pronounced when we varied the beam
current; an increase in the current by 10% at +1%
variations in the cathode voltage resulted in a tenfold
increase in the signal amplitude. A four- to fivefold
increase in the second-harmonic signal was observed
when the cathode voltage was decreased by 2.5%,
while the current was decreased only slightly (by 0.6%)
and the fundamental-harmonic power also changed
insignificantly.

In a gyrotron, as in any self-oscillator, the active
medium (in our case, a nonequilibrium electron beam)
isnonlinear. Thisisthe main cause of the saturation of
the medium conductivity, which results in steady self-
oscillations. Along with this, the action of an alternat-
ing electromagnetic field on the nonlinear active
medium produces the current harmonics (which are
multiples of the fundamental freguency), which, in
turn, produce the harmonics of the output radiation.

Specifically, inagyrotron, the current harmonicsare
generated due to the orbital bunching of electrons due
to relativistic effects. Note that the relativistic depen-
dence of the gyrofrequency of electronson their energy
leads to the anomal ous (in comparison with atraveling-
wave tube, klystron, and other conventional devices)

PLASMA PHYSICS REPORTS  Vol. 29

No. 12 2003

effect of anegative mass, resulting in aCoulomb attrac-
tion between el ectrons, which favors bunching [3].

The larger the excess of the electron current over the
start value, the higher the amplitude of the self-oscilla
tions and the higher the intensity of harmonics in the
electron current spectrum. In a steady-state operating
mode with a high gyrotron efficiency, the second and
third harmonics of the electron current can be compara-
ble in amplitude with the fundamental harmonic. Nev-
ertheless, the fundamenta mode is dominant in the
spectrum of the generated electromagnetic field
because it is excited jn a resonant fashion. Except for
certain specid cases,1 the second harmonic of the cur-
rent excites only travelling waves in the gyrotron elec-
trodynamic system. The coupling between the second
harmonic and these waves is a factor of ~1/Q lesser
than that of the gyrotron fundamental mode (here, Q is
the quality factor of the fundamental mode, which is
usually on the order of 103).

Another important factor isthat modern high-power

gyrotrons include a built-in mirror converter that trans-
forms the generated mode into a Gaussian beam,

1 The effici ency of an n-fold frequency multiplication can be
higher when the nth harmonic of the electron current is in reso-
nance with a gyrotron cavity eigenmode, providing that the latter
possesses an adequate symmetry. Such a situation can occur, e.g.,
in a quasi-axisymmetric gyrotron if the secondary mode has an
azimuthal index that is n times the azimuthal index of the primary
mode excited at the fundamental cyclotron resonance [3].
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Fig. 3. (8) Signa from the second-harmonic (A = 2 mm) scattering in shot no. 54215 and the results of processing the detector signal
over thetime interval 52-54 ms: (b) detector signal after the HF filter, (c) ACFs of the (1) detector signal and (2) signal increments,
(d) Fourier spectrum, (€) wavelet spectrum, and (f) PDF of the amplitudes of the scattered signal. The solid line corresponds to a

Gaussian distribution.

which, in turn, feeds an external overmoded filtering
waveguide (e.g., amirror line) transmitting the micro-
wave power to the load. For modes other than funda-
mental, the power-transfer coefficient from the output
of the gyrotron cavity to the output of the transmission
line can be estimated at 102-10". It can then be
expected that, at the output of the system, the second-
harmonic power will be 105-1077 of the fundamental-
harmonic power.

3. The second-harmonic beam, as well as the main
gyrotron beam, was used to study the collective scatter-
ing of radiation by plasma density fluctuations in the
heating region of the L-2M stellarator. By the main
beam, we mean the beam at the fundamental frequency
(wy,), which was used for the ECR heating of the plasma
at the second harmonic of the electron gyrofrequency
(2Q,). The results of collective-scattering measure-
ments at two probing frequencies were then compared
with each other.

As was mentioned above, the parameters of the
L-2M stellarator are described in [1, 2]. The plasma
column was heated with two Brider-1 gyrotrons, oper-
ating at afrequency of 75.3 GHz. The distance between
the heating regions of these gyrotrons along the stellar-
ator axis was 1/14 of the axis length (=6 m). The exper-
iments were conducted after the boronization of the
vacuum chamber, which resulted in the reduction of the
radiation power to 40-55 kW at a total heating micro-
wave power of 250-350 kW. The line-averaged elec-
tron density, which was measured by a microwave
interferometer, amounted to 2.0-2.5 x 10!} cm. The
central electron temperature, measured from the soft
X-ray spectra and from the spectra of thermal micro-
wave plasma emission at the second harmonic of the
electron gyrofrequency (76 GHz), was 0.8-1.0 keV.
The plasma energy, measured from the plasma diamag-
netism, was about 0.5-0.6 kJ. The experimental
arrangement for the scattering diagnostics is shown in
2003

PLASMA PHYSICS REPORTS Vol. 29  No. 12



SECOND HARMONIC OF GYROTRON RADIATION 1023
Amplitude, V Amplitude, V ACF
2.0+ (a) 0.6 (b) 1.0+
0.5 0.8-
1.5+ 0.4+ 0.6-
031 0.4
1.0 0.2
0.2
0.1
0.5 0 0
0.1 —-0.21
0 _0.2 T T T 1 _0,4 T T T TTTT0T T T TTTTm T TITmn
48 50 52 54 56 58 520 525 53.0 535 540 0.001 0.01 0.1 1
Time, ms Time, ms Time, ms
Spectral amplitude, Spectral amplitude, Number of counts
arb. units arb. units 250
103 )
@ Lod ()
1074 200
0.8+
1072 150
0.6
1076
0.4+ 1007
1077
i 50
10°8 0.2
I T T T T T T T 1 0 T T T T T O_ -
0 100 200 300 400 0 20 40 60 80 100 -0.2 0 0.2 0.4
Frequency, kHz Frequency, kHz Amplitude, arb. units

Fig. 4. (a) Signa from the fundamental-harmonic (A = 4 mm) scattering in shot no. 54482 and the results of processing the detector
signal over thetimeinterval 52-54 ms: (b) detector signal after the HF filter, (¢) ACFs of the (1) detector signal and (2) signal incre-
ments, (d) Fourier spectrum, (€) wavelet spectrum, and (f) PDF of the amplitudes of the scattered signal. The solid line corresponds

to a Gaussian distribution.

Fig. 1. It can be seen from Fig. 1 that the radiation scat-
tered by plasma density fluctuations is measured at an
angle of nearly 172 to the axis of the probing beam. As
detectors, we used a detector unit identical to that for
measuring the gyrotron radiation. The collimator of the
detector unit allowed the reception of the scattered sig-
nals within the angle A6 = +0.1 rad. Direct detection of
the scattered signals was used for probing at both the
fundamental and second harmonics of the gyrotron
radiation. The amplitude of the scattered signal at the
fundamental harmonic was chosen such that the detec-
tor operated in the linear range of its characteristic, so
that we had U, 0 P,. The amplitude of the second-har-
monic signal was about 1 mV. At such small ampli-

tudes, we had U, o P; . The measuring circuit for the
second-harmonic signal included an amplifier with a

gain factor of 10%. The scattered signals were digitized
with asampling rate of 1 MHz.
PLASMA PHYSICS REPORTS  Vol. 29
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When measuring the second-harmonic scattering,
we detected only radiation with the electric field vector
lying in a plane orthogonal to the axis of the vacuum
chamber (the widewall of the receiving waveguide was
parallel to the axis of the vacuum chamber).

The signal from stray radiation produced by multi-
ple scattering by the vacuum chamber wall and falling
into the detector unit was at alevel of 0.016 of the sec-
ond-harmonic signal. Such avalue of the stray signal is
guite acceptable in measurements of the collective scat-
tering by plasma fluctuations. The stray signal was
observed at the leading edge of the scattered signal for
1.0-1.5 ms, which corresponds to the time interval dur-
ing which the electron density in the plasma column
rapidly grows. It can be seen from Fig. 3a that the
amplitude of the scattered signal is severa times the
amplitude of the stray signal. Thismeansthat the power
of the scattered signal is comparable to the power of the
stray signal. The stray signal can beregarded as arefer-
ence signal in the homodyne detector circuit. The inter-
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ferometric data show that the electron density varies
only dlightly during the discharge, so that the phase of
the reference signal can be assumed constant when
measuring oscillations with frequencies above 3 kHz.
Higher frequency fluctuations of the reference-radia-
tion power that are caused by the effect of small-angle
scattering are estimated to be about 0.01 of the power
of the reference signal.

A similar situation occurred when we measured the
scattering of the fundamental-harmonic radiation
(Fig. 4d). In this case, we only detected the scattered
radiation with the electric field vector parale to the
axis of the vacuum chamber (the wide wall of the
receiving waveguide was perpendicular to the chamber
axis), which corresponded to the scattering of the ordi-
nary wave that arose due to the splitting of the linearly
polarized gyrotron radiation in the plasma of the L-2M
stellarator [4, 5].

BATANOV et al.

It can be seen from Figs. 3aand 4athat the scattered
signals of both harmonics show asimilar behavior. The
level of stray radiation can be judged from the time
delay before breakdown. In the early stage of the dis-
charge (1.0-1.5 ms), when the plasma density grows,
we observe asharp peak in the scattered radiation inten-
sity. Then, as the electron temperature increases, the
amplitude of the scattered signal decreases. A compar-
ison of the scattered signalsfor different average densi-
ties shows that the amplitude of the scattered signal
increases with increasing plasma density.

4. The results of the spectral and statistical analysis
of the scattered signals are shown in Figs. 3and 4.° The
Fourier and wavelet spectra were computed with the
use of a 2-kHz filter. Figures 3d, 3e, 4d, and 4e show
such spectraaveraged over atimeinterval of 2 ms(from
52 to 54 msin area time of the stellarator shot, asis
indicated by a shaded rectangular in Figs. 3a and 44).
For the probing at both the fundamental and second-
harmonic frequencies, the spectral density of the scat-
tered signal falls by afactor of 10-100 at frequencies of
100-150 kHz. At the same time, for the second-har-
monic scattering, the signal spectrum extends to higher
frequencies compared to the fundamental-harmonic
scattering.

The autocorrel ation functions (ACFs) for both prob-
ing frequencies (Figs. 3c, 4c) demonstrate the presence
of long-term correlation, which indicates the existence
of spatiotemporal structuresin the plasma density fluc-
tuations. The formation and time evolution of such
structuresis seen in Fig. 5. Thisfigure shows the wave-
let spectra of the scattered signals at the (a) second and
(b) fundamental harmonics of the gyrotron radiation.
The tempora spectra are collected by interpolating 25
successive wavelet spectra constructed on equal time
intervals of 0.5 ms. The time variations in the temporal
wavelet spectrum can be related to the presence of sto-
chastic plasma structures in the heating region. The
presence of long-term correlation in the ACF implies
that the density fluctuations cannot be regarded as sta-
tistically independent. In this case, the increments of
the fluctuation amplitudes can be statistically indepen-
dent, as is the case with local particle fluxes in probe
measurements [7]. However, as can be seen from
Figs. 3c and 4c, the magnitude of the ACF of the incre-
ments is much greater than the instrumentation noise,
whichisabout 0.02. Thisclearly demonstratesthe pres-
ence of long-term correlation in the processes of the
growth and decay of plasma fluctuations.

The probability density function (PDF) of the
amplitudes of the fluctuation signals in the case of the
second-harmonic scattering is close to a Gaussian dis-
tribution and is dlightly asymmetric (with a skewness of
m, = 0.1), whereas a rather strong asymmetry with a
heavy “tail” of large amplitudes (in comparison with a
Gaussian distribution) is observed in the case of the

2 The spectral and statistical processing of signals was performed
using the programs developed by B. Milligen [6].
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Fig. 6. (a) Time behavior of the A/ signal (where A isthe amplitude of the detector signal from the second-harmonic scattering in
shot no. 54215) and the results of its processing over the time interval 52-54 ms: (b) A/° signal after the HF filter, (c) ACFs of the
(1) A6 signal and (2) its increments, (d) Fourier spectrum of the A6 signal, (€) wavelet spectrum of the A/ signal, and (f) PDF
of the amplitudes of the A/ signal. The solid line corresponds to a Gaussian distribution.

fundamental-harmonic scattering. This difference may
be attributed to the different scales of scattering fluctu-
ations for the second and fundamental harmonics (3
and 6 mm, respectively). On the other hand, we may
suppose that the PDF is | ess sensitive to the spatiotem-
poral coupling of fluctuations than the ACF.

Up to this point, we have analyzed the signals from
the detectors of scattered radiation. However, the
amplitude of plasma density fluctuations in the case of
second-harmonic scattering is proportional to the sixth
root of the signal amplitude, whereas it is proportional
to the square root in the case of fundamental-harmonic
scattering. In our case, the amplitude resolution was
sufficient to perform the corresponding processing of
the scattered signals (the amplitude resolution of the
detector signals was 1 mV, whereas the fluctuation
amplitude was 10>-10° mV). Figures 6 and 7 show the
results of such a processing. We can see that al the

PLASMA PHYSICS REPORTS  Vol. 29
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characteristic features of the ACFs, Fourier spectra, and
PDFs persist in this case too. Therefore, we can con-
clude that the formation of spatiotemporal structures
and the correlation between them are also typical for
the density fluctuations of charged particles in the
region of ECR plasma heating at the second harmonic
of the electron gyrofrequency.

5. The measurements of the second-harmonic radia-
tion intensity of the Brider-1 gyrotron at the output
from the quasi-optical line, which is used to transport
and focus the gyrotron radiation, have shown the pres-
ence of a second-harmonic component with an inten-
sity on the order of 10~ of the total radiation intensity.
The power of the second-harmonic radiation inside the
plasma column has been found to be much higher than
the power of microwave beams produced by conven-
tional diagnostic oscillators. It is shown that the sec-
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Fig. 7. (a) Time behavior of the A2 signal (where A is the amplitude of the detector signal from the fundamental-harmonic scatter-
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of the (1) A2 signal and (2) its increments, (d) Fourier spectrum of the A2 signal, (e) wavelet spectrum of the A2 signal, and
(f) PDF of the amplitudes of the A/ signal. The solid line corresponds to a Gaussian distribution.

ond-harmonic radiation has the same polarization as
the fundamental-frequency radiation.

The possibility has been demonstrated of using the
second-harmonic radiation for collective-scattering
diagnostics of the plasma density fluctuations. It is
shown that, in the plasma column of the L-2M stellara-
tor with an electron temperature of 0.8-1.0 keV and
average electron density of 2.0-2.5 x 10" cm™ (a
plasma energy of about 0.6 kJ), which were achieved
after the boronization of the vacuum chamber, the fluc-
tuation behavior derived from the measurements of the
second-harmonic scattering is consistent with the pre-
vious abservations. In particular, the formation of spa-
tiotemporal structures and a long-term correlation
between them have been observed. The fluctuation
spectra corresponding to different spatial scales show
different behaviors: the spectrum of the signal from the
second-harmonic scattering decays with increasing fre-

guency more slowly than that from the fundamental-
harmonic scattering.

Note that the second-harmonic gyrotron radiation
can also be used in other plasma diagnostics, e.g., in
plasma interferometry.
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Abstract—Results are presented from experiments on studying the plasma behavior in the L-2M stellarator in
regimes with a high power deposition in electrons during electron cyclotron heating at the second harmonic of
the electron gyrofrequency (X mode) at heating powers of P;, = 120-400 kW and average plasmadensitiesfrom
Ne<3 x10'Yt00.3 x 10! m=. It is shown that, asthe plasmadensity decreases and the heating power increases,
the electron cyclotron emission spectrum is modified; thismay be attributed to adeviation of the electron energy
distribution from aMaxwellian and the generation of suprathermal electrons. At low plasmadensities, the emis-
sion intensity at the second harmonic of the electron gyrofrequency increases, whereas the plasma energy mea-
sured by diamagnetic diagnostics does not increase. This poses the question of the correctness of determining
the plasma electron temperature by electron cyclotron emission diagnostics under these conditions. © 2003

MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

In recent years, great attention has been devoted to
the plasma behavior in both tokamaks and stellarators
during electron cyclotron resonance heating (ECRH) at
the fundamental and second harmonics of the electron
gyrofrequency. To achieve high energy deposition and
high electron temperature, the input microwave power
P., generated by gyrotrons is increased or the average
plasmadensity n, isdecreased. An el ectron temperature
ashigh as 10 keV was achieved in the T-10 tokamak [1]
at n,=1.5 x 10" m~ and an absorbed power of P,, =
2.2 MW and in the LHD sellarator [2] at n, = 0.5 %
10" m~ and an input power of P,, = 1 MW. In both stel-
larators and tokamaks, a deviation of the electron
energy distribution from a Maxwellian and the genera-
tion of suprathermal electrons were observed at a
reduced plasmadensity and increased input power. This
phenomenon is described in considerable detail in
many papers (see, e.q., [3-13)]).

At areduced plasma density and a specific magnetic
field structure (the presence of alocal minimum or rip-
ples of the magnetic field), a number of interesting
effects have been observed in the power absorption
region [14] of stellarators. These effects arerelated to a
peculiar behavior of suprathermal electrons: their trap-
ping in magnetic ripples and their fast escape from the
plasma. Asaresult, asheared radial electricfieldisgen-
erated and the plasma thermal conductivity changes,
which gives rise to an internal transport barrier. In this
case, theradia profile of the el ectron temperature T(r)

changesand thelifetime of the bulk electronsincreases.
Thiseffect was described, e.g., in[14-18]. The effect of
suprathermal electrons was aso studied in the L-2M
stellarator [19], which, however, possesses a different
configuration of the magnetic field.

The main objective of the experiments described in
the present paper was to study the characteristic fea
turesin the behavior of the plasma energy and electron
cyclotron emission (ECE) in the L-2M stellarator at
input powers of P;, = 120-400 kW and average electron

densities within the range n, = (3-0.3) x 10! m~.

2. EXPERIMENTAL CONDITIONS

The L-2M stellarator has two-pole helical windings
(I = 2) and 28 toroidal-field coils. The number of the
helical-field periodsis M = 14, the mgjor radius of the
torusis R, = 1 m, and the mean plasmaradius is a, =
0.11 m. The rotationa transform at the axis of the
plasmacolumnisi = 0.2, and itsequal to 1 = 0.8 at the
plasma boundary. The plasmavolume in the stellarator
isabout 2.6 x 10° cm’.

The plasma cross section is eliptical. In the “stan-
dard” section, the ellipseisinclined to the major radius
R, at an angle of a = 45°, whereasin the “nonstandard”
cross section, it isinclined at an angle of a = 90°. The
75-GHz microwave radiation generated by gyrotrons
with atotal power of up to 400 kW was launched from
the low-field side (LFS) in the standard section.

1063-780X/03/2912-1028%$24.00 © 2003 MAIK “Nauka/ Interperiodica’
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Receiving horns of superheterodyne receivers were
placed both on the high-field side (HFS) and LFS of the
torus. The ECE receiving system consisted of three
double-conversion superheterodyne receivers (10 chan-
nelsintotal). Four channels (f = 68—74 GHz) were posi-
tioned on the LFS in the standard section. These chan-
nels received emission from the plasma regions corre-
sponding to the flux surfaces with the normalized radii
r/a, = 0.11 (74 GHz), 0.29 (72 GHz), 0.46 (70 GHz),
and 0.67 (68 GHz). The other four channels (f = 76—
81 GHz) were positioned on the HFS: r/a, = -0.15
(76 GHz),-0.3 (78 GHz), -0.46 (79.5 GHz), and 0.6
(81 GHz). In addition, two channels receiving signals
from the HFS were placed in the nonstandard section:
r/a, = 0.58 (71 GHz) and 0.63 (77 GHz). To prevent
gyrotron radiation from falling into the receiver mixers,
we used band-pass and notch filters with a passwidth of
Af=75.3 £ 1 GHz. The intermediate frequency of the
receiverswas 200 MHz; for the magnetic-field gradient
in L-2M, this corresponded to a spatial resolution on
the order of 1 cm. The time resolution was limited to
~50 us by the data acquisition system of L-2M.

The outward (Shafranov) shift of the center of the
flux surfaces (theinitial coordinate was R ,(0) = 0.97 m)
during plasma heating amounted to Ar = 1.8-3.3 cm;
i.e., the magnetic axis came close to the center of the
vacuum chamber (R, =1 m).

The magnetic system created afield configurationin
which the absolute value of the magneticfield |B| varied
along the major circumference (see Fig. 1). The
focused microwave beam entered the plasma at the
slope of alocal magnetic well produced by stellarator
magnetic traps. The magnetic traps and the associated
magnetic wells were located asymmetrically about the
section in which the microwave beam was launched.
The ripple depth (and, accordingly, the population of
the trapped particles) increased toward the plasma
boundary. For the magnetic field structure of L-2M, the
depth of the local magnetic well at the center of the
plasma column (in the microwave absorption region) is
very small; accordingly, the population of the trapped
particles is here also very small. It is well known that
the number of trapped electrons in the microwave
absorption region can affect the generation of the radial
electric field, thereby changing the rate of plasmadiffu-
sion. Hence, the L-2M stellarator differs radicaly in
this aspect from the devices mentioned above [14-18].

The plasma energy W was measured from diamag-
netic signals, using a technique described in detail in
[20]. Inthat paper, the influence of the vacuum chamber
on the results of diamagnetic measurements was
assessed. It was shown that these results must be cor-
rected when cal cul ating the microwave power absorbed
by the plasma. The value of the absorbed microwave
power was calculated from the dW/dt signal at the
instant when the microwave power was switched off
[21].
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Fig. 1. Profile of the absolute value of the magnetic field
aong the magnetic axis of the L-2M stellarator (¢ isthetor-
oidal angle in radians). The external vertical magnetic field
is0.5% of By,.

In our experiments, the diamagnetic diagnosticswas
chosen as the “reference” diagnostics becauseit isreli-
able and efficient in operation. The plasma energy can
be expressed in terms of the average density and the
central temperature: W ~ Kn.T(0), whereK isthe form-
factor, which depends only on the shape of the density
and temperature profiles and which varied only dightly
in the experiment. In addition, the plasma energy was
estimated from the measurements of the Pfirsch—
Schitter field, which depends on the profile of the stel-
larator rotational transform and the pressure profile and
anisotropy. A comparison of the results from both diag-
nosticsfor measuring the plasmaenergy providesinfor-
mation about possible changes in the shape of the pres-
sure profile. The accuracy of the diamagnetic measure-
ments was ~10%.

The plasma behavior at high power depositions per
electron was studied in experiments in which the
plasma density was reduced from 3 x 10!° to 0.3 x
10" m and the microwave power was increased to
400 kW at a frequency of 75 GHz (the second har-
monic, X mode). To provide the possibility of varying
the plasmadensity in such awide range, wetook appro-
priate measures to reduce the plasma—wall interaction.
As a result, radiative energy losses were considerably
reduced. For this purpose, the vacuum chamber was
repeatedly boronized in addition to the routine proce-
dures of baking the chamber at temperatures of about
200°C and cleaning by a glow discharge. Due to these
procedures, radiative losses measured by a bolometer
wereinsignificant (no larger than 5-10 kW).

3. EXPERIMENTAL RESULTS

Figure 2 shows the radial profiles of the electron
temperature determined from ECE measurements at
different plasma densities n, and input powers of P,, =
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Fig. 2. Radia profile of Ty, ;.4 for different plasmadensities
and heating power of (a) 120, (b) 170, and (c) 400 kW.

120400 kW. It can be seen from thefigure that, even at
densities of n, = 0.5 x 10" m=3 (P,, = 120 kW), n, =
0.52 x 10" m= (P, = 170 kW), and n, = 0.7 x 10" n3
(P;, = 400 kW), the curves T(r/a,) become distorted
and an enhanced emission appears at frequencies f =
72—68 GHz. For a thermal (optically thick) plasma,
these frequencies correspond to the plasma regions
lying on the LFS from the magnetic axis at radii of
r/a, = +0.4 to +0.7. Such an enhanced emission inten-
sity may be related to a distortion of the Maxwellian
electron energy distribution function and the appear-
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ance of suprathermal electrons. Note that, in this case,
ECE emission was sensed by a receiver positioned on
the LFS. Therefore, it may be suggested that the emis-
sion intensity (T, was actually even higher, since
suprathermal electrons emit radiation with lower fre-
guencies because of the relativistic shift of their gyrof-
requency. Passing through the absorbent plasmalayers,
this radiation is additionally attenuated [6]. It can be
seen from Fig. 2 that, even near the center of the plasma
column, the radiation temperature at low plasma densi-
ties can be as high as severa kiloelectronvolts. If the
plasma optical depth is high (t > 1), then the radiation
emitted by suprathermal electrons can remain undetec-
ted when measurements are performed from the LFS.
However, the presence of these electronsin the plasma
can manifest itself, e.g., asthe abnormally fast ablation
of a pellet injected into the plasma[22].

Analyzing the shapes of the curvesin Fig. 2, we can
conclude that, in the L-2M stellarator, we do not
observe effects similar to those described, e.g., in [14—
18], in which it was shown that, as the plasma density
decreases, the curve T(r/a,) becomes peaked, the cen-
tral temperature increases, and an internal transport
barrier forms. Thisis probably due to the specific mag-
netic field structure of L-2M, which does not have sub-
stantial magnetic ripples in the central region of the
plasma (in the microwave absorption region).

Figure 3 shows the generalized dependence of the
electron temperature measured near the plasma center,
Te ra(r/a, = —0.15), on the parameter P;/n.. It can be
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switched off (t = 57 ms) for (&) ne=0.46 x 10! m= and P,, = 120 kW and (b) ng=0.91 x 10" m~ and P,, = 120 kW.

seen from the figure that this dependence is approxi-
mately linear only up to P;/n, =250 kW/10%° m=. As
the parameter P,/n, increases further, the curve departs
strongly from the straight line, which indicates adevia-
tion of the electron velocity distribution from a Max-
wellian.

Figure 4 illustrates the temperature decay curves
after the microwave pulse is switched off in experi-
ments with two different plasma densities. At a lower
plasma density (Fig. 4a), the radiative temperature
determined from the emission intensity T,,, at frequen-
ciesf =71, 72, and 70 GHz, which reflects the behavior
of suprathermal electrons, decays more rapidly com-
pared to that at other frequencies (e.g., at afrequency of
71 GHz, it halvesin 300 us, whereas at a frequency of
76 GHz, it halvesin 1200 ps). Thismeans that the life-
time of suprathermal electronsismuch shorter than that
of bulk electrons. A qualitatively different behavior is
seen in Fig. 4b, which shows the decay curves for a
thermal plasma. In this case, the highest value of T,
refers to the normalized radius r/a, = —0.15 (f =
76 GHZz) and the temperature determined from the ECE
intensity at the other frequencies decays over longer
times.

Comparing the results of measurements of the elec-
tron temperature from the ECE intensity with the data
from diamagnetic measurements of the plasma energy,
we can determine the experimental conditions (the
range of the plasma densities and heating powers) in
which ECE measurements provide the correct value for
the temperature. In Fig. 5, the plasma energy W derived
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from diamagnetic measurements is plotted against the
parameter neT, 4. Since the Ty(r/a,) profile at low
plasma densitiesis substantially distorted in the region
r/a, > 0, we analyzed the temperature value at r/a, =
—0.15, whichisclose enough to the center of the plasma
column. It can be seen from the figure that even such a
simple analysis alows us to distinguish two regimes
that differ in plasma density. In the “thermal” regime
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Fig. 5. Plasma energy W as a function of the parameter
NeTe raq fOT the (1) thermal regime (g = (0.77-3) x 10" m)
and (2) nonthermal regime (n, = (0.3-0.75) x 10'* m™3).
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(1) 0.8 x 10'? and (2) 1.3 x 10! m™. The solid line shows
the results of calculations by the TRANSZ code, and the
dashed line shows the experimental data.

(Z), the plasma energy increases substantially with
increasing density. However, one can see that, at low
plasma densities, n, = (0.3-0.7) x 10" m=3, a“nonther-
mal” regime (2) takes place, the Maxwellian velocity
distribution function is distorted, and the radial profiles
Te (r/a;) are nonmonotonic (Fig. 2). Although the val-
ues of nT,y are fairly high in this case, the plasma
energy is substantially lower than at the same values of

AKULINA et al.

n.T, but a higher densities. For example, we can com-
pare two discharges presented in Fig. 2¢. For n,= 1.5 x
10" m= and T, (r/a, = -0.15) = 1300 eV, we have W =
530 J, whereas for n,= 0.7 x 10 m~ and T, (r/a, =
—-0.15) = 2800 eV, we have W = 250 J. This fact allows
us to conclude that, in the latter case, the temperature
deduced from ECE measurements is not the true
plasma temperature and can only be characterized as a
radiative temperature T,, ;. These specific features of the
plasma behavior should be taken into consideration
when determining the el ectron temperature by the ECE
technique at low plasmadensities and high input power.

The departure of the electron distribution function
from a Maxwellian even for the bulk electrons at high
input powers in large devices, such as JET and FTU,
was discussed in [23, 24]. Note that, in those studies,
the electron temperature was measured using both the
ECE and Thomson scattering techniques. It should be
remembered that, according to Kirchhoff's law, the
idea of temperature refers to blackbody radiation from
an optically thick plasma with a Maxwellian electron
velocity distribution.

Thereliability of ECE measurements of the temper-
ature in a plasmawith moderate and high densitieswas
additionally confirmed by the results of calculations
performed using the TRANSZ transport code, elabo-
rated for the L-2M stellarator and described in [25].
Figures 6 and 7 compare the experimental dependences
with calculations by the TRANSZ code. By dlightly
varying the gas-puffing parameter in the TRANSZ
code, good agreement was achieved with the measured
time dependence of the electron temperature T(t)
(Fig. 6) at a T(r) profile close to the experimental one
(Fig. 7). In particular, the simulation results agree with
measurements of the plasma density profile, which
yield a density distribution of the form 1 — x", where
n=4-6andx=r/a,

4. CONCLUSIONS

(i) ECRH experiments in regimes with high energy
deposition in electrons have been carried out in the
L-2M stellarator at heating powers of P,, = 120-400 kW

and plasma densities of (0.3-3.0) x 10 m=.

(ii) For the L-2M magnetic field structure, in which
substantial magnetic ripples are absent in the power
absorption region, no internal transport barriers similar
to those observed at high input energies in CHS,
W7-AS, TJII, LHD, etc., have been detected.

(iii) At plasma densities of n, > 10" m3, the ECE
spectrum is symmetric and the plasma energy is pro-
portional to n,T, (thethermal regime). A decreasein the
plasma density or an increase in the heating power
leads to a distortion of the radial plasma temperature
profile. In this case, in spite of theincrease in the emis-
sion intensity, the plasma energy measured by diamag-
netic diagnostics does not increase (the nonthermal
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regime). Hence, the results of temperature measure-
ments by the ECE method should be interpreted with
caution and additional experiments are required to
determine the range of experimental conditions (the
density, heating power, etc.) under which this method
gives correct results.

(iv) The results of caculations of the discharge
parameters by the TRANSZ transport code arein good
agreement with the experimenta data.

ACKNOWLEDGMENTS

Thiswork was supported in part by the RF Presiden-
tial Program for State Support of Leading Scientific
Schools, project no. 00-15-96676 for 2000-2002.

REFERENCES

1. V. Alikaev, A. Bagdasarov, A. Berlizov, et al., in Pro-
ceedings of the 6th Joint Workshop on ECE and ECRH,
Oxford, 1987, p. 207.

2. S.Kubo, H. Idei, T. Shimozuma, et al., in Proceedings of
the 19th IAEA Conference on Fusion Energy, Lyon,
2002, Paper EX/C4-5Rb.

3. M. Bornatici, R. Cano, O. De Barbieri, and F. Engel-
mann, Nucl. Fusion 23, 1153 (1983).

4. H. Piekaar and M. Rutgers, Rijnhuizen Report No. 80
(FOM Institute for Plasma Physics, Rijnhuizen, 1980).

5. TFR group and FOM ECRH team, Nucl. Fusion 28,
1995 (1988).

6. M. Lontano, R. Pozzoli, and E. Suvorov, Nuovo Cimento
6313, 529 (1981).

7. D. K. Akulinag, Fiz. Plazmy 15, 1386 (1989) [Sov. J.
Plasma Phys. 15, 806 (1989)].

8. H. Hartfuss, U. Gasparino, M. Tutter, et al., in Proceed-
ings of the International Workshop on Collective Accel-
eration in Collisionless Plasma, Cargese, 1991 (Les
Editions de Physique, Les Ulis-Cedex, 1991), p. 377.

9. J. Gelder, E. Westerhof, F. Schueller, and A. Donne,
Plasma Phys. Controlled Fusion 40, 1185 (1998).

PLASMA PHYSICS REPORTS Vol. 29 No. 12 2003

1033

10. D. K. Akuling, G. A. Gladkov, Yu. I. Nechaev, and
O. |. Fedyanin, Fiz. Plazmy 23, 32 (1997) [ Plasma Phys.
Rep. 23, 28 (1997)].

11. G. Giruzzi, Nucl. Fusion 28, 1413 (1988).

12. V. V. Alikaev and V. L. Vdovin, Fiz. Plazmy 9, 928
(1983) [Sov. J. Plasma Phys. 9, 538 (1983)].

13. A. S. Sakharov and M. A. Tereshchenko, Fiz. Plazmy 28,
584 (2002) [Plasma Phys. Rep. 28, 539 (2002)].

14. H. Maassherg, C. Beidler, V. Erckmann, et al., J. Plasma
Fusion Res. 1, 103 (1998).

15. H. Maassberg, C. Beidler, and U. Gasparino, Phys. Plas-
mas 7, 295 (2000).

16. A. Fujisawa, Plasma Phys. Controlled Fusion 44, Al
(2002).

17. A. Fujisawa, H. Iguchi, T. Minami, et al., Phys. Rev.
Lett. 82, 2669 (1999).

18. C. Algjadre, L. Almoguera, J. Alonso, et al., Nucl.
Fusion 41, 1449 (2001).

19. D. K. Akuling, G. M. Batanov, M. S. Berezhetskii, et al.,
Fiz. Plazmy 26, 3 (2000) [Plasma Phys. Rep. 26, 1
(2000)].

20. O. Fedyanin, D.Akulina, G. M. Batanov, et al., J. Plasma
Fusion Res. 1, 235 (1998).

21. D.K.Akuling, G. M. Batanov, M. S. Berezhetskii, et al.,
Fiz. Plazmy 28, 9 (2002) [Plasma Phys. Rep. 28, 7
(2002)].

22. V. Timokhin, B. Kuteev, and V. Sergeev, in Proceedings
of the 29th EPS Conference on Plasma Physics and Con-
trolled Fusion, 2002; ECA 26B, P-4.047 (2002).

23. V. Krivenski, in Proceedings of the 26th EPS Conference
on Plasma Physics and Controlled Fusion, Maastricht,
1999; ECA 23], 385 (1999).

24. V. Krivenski, E. delaLuna, and G. Giruzzi, in Proceed-
ings of the 29th EPS Conference on Plasma Physics and
Controlled Fusion, Montreux, 2002; ECA 26B, 0O-1.03
(2002).

25. S. E. Grebenshchikov, |. S. Danilkin, and A. B. Mineev,
Fiz. Plazmy 22, 609 (1996) [Plas. Phys. Rep. 22, 551
(1996)].

Trandated by N.F. Larionova



Plasma Physics Reports, Vol. 29, No. 12, 2003, pp. 1034-1040. Translated from Fizika Plazmy, Vol. 29, No. 12, 2003, pp. 1114-1121.
Original Russian Text Copyright © 2003 by Aleksandrov, Alekseev, Amosov, Basko, Volkov, Grabovskii, Krasil’ nikov, Oleinik, Rastyagaev, Sasorov, Samokhin, Smirnov, Frolov.

PLASMA

DYNAMICS

Experimental and Numerical Studies of Plasma Production
in the Initial Stage of Implosion of a Cylindrical Wire Array

V. V. Aleksandrov*, A. G. Alekseev*, V. N. Amosov*, M. M. Basko**, G. S. Volkov*,
E. V. Grabovskii*, A. V. Krasil’'nikov*, G. M. Oleinik*, |I. N. Rastyagaev*,
P. V. Sasorov**, A. A. Samokhin*, V. P. Smirnov*, and I. N. Frolov*
*Troitsk Institute for Innovation and Fusion Research, Troitsk, Moscow oblast, 142190 Russia
** | nstitute of Theoretical and Experimental Physics, Bol’shaya Cheremushkinskaya ul. 25, Moscow, 117259 Russia
Received February 18, 2003; in final form, May 16, 2003

Abstract—The features are studied of plasma Producti onintheinitial stage of implosion of hollow cylindrical

wire arrays at electric-field growth rates of 10

2V/(cm s). The results are presented from the analysis of both

UV emission from the wire plasma and the discharge parameters in the initial stage of the formation of a
Z-pinch discharge. It is found that, a few nanoseconds after applying voltage to atungsten wire array, a plasma
shell arises on the wire surface and the array becomes a heterogeneous system consisting of metal wire cores
and a plasma surrounding each wire (a plasma corona). As a result, the current switches from the wires to the
plasma. A further heating and ionization of the wire material are due primarily to heat transfer from the plasma
corona. A model describing the primary breakdown along the wires is created with allowance for the presence
of low-Z impurities on the wire surface. © 2003 MAIK “ Nauka/l nterperiodica” .

1. INTRODUCTION

Implosion of cylindrical arrays (liners) made of
micron tungsten or aluminum wires under the action of
nanosecond current pulses has been studied since the
late 1980s [1-4]. Dueto theimplosion of thewire array
material, a Z-pinch discharge is formed near the array
axis. In the final stage of the Z-pinch implosion, an
intense soft X-ray pulseisgenerated that can beusedin
inertial confinement fusion (ICF) research, in studying
fundamental physical problems (such asthe equation of
state of a substance with extreme parameters), and in
certain practical applications.

In [1], it was shown that the main factor governing
the implosion dynamics of a cylindrical wire array is
the prolonged (up to the current maximum) production
of the wire plasma. Recent studies [5-7] showed that
the plasma on the wire surface is produced in the first
few nanoseconds after the current startsto flow through
thewirearray. After the plasmais produced, the current
switches from the wires to the plasma corona. In this
case, the wire array becomes a heterogeneous system
consisting of acylindrical metal wire core and aplasma
corona surrounding the wires. A further heating and
ionization of the wire material is primarily due to heat
transfer from the plasma corona. Plasma production
from a single wire by microsecond current pulses was
described in [8]. In the nanosecond range, plasma pro-
duction was studied in detail in [9].

Important factors characterizing the initial state of
the plasma-producing medium are the nonuniformity of
the distribution of the plasma sources and the nonuni-
formity of the plasma production rate along the wires.

The nonuniformity of the distribution of the plasma
sources can lead to the onset of variousinstabilities dur-
ing plasma implosion, whereas the nonuniformity of
the plasma production rate can result in a nonsimulta-
neous radial implosion of the plasmain different points
along the array axis. Both these factors impede syn-
chronous and compact implosion and, accordingly,
decrease the emission power.

In this paper, we present the results of studying the
initial stage of plasma production on the surfaces of
tungsten wires during the implosion of a cylindrical
wire array. By the initial stage of the formation of a
Z-pinch discharge from a wire array, we mean the first
10-15 nsfrom the beginning of the current pulse, when
the discharge current through a single wire is lower
than 5 KA.

2. ARRANGEMENT OF THE EXPERIMENT

As wire liners, we used cylindrical hollow arrays
assembled of eight or sixteen tungsten wires that were
equally spaced along a cylindrical surface 8 or 20 mm
in diameter. The array length was 10 mm. The diameter
of the tungsten wires varied from 4 to 10 um.

The scheme of connection of the wire array to the
voltage source is shown in Fig. 1. The wire array was
placed in the vacuum chamber of the ANGARA-5-1
facility [10]. The chamber was evacuated by oil-diffu-
sion pumps. As a voltage source, we used one of the
modules of the ANGARA-5-1. Because of this, the
results obtained with arrays made of eight or sixteen
wires in a single module could be compared with the
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implosion of arrays assembled of much greater number
of wires (64 or 128) in the full-scale experiments car-
ried out in the ANGARA-5-1.

The microsecond prepulse of the voltage generator
was suppressed by using a prepul se spark gap placed in
front of the wire liner. The prepul se was suppressed to
such extent that the electric field strength at the array
was lower than 10 V/cm and the increase in the wire
temperature during the prepul se was lower than 10°C.

To study the initial stage of plasma generation, the
discharge current through the array was measured
simultaneously with the voltage drop across the array.
The current through the array was measured by a shunt
with atime resolution of 5 ns.

A resistive divider for measuring the voltage on the
axis of the wire array was connected coaxially to the
anode and, with the help of ametal rod aligned with the
array axis, to a cathode. The time resolution of the
divider was 2 ns.

Since, in these experiments, we were dealing with
rapidly varying currents, the voltage measured by the
divider differed from the voltage across the wire by an
inductive term proportional to the rate at which the
magnetic flux in the circuit formed by the wire surface
and divider connectorsvaried. In order to determine the
voltage acrossthe wire surface, thisterm should be sub-
tracted from the divider readings. A specific feature of
the voltage measurements on the array axis is that the
contribution of the inductive termisvery small and can
beignored. Thereason for thisisthat the magnetic field
produced by the current flowing through the array is
mainly localized on the outside of the array and the
interlinkage between the generator circuit and the
divider circuit is weak.

Plasma generation on the wire surface was detected
by the appearance of UV emission. As a UV detector,
we used a diamond sensor made of natural Yakut dia-
mond. The detector was devised and fabricated in the
Troitsk Institute for Innovation and Fusion Research
[11, 12].

The detector was placed at a distance of 3.6 m from
thewirearray. A 1-mm-thick quartz glasswas placed in
front of the detector. The relative spectral sensitivity of
the detector with the quartz glassisshowninFig. 2. The
time resolution of the detector was 2 ns.

The time resolution of the optical frame system for
recording the wire array images was 10 ns. The spatial
resolution of the images was 40 um, the depth resolu-
tion being about 2 mm. The dynamic range of the mea-
surement system was about 20.
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Fig. 1. Scheme of connection of the wire array and voltage
divider to the voltage source: (1) anode of the ANGARA-5-1
facility, (2) wires, (3) metal rod connecting the voltage
divider to the cathode, (4) cathode of the facility, and
(5) cathode electrode of the wire array.
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Fig. 2. Relative spectral sensitivity Sof adiamond detector
with aquartz glass.

3. EXPERIMENTAL RESULTS AND THEIR
COMPARISON WITH NUMERICAL
SIMULATIONS

3.1. Breakdown along the Wire Surface

The waveforms of the voltage on the axis of the sys-
tem for several shots made withwirearraysand asingle
shot without wires (the no-load operating regime) are
shownin Fig. 3. Without awire array, the voltage on the
axis during the first 50 ns was equal to the generator
output voltage. During the first 20 ns, the maximum
voltage drop across tungsten arrays with different outer
diameters, different number of wires, and different wire
diameters was in the range from 5 to 18 kV. The mea-
sured voltage pulses turned out to be substantially
lower and shorter than the those measured in the no-
load operating regime (without an array).
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Fig. 3. Waveforms of the voltage on the axis for several
shots with awire array and a single shot without wires (the
no-load operating mode).
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Fig. 4. Peak amplitude of the liner voltage U as a function
of the tungsten wire diameter.

Estimates of the wire resistance at the instant corre-
sponding to the maximum voltage showed that it was
lower than the initial resistance of the cold wires. Note
that the decrease in the resistance of the heated current-
carrying metal wires can only be explained by the pro-
duction of alow-resistive plasma on the wire surface.

Figure 4 shows the maximum voltage at the array as
afunction of the diameter of tungsten wires. It can be
seen that the maximum voltage at the array somewhat
increases with increasing wire diameter.

Figure 5 shows the waveforms of the voltage on the
wire array axis and the intensity of UV emission. The
presence of UV emission means that a plasma is pro-
duced on the wire surface. The delay time of the UV
pulse with respect to the voltage pulse varies from 6 to
10 nsin different shots.

Figure 6a shows typical waveforms of the voltage
ontheliner axis, U(t), and the current per onewire, J(t),

ALEKSANDROV et al.

for a 8-mm-diameter wire array consisting of eight
10-pum tungsten wires. The results of processing of
these signalsare shownin Fig. 6b. These arethree kinds
of resistance per one wire: the total load resistance,
R(1); thewireresistanceitsdlf, R, (t); and the resistance
of the plasma on the wire surface, R (t). The total load
resistance was calculated astheratio R(t) = U(t)/J(t). It
can be seen that the ratio U(t)/J(t) first increases due to
the Joule heating of the wire and then decreases. The
resistance R, (t) of ametal wirewas calculated from the
signa U(t), taking into account the thermal resistivity
coefficient, assuming that the entire electric power
U,(1)/R,,(t) deposited in the wire is converted into heat,
and ignoring energy losses by radiation and heat trans-
fer. The plasma resistance R,(t) was calculated assum-
ing that the plasma and metal wires are connected in-
parallel and using the formula: J(t)/U(t) = 1/R,(t) +
1/R,(t). A comparison of the time evolution of the
plasma resistance with the recorded UV signal shows
that the UV emission appearswhen thewirearray resis-
tance is already completely determined by the plasma
resistance.

From the measurements of theload current and volt-
ageintheinitial stage of the process (before the plasma
was produced on the wire surface), we could calculate
the energy deposited in the wires due to ohmic heating.
The calculations showed that, in most shots, the maxi-
mum temperature to which the tungsten wires were
heated before the plasma was produced was lower than
2000°C. This temperature is substantially lower than
the melting temperature of tungsten (3380°C).

The natural question arises as to why a plasma is
produced on the wire surface.

The increase in the wire temperature during heating
leads to the evaporation of low-Z impurities from the
wire surface. Asaresult, athin gas shell isformed near
the surface. This shell is then broken, which results in
plasma production. Additional experimentsin which a
current of ~3 A per wire was passed through the wire
array for atime longer than 5 s showed that a temper-
ature of 300—400°C was sufficient to evaporate the
layer of alow-Z coating material and produce plasma
near the wire surface. Due to the rapid plasma expan-
sion, the cross section of the current-carrying plasma
channel increases, which leads to a sharp decrease in
the channel resistance. Theresults of numerical simula-
tions of the plasma production on the surface of atung-
sten wire with alow-Z impurity coating is presented in
the next section.

As was shown in [13], the breakdown of the pro-
duced gas shell can be initiated by electron emission
from the wire surface. The emission is enhanced by the
strong radial electric field that appears at some segment
of a small-diameter wire at a certain configuration of
electrodes. Thisfield can exceed the axial electric field
at the wire by afactor of 10 t0100. The dependence of
this effect on the wire diameter will be discussed at the
end of the present paper.
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Due to the presence of plasma on the wire surface,
the current switches from the wires to the plasma. The
main current beginsto flow through the plasma, thereby
heating it. A further heating of the wires is mainly due
to heat transfer from the hot plasmato the wire surface.
In this case, the contribution of the current flowing
directly through the wiresis relatively small.

We note that the warming of wiresin vacuum to red-
ness before an experiment had little effect on both the
production of the surface plasmaand the time evolution
of the array resistance.

3.2. Numerical Smulations of Plasma Production
on the Surface of a Tungsten Wire
with and without Coating

To gain a better insight into the above experiments
on measuring the time evolution of the resistance of a
wire array under the action of a high-power current
pulse, we carried out numerical simulations of this pro-
cess. The simulations were performed using the
NPINCH one-dimensional (radius-time) magnetohy-
drodynamic code [14, 15]. This code was improved by
introducing an equation of state for metals over awide
range of densities and temperatures [16]. The equation
of state takes into account the phase transition from a
condensed to a gaseous state, and then to plasma, but
ignores the transitions between the solid and liquid
states. To calculate the kinetic coefficients of a con-
densed substance (the electron thermal conductivity,
electric conductivity, heat exchange rate between ions
and electrons, etc.), we used the procedure described in
[17]. For the gas—plasma domain, we used the proce-
dure described in [18]. The latter procedure is based on
the well-known formulas for a hot magnetized plasma
[19]. We simulated the time evolution of a 6-um tung-
sten wire under the action of a given current pulse with
amaximum amplitude of about 1 kA and arise time of
20 ns.

The simulations were performed for both uncoated
tungsten wires and wires coated by a thin layer of a
low-Z material (carbon), which modeled alow-Z impu-
rity on the tungsten surface. The calculation results are
showninFig. 7.

The given time dependence of the current through
an uncoated wire and the calculated waveform of the
electric field strength on the wire axis are shown in
Fig. 7a. It can be seen that, in thiscase, the electric field
reaches 120 kV/cm, which is several times higher than
the experimental value. This result confirms our
assumption that, in real experiments, wires can never be
considered clean. The decrease in the amplitude of the
liner voltage can be explained by the presence of athin
low-Z coating on wires. Such a coating may be due to
the deposition of vacuum oil vapor on a wire or the
technology of wire fabrication.

To clarify the influence of the low-Z impurity coat-
ing on the electric characteristics of awire, we divided
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Fig. 5. Waveforms of the voltage on the array axis (U) and
intensity of UV emission (ly) for an array consisting of
eight 6-pum tungsten wires.
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Fig. 6. (a) Waveforms of the voltage U(t) across an 8-mm-
diameter wire array consisting of eight 10-um tungsten
wires and the current through one wire J(t). (b) Time evolu-
tion of the resistances (per one wire) calculated from the
voltage and current waveforms: the total load resistance
U(t)/J(t), thewireresistance R, (t), and the resistance of the
surface plasma Rp(t).

a simulation into two stages. In the first stage (up to
6.75 ns), the heating of a clean wire was calculated. At
the end of this stage, the temperature on the tungsten
wiresurfacewas 0.05 eV. The cal cul ation was then con-
tinued assuming that the wire was coated with a0.3-um
carbon layer in a gaseous state (with a mass per unit
length of 1.8 x 107!° g/cm). Thus, we simulated the pri-
mary evaporation of the low-Z coating. The calculated
waveform of the voltage across a coated wire is shown
in Fig. 7b. In this case, both the voltage amplitude and



1038

ALEKSANDROV et al.

U, kV/icm

120
110
100
90
80
70
60
50
40
30
20
10

0

I, kA U, kV/icm
-11.0

(b)
10

15 20

Fig. 7. Calculated waveforms of the electric field at the axis of a 6-pum tungsten wire during the current pulse: (a) an uncoated wire
(the solid and dotted curves show theelectrlc field and current, respectively, and () awire coated with amodel gaseous carbon shell

with adensity per unit length of 1.8 x 10710

instant of evaporation of the coating).

Fig. 8. Visible-light image of an array consisting of 7.5-um
eight tungsten wireswith acurrent of 3kA per wire. A sche-
matic of the wire array and the viewing direction are shown
at the bottom.

g/cm (the solid curve shows the electric field, and the vertical dotted line indicates the

the shape of the voltage pulse are much closer to the
experimental results. Breakdown along the wire is
delayed from the beginning of the second stage by
2.5 ns, which isrequired for the necessary reduction in
the density of the evaporated material dueto expansion.
Just after the breakdown of the gas shell and the forma-
tion of aplasma corona, the main current beginsto flow
through the corona, thereby heating it, and the Joule
heating of the wire almost terminates. Up to this time,
the characteristic tungsten temperature is 0.23 eV.

The above numerical simulations are only a rough
approximation to the actual processes of the generation
of aprimary plasmaand subseguent plasma production.
Nevertheless, our model at least does not contradict the
experimental data.

3.3. Spatial Nonuniformity of Plasma Generation

To study the process of energy deposition in awire
liner in the initial stage of implosion, we took frame-
by-frame photographs of the liner in visible light. An
image of an array consisting of eight 7.5-um tungsten
wires at the instant when the current reached a value of
3 KA per wireisgivenin Fig. 8. A characteristic feature
of the liner image is a pronounced nonuniformity of the
distribution of the emission intensity along the wire.
The emission intensities of theindividual wiresare also
dightly different. In the image, one can see well-
defined regions with anonuniform distribution of emis-
sion. The liner images testify to a nonuniform energy
deposition in the wiresin the initial stage of implosion.
Note that the oscillations of the voltage on the array
axis (see Fig. 5) may be attributed to the jitter in the
breakdown time of the individual wires. This may be
caused both by the factors affecting plasma production
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(e.g., the nonuniformity of the impurity distribution
along the wire) and by the onset of thermal and ioniza-
tional instabilities.

We note that the nonuniformity of the emission
intensity along the wires begins to decrease when the
current exceeds 5 kKA per wire.

4. DISCUSSION OF THE RESULTS
4.1. Role of the Wire Diameter

Measurements of the electric characteristics of dis-
charges through cylindrical hollow arrays made of
tungsten wires showed that the wire-material plasma,
which is generated near the wires several nanoseconds
after the beginning of the current pulse, plays the dom-
inant role in the development of the discharge. From
this moment on, the wire array can be regarded as a het-
erogeneous system consisting of dense wire cores and
a plasma corona surrounding the wires. Hence, the
guestion arises asto mechanismsfor plasmageneration
at such low values of the tangential electric field on the
wire surface.

In[9], it was supposed that the radial electric fields
can play an important role in initiating the breakdown
of the gas evaporated from the wire surface. Because of
the small wire diameter, the radial electric field can be
higher than the axial field by afactor of 100 [13]. The
smaller the wire diameter, the higher the radial electric
field, all other factors being the same. Thisfield is pro-
duced by the charges that are accumulated on the wires
in the initial stage of the voltage pulse before break-
down (i.e., before the plasma is produced on the wire
surface). After breakdown, these charges flow down
onto the electrodes of the liner unit. The direction and
strength of the radial electric field on the wire surface
depend on the el ectrode configuration. Whenthewireis
connected perpendicularly to two infinite plane-parallel
electrodes that are at different potentias, the radia
eectricfield is zero. For other el ectrode configurations,
the radial field is nonzero. It may happen that, on one
segment of the wire, the field is directed toward the
wire, whereas on the other segment, it is directed away
from the wire.

Thefield directed toward the wire can enhance el ec-
tron emission from the wire surface and cause the elec-
tron-impact ionization of the gas shell surrounding the
wire. In [13], it was shown that electron emission from
thewireresultsin an electron current in crossed electric
and magnetic fields outside the wire. Electrons from
this flow can cause the heating and evaporation of not
only impurities, but also of a thin (~10- pm) layer of
the main wire material.

Gas breakdown occurs and plasma is produced at
the instant when the gas density and electric field reach
certain values. If surface gas breakdown on wires with
different diameters takes place in the same radial field,
then, for a thinner wire, gas breakdown will occur at
lower values of the axial electric field because of the
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Fig. 9. Time evolution of the ratio of the plasma resistance
near a single wire, R(t), to the initial resistance of a cold
wire, R,. The circles show the experimental data, and the
solid curve shows the result of simulations of an expanding
plasma with an electron temperature of T, ~ 24 eV. The
instant at which the plasma resi stance becomes equal to the
resistance of the cold wire isindicated.

higher radial field on the wire surface. This conclusion
is supported (in spite of the few statistics available and
the large scatter in the data) by the results presented
Fig. 4.

4.2. Estimates of the Plasma Parameters

Under some assumptions, we can estimate the
parameters of the produced plasma from the observed
time dependences of the liner voltage and current, as
well as from the plasma resistance calculated using
these dependences. Let us consider a rather rough
model. Let the electron temperature of the plasma sur-
rounding each wire be T, [eV]. We assume that the
plasma conductivity obeys the Spitzer law, the average

ion charge number Z is proportiona to Tfj-*", and the

velocity of plasma expansion into vacuum is deter-
mined by its temperature. It turns out that this model
agrees best with the measured liner voltage and current
for a tungsten plasma with an electron temperature of
T ~ 20-30 eV. Figure 9 shows the waveforms of the
ratio of the plasma resistance near a single wire to the
initial resistance of a cold wire. One of the profilesis
calculated from the measured voltage and current (cir-
cles), while the other profile is calculated using the
above model for a tungsten plasma with an electron
temperature of T, ~ 24 eV (solid curve). The vertical
line near 5.5 ns indicates the time when the plasma
resistance becomes equal to the initial wire resistance.
In this case, the velocity of plasma expansion into vac-
uum is ~10° cm/s. Hence, 10 ns after the plasma
appears on the wire surface, the radius of the plasma
column reaches ~100 um. These simple estimates are
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gualitatively consistent with the above numerical simu-
lations of plasma production on the surface of a tung-
sten wire.

Unfortunately, such estimates cannot be extended to
longer times because, at these times, the plasmaradius
becomes larger than the skin depth. In addition, the
model ignores a very important factor, namely, the
presence of a magnetic field. First, the magnetic field
produced by the current flowing through the wire
should impede plasma expansion. Second, the total
magnetic field of all thewires should result inthe accel-
eration of the current-carrying plasmatoward the array
axis under the action of the Ampére force.

The magnetic field produced by the wire array is
lower than the magnetic field of asingle wire by afac-
tor d/21wr, where d is the distance between the wires and
r is the wire radius. In view of the fact that the gas-
kinetic plasma pressure on the wire surface exceeds the
pressure of the magnetic field produced by the current
flowing through a single wire, the Ampére force caused
by the total current cannot substantially affect the
expansion of the plasma column as a whole during the
first 10 ns. This conclusion, however, results from the
roughness of the model. The density of the tungsten
ions on the boundary of the plasma column decreases
smoothly. Inside the array, there is a region where the
Ampére force can accelerate a small amount of a low-
density plasmatoward the array axis. Thisresultsin the
appearance of a plasma precursor [1], whose velocity
(~107 cm/s) is one order of magnitude higher than the
expansion velocity of the plasma column [13].

There are also other factors that are not taken into
account by the above model, in particular, the nonuni-
form plasma production along the wires and the nonsi-
multaneous plasma production on different wires. That
these factorsreally do exist can be seenin Fig. 8. How-
ever, even such a rough model has alowed us to esti-
mate the plasma temperature and to obtain the lower
estimate for the tungsten ion density from the measured
current—voltage characteristics.

5. CONCLUSIONS

It has been found that, a few nanoseconds after the
beginning of the current pulse, a plasmais produced on
the wire surfaces and the wire array becomes a hetero-
geneous system consisting of the metal wires and the
plasmaon their surfaces. The current switchesfrom the
wires to the plasma. As a result, the resistance of the
system decreases and, accordingly, the voltage drop
across the array decreases. A further heating of the
wires is primarily provided by the current flowing
through the plasma and by heat transfer from the
plasma, rather than by the current flowing through the
wires.

ALEKSANDROV et al.
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Abstract—A study is made of the effect of the heating of plasma electrons in the field of a potential surface
wave on the wave dispersion properties. The waveis assumed to propagate along the boundary between ametal
and afinite-pressure plasma. Different mechanismsfor electron energy losses are considered in the weak heat-
ing approximation. The spatia distribution of the plasma electron temperature under nonlocal heating condi-
tions is derived on the basis of the electron energy balance equation. Expressions for the spatial damping rate
and the nonlinear shift of the wavenumber are analyzed for different values of the plasma parameters. The
results obtained are valid for both semiconductor and gaseous plasmas. © 2003 MAIK “ Nauka/lnterperiod-

ica”.

1. INTRODUCTION

In recent years, the properties of surface waves
(SWs) in plasma—metal structures have been actively
studied both theoretically and experimentally [1, 2].
Interest in such structures is associated with their
numerous applications in plasma and semiconductor
electronics, gas discharges, and various plasma tech-
nologies[1]. Thelinear theory of SWsin plasma—metal
structures has been developed quite well [2, 3]. How-
ever, the behavior of an SW can become essentialy
nonlinear even when the amplitude of its field is fairly
small [4—6]. Depending on the values of the plasma
parameters, different nonlinear self-interaction mecha
nisms such as the resonant generation of the second
harmonic of an SW [2], the nonlinear damping of SWs
[2, 7], the self-interaction of SWs due to the nonlinear-
ities of quasi-hydrodynamic equations [2, 8], and the
ionizational [9, 10] and thermal [11] nonlinearities of
SWs, can be dominant.

The objective of the present paper is to investigate
the thermal nonlinearity—induced self-interaction of
SWs at the boundary between a metal and a warm
plasma.

2. FORMULATION OF THE PROBLEM

We consider the nonlinear self-interaction of a
finite-amplitude potential SW caused by the heating of
plasma electrons in its field. We assume that the wave
propagates along the interface between a metal and a
finite-pressure plasma. We a so assume that the plasma
occupiesthe half-space x > 0 and is bounded at x = 0 by
a perfectly conducting plane metal surface. It is well
known that the properties of SWsin aninhomogeneous
plasma are governed essentially by the character of the
gpatial distribution of the plasma density in the transi-

tion layer. In plasmaswith large and small density inho-
mogeneities, the properties of SWs are determined by
the integral parameters of the plasma in the region
wherethewavefieldislocalized. [7]. In these cases, the
plasma—metal boundary can be considered sharp and
the plasma density can be assumed to be uniform and
equal to its mean value in the localization region of the
SW. This approach was found to be efficient and to
agree well with the experimental data, in particular,
with those from experimental investigations of gas dis-
charges maintained by SWs. In what follows, we will
assume that the plasma—metal interfaceis sharp and the
plasmais homogeneous.

The effective collision frequency of electrons with
scattering centers, v = v, + v+ V; (Where v, is the

elastic collision frequency, v is the excitation fre-

guency, and v; is the ionization frequency), is assumed
to be much lower than the wave frequency w. In agas-
eous plasma, the role of the scattering centers can be
played by ions, working-gas particles, and impurities.
In a semiconductor plasma, the electrons can also be
scattered by optical and acoustic phonons [12-14].

The mechanism for the self-interaction of an SW
operates as follows [2, 11]. The plasma electrons
acquire additional energy from the wave and then trans-
fer it to the scattering centers viacollisions. Asaresult,
the spatial distribution of the electron temperature,
which determines the electron collision frequency and
the el ectron pressurein the plasma, changes. These pro-
cesses ater the electrodynamic parameters of the
plasma, which govern the dispersion properties of SWs.

It should be noted that the thermal mechanism for
self-interaction is closely related to the ionization non-
linearity [2, 9, 10]. The effect of the ionization nonlin-
earity isthat, as the wave amplitude increases, the spa-
tial distribution of the electron temperature changes; as

1063-780X/03/2912-1041$24.00 © 2003 MAIK “Nauka/ Interperiodica’
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a consequence, the spatial distribution of the plasma
density also changes, since the rates of elementary pro-
cesses in the plasma depend on the electron tempera-
ture. Hence, an increase in the wave amplitude alters
the dispersion properties of SWs. When the amplitude
of an SW is small (i.e,, the nonlinearity is weak), the
wave-produced perturbations of the plasma parameters
(the electron temperature, electron pressure, electron
collision frequency, etc.) are much smaller than their
unperturbed values. In this case, the effect of thermal
and ionization nonlinearities on the dispersion proper-
ties of SWs can be described in the additive manner [2].
This circumstance allows the two self-interaction
mechanisms to be studied independently.

3. RESULTS OF THE LINEAR THEORY

The dispersion properties of an SW propagating
along the interface between a metal and afree plasma,
as well as the spatial distribution of its potential, were
investigated in [3] in the linear wave-field approxima:
tion. In that paper, it was shown that a necessary condi-
tion for the existence of SWsat a plasma—metal bound-
ary isthat the thermal velocity of the plasma electrons,

V1o = /2T J/m, (where T, is the plasma electron tem-
perature and m, is the mass of an electron), should be
finite. In the general case of acollisional semiconductor

plasma, the equation for the SW potential W has the
form

2
0'w YW wdy W .2
- -2k
ox’ ax[ %l £g0 6 2}
(1)
FICY {kz wd —SO&E} 0,

where g, is the permittivity of a semiconductor crystal
lattice (for a gaseous plasma, we set g, = 1), Wy isthe
electron plasma frequency, W' = w + iv, and k, is the
complex wavenumber.

By analogy with [3], we seek the spatial distribution
of the SW potential in the form

AX,i(koy— ot
z)e(zy )

WY(x y,t) = (Ale_Alx +Ae , )

where A, and A, are constants and the quantities A, ,
characterize the penetration of the SW field into the
plasma. The expressionsfor A, , can be derived by sub-
stituting representation (2) into Eq. (1) for the potential :

 Whe(, G e
Eo(x)(xﬂ EoW . (3)
Using boundary conditions implying that the SW
potential and the normal component of the hydrody-

1o koVre
2V_|2_e 0 wu

2 —
7\1,2 -
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namic electron velocity vanish at the plasma—metal
interface, we can obtain the dispersion relation
1+Kal e —pe(As + AA, +27) = 0,

“)
where rpe = /eoVre/ Wy, is the electron Debye radius.
The solution k, to this dispersion relation can be repre-
sented as

2

2 ww EoW

kp = &)

Vie aow‘2 + wﬁew'/w
According to solution (5), electron collisions cause an
SW to be damped (the spatial damping rate of the wave
is determined by the imaginary part of the wavenumber
k,). Since solution (5) israther complicated, we restrict
ourselves to investigating the self-interaction of an SW
under the assumption that the plasma is sufficiently

dense for the condition w? < oof,e/s0 to be satisfied. In
this case, expressions (3) and (5) simplify to

k, = kj +iky = \%_Jéw%”% (6)

e Wpe
Dy Wpe D 1w .V
A = AL+iA) = Z¢, +'Z{%’
VT(E"\/_O[| 2 56% (7)
1 . mn w w ‘V

A, = A, +iA, = \—/;-,\/E_Ow—%l.‘*'lag

e pe

It should be noted that the expressions obtained are
valid in the potential approximation for the waves
under consideration. In the case of a sufficiently dense
plasma, this approximation imposes the following
restriction on the thermal velocity of plasma electrons:
Vre < €. /€0 W/w,e, Where ¢ is the speed of light in vac-
uum. An analysisof expression (6) showsthat the phase
velocity of an SW is much higher than the el ectron ther-
mal velocity, which means that the hydrodynamic
plasma description used here to investigate SWs is
valid. Such alarge difference between the phase veloc-
ity of an SW and the electron thermal velocity alowsus
to ignore collisionless Landau damping.

4. SPATIAL DISTRIBUTION
OF THE ELECTRON TEMPERATURE

We consider a weak thermal nonlinearity, such that
the perturbation of the electron temperature, 8T, pro-
duced by heatingin the SW field ismuch smaller thanthe
equilibrium temperature T,: T = T, + OT, with 6T < T,,.
We assume that the perturbation of the collision fre-
quency, dv = 0V, + dvy+ 0V;, is much less than the

unperturbed collision frequency v in the absence of an
SW. In this case, the frequency of electron collisions at
PLASMA PHYSICS REPORTS  Vol. 29

No. 12 2003



THERMAL NONLINEARITY OF POTENTIAL SURFACE WAVES

a temperature close to the unperturbed temperature T,
can be described by the expressions

VcoI(T) = VcoI(TO) + 6Vcolv

— 6TaVCO|

6Vcol < VcoI(TO)a
oT
o ®)
Vi(T) = Vi (To) + OV, OVx = 6Tav* < v« (Ty),
oT |1,
ov;
VI(T) = VI(TO) +6V|, 6\)' = 6T_ < VI(TO)
oT|T,

Here, accordingto[9, 15, 16], the excitation and ioniza-
tion frequencies have the form

Vi = vf exp(—Ux/T),

v, = vpexp(=Us/T), T>(2/3)(U,—Us), (9)

v, = voexp(=Ui/T), T<(23)(U;=Us),
where Ujand U; are the excitation and ionization ener-

gies of the first atomic level and the temperature T is
given in energy units.
When the wave frequency w is much higher than the

characteristic frequency v of the energy transfer dueto
the presence of an SW in the system, the transfer of
energy from electrons to scattering centers can be
assumed to be quasi-steady [17]. In this case, the elec-
tron temperature perturbation depends on the coordi-
nates and the averaged (over the wave period) squared
wave amplitude, 8T = 8T(X, V, |A;]»). The spatia distri-
bution of the electron temperature perturbation can be
determined from the energy balance equation averaged
over the wave period:

(Y3)Re(j CE*) = OOQ—-P(T), (10)
where Q isthe vector heat flux carried by the electrons,
j isthe high-frequency electron current density, and E*
isthe complex-conjugate electric field of the wave. The
term P(T) = —n,V (To)(T — T,) describes the energy

transferred from electrons to scattering centersin aunit
volume with the characteristic frequency

~ ov,
V(TO) = choI(TO) + U*ﬁ T0+ Ula_-l-l

where n, is the unperturbed plasma density and the
quantity y = 2m,M/(m, + M)? is the fraction of energy
transferred in elastic collisions from electrons to scat-
tering centers of masses M. It should be noted that, in
the general case, the characteristic frequency v is
determined both by the elastic collision frequenciesand
by the excitation and ionization frequencies of the neu-
tral gas particles. The contribution of these processesto
energy transfer essentially depends on the plasma pres-
sure. Thus, a high pressures, the main energy-loss
mechanism is due to elastic collisions, whereas at low

OV« (11)

)
TO
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pressures, it is due to inelastic collisions, which result
in the excitation and ionization of the working-gas par-
ticles.

The left-hand side of energy balance equation (10)
describes the dissipative heating of plasmaelectronsin
the SW field. The terms on the right-hand side of the
equation account for electron energy losses in a unit
volume due to the finite plasma conductivity and
energy transfer to the scattering centers. The vector
heat flux Q in Eqg. (10) is given by the expression Q =
—xOT, where X is the thermal conductivity of the
plasma electrons. With this expression, Eg. (10)
becomes

2 2
1pgo” ,07poT  oT _ pTh

- = . (12)
A0k ayHTe To T

Here, A7" = (./3mwv/(5T,)) " is the characteristic
scale on which the electron thermal conductivity varies
[17, 18] and the quantity

(8T/Tg),.. = —€Re(V[E*)/(3VT,) (13)

describes the relative change in the electron tempera-
ture under local heating conditions such that | - Q| <
[P(T)|. Assuming that the wave propagates in the posi-
tive direction along the y axis and taking into account
expressions (2), (6), and (7), which are obtained using
linear theory, we can rewrite expression (13) as

2
T _ 2 20 -2y v - @ -2:x
oro ~— 3T (R—&o—

ODIoc 37 v 0 W Owie

2
+sin(A =n)x—22e 2 cos(\y -Ap)x | (14)
W "2,

—\L+anx O
Xe 1 2 D

0

where the parameter 1 = e|A1|/(meV$e) characterizes
the ratio of the energy of an electron in the wave field
to its thermal energy. The spatial temperature distribu-
tion of the plasma electrons under local heating condi-
tions [see expression (13) for (3T/Ty),..] is shown in
Fig. 1. It should be noted that a corresponding approach
isused in many studies (see, e.g.,[2, 9, 12, 13, 19-21]).
However, under the above assumptions that the fre-
quencies v and v are low, this approach fails to hold
because the local heating conditions can be reduced to

the inequality wﬁe /(vo) < 1. Consequently, in the
problem in question, the electron heating is essentially
nonlocal and the quantity (&T/T,),,. Characterizes
merely the spatial distribution of the SW power trans-
ferred to the electronsin the wave field due to their col-
lisions with scattering centers.
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Fig. 1. Spatia profiles of the perturbed el ectron temperature
under local heating conditions for the following values of

the parameters |, e,/ , /@, VIV, and p: (1) 0.2, 0.,

103, and 0.1; (2) 0.4, 0.05, 10%, and 0.1; (3) 0.2, 0.2, 10°, and
0.1; (4) 0.2, 0.1, 2 x 103, and 0.1; and (5) 0.2, 0.1, 103, and
0.15.
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Fig. 2. Spatial profiles of the perturbed electron temperature
near the source of perturbation for the same parameter val-
uesasinFig. 1.

The spatial distribution of the electron temperature
under the conditions of nonlocal heating of the plasma
electrons in the SW field should be determined from
Eq. (12) with expressions (14). In accordance with the
boundary condition implying that the heat flux at the
plasma—metal boundary is continuous, and in view of
the fact that the thermal conductivity of the metal is
much higher than that of the plasma, the heating of the
metal is negligible compared to that of the plasma. As
for the plasma el ectron temperature, it should be deter-
mined from the following integral form of the law of
energy conservation during the heating of plasma elec-

trons: ﬁ; ST/T,dx = ﬂ(éT/TO),OCdx. As a result, the
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expression for the relative change in the plasma elec-
tron temperature takes the form

oT _

guze—zkg\y\ Hsle—zxzx N PTe_ATX
T, 3 0

(15)

. " " " " —(\; + IZXD
+[P,sin(A} —AJ)x + Pycos(A —AM)x]e g

where we have introduced the notation

_ 3v? _ bv 800)2
P, = = P, = T
Pe (16)

p. = 24\)2.'55(04 p. = 6va/8_000
ST T B 2t T T T bW Wy,
W W pe

An analysis of expression (15) shows that the relative
change in the electron temperature reaches its maxi-

mum value
T 2 (8 _ VvV V -2l
= = —Ej=—€ (17)
Ord - M 15550,

at distances from the plasma—metal boundary that are
on the order of the electron Debye radius. Conse-
quently, due to the heating of the plasma electrons,
there is a heat flux into the plasma interior. Of course,
there also exists a heat flux from the plasma to the
grounded metal surface. However, in the case under
consideration, thisflux is negligibly small in compared
to that into the plasmainterior (Fig. 2).

The condition that the heating be weak, dT < T,
[dv| <€ v(T,), yields the following limitation on the
wave field amplitude:

2 (8, v Us,
W55 0, T,

On the other hand, it is also necessary to take into
account the fact that the results of linear theory that are
used in the present study are valid under the condition

n<l. (18b)

Theresults of the numerical analysisthat are presented
in Fig. 2 show that condition (18) is well satisfied at
field amplitudes such that p < 0.1.

As was expected, an increase in the normalized
wave amplitude u and normalized electron collision
frequency v/w leads to an increase in the Joule loss
power and, thus, hasasignificant impact on the electron
heating process. An increasein the parameter v/v leads
to an increase in the characteristic scale on which the

dlectron thermal conductivity varies (A7~ O JV/v),

and to a more gradual decrease in the electron temper-
ature toward the plasmainterior (Fig. 2, curve4).

<1 (18a)
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5. NONLINEAR DISPERSION RELATION

Recall that a change in the plasma electron temper-
ature produces acorresponding correction dv in the col-
lison frequency [see formulas (8)]. We take into
account this correction and the correction dp = n,dT to
the plasma electron pressurein the equation of electron
motion

Ve _ e D[ p(To) +3p]
ot = meVLP —T — [V(TO) + 6V] Ve. (19)
We then solve this equation simultaneously with the
electron continuity equation and Poisson’s equation to
obtain the following equation for the wave potential:

4 2
» 'y YW ww Wpe ] 2
Moo — + — ——Pe 2k
*Hax* 9% [VTE% ool 77

(20)

2
ww W, 0
G "’[kz v _ﬁ(.ﬂm} 0= Reu+ R
VTe 0 g

Equation (20) with zero on the right-hand side is the
equation for the SW potential to first order in the wave
field amplitude [see Eq. (1)]. The right-hand side of
Eq. (20) accounts for nonlinear effects due to the elec-
tron heating in the SW field:

203 L V[TF.2, VTOV
= |= + - _——
Rov IS%L rulke AlwwaT 1,
002 ZKHD v v —(2A) + Ay)X
X £ gew 21yl %‘ |:| 2
VTewpe

n n w —(Ap+ '2
[ZSIn()\ “AD)x _E)E_wz}e(x 2N;)x
0
(20a)

2
+ [4sin(}\'1' —A))X+ 19%50% cos(A; —AE)X}

pe

2
e_()‘ll+)‘l2+)\1)x !wpe —(Ay+Ap)x
2
Wew
vA Y} Vv 002 A+ Apx
. . —| + X
+2=-2 —2|—%l—|ag+¢2)\TrDee g

2
2,20 Ve
Rf)p - 5“‘ 1wV2 2 €

Te Wpe

~2kslyl Oy wpe —(A +2))x

[F*)sooo

2
+ [4sin()\'1' CA)x+ 19(%50% cos(\} —Aé’)x} (20b)
pe

PLASMA PHYSICS REPORTS Vol. 29  No. 12

2003

1045

V}\z

BISEIVED)
% (A1 + Az tAg)X
)\TEOOO |:|

_oVv pe e—()\l +Ar)x g

Taking into account these expressions for Ry, and Ry,
we represent the sought solution to Eqg. (20) for the SW
potential as

W= A AR T Wy + Wy 1)
Thenonlinear corrections Wy, and Wy, in representation
(21) are related to the perturbations of the collision fre-

guency and electron pressure and are described by the
expressions

vTov

_ VD
Vav = ISEL T AlooooaT

2004

pe

4
e—2k'2'\y\ v Wpe %I. i!De-(zxzmz)x
o

2 4
Wew

2
(k) n 1] w u 1+ '2
— 2 5% [ ogin(A; —Ap)x— L e | r 2
Zsooo Weow

2
+ }{4sin()\'l' —A)X+ 19250%— cos(A; —AE)X}
6 W oo, (22a)

2
e—()\'1+)\'2+)\1)x Wpe }\1}\2e—(7\1+M)X

—,+Anx
xe 2T AT 0

0
2 4
-2k O] w —(Ay+2A5)X
qJ5p = 1H2A1280%e 2Kl 12_29'34 A1+ 2%)
5 w Wpe Welw
1 VoW
+é{4sin()\'1'—)\'2')x+ 19650——2—cos()\'1'—)\'2')x
Wpe (22b)

2
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© T e A A
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We use the boundary conditions implying that the

wave potential and the normal component of the elec-
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Fig. 3. Dependence of thereal part of the coefficient S, on
the wave frequency for the following values of the parame-
tersv/wpe, V/V , and : (1) 0.01, 10%, and 0.1; (2) 0.01, 10°,
and 0.05; (3) 0.02, 103, and 0.1; and (4) 0.01, 2 x 10, and 0.1.

tron velocity vanish at the plasma—metal boundary. As
aresult, we obtain the nonlinear dispersion relation

1+Korpe—Toe(As + A A, +A3)

2
€o .V (23)
= LS * S,
Wpe
where
4 ,v° V[ _-2K3 1y
Sep Ha _2%— o] :
(24)
S, = _&HZEa_V v 0, Dl_ig)sow?’g ~2k31y
v 5 \Y) aT TO(OSSOU)Z 3 wlz)eGD

The complex wavenumber k, satisfying this disper-
sion relation has the form

k, = ﬂ@%tﬂ(%(ﬁsawsap). 25)

VTe mpe

In the limit |JA,| — 0, nonlinear dispersion relation
(23) and its solution (25) transform into linear disper-
sion relation (4) and linear solution (6), respectively.

6. RESULTS AND DISCUSSIONS

According to expressions (24) and solution (25), a
change in the electron pressure produces a positive non-
linear shift of thereal part of the wavenumber (Re S, > 0)
and reduces the damping rate of the SW (Im S5, < 0). In

AZARENKOV et al.

Im S§,/(0v/0T T/v)
0.2+
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—04f
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£/,

1 1
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Fig. 4. Dependence of the imaginary part of the coefficient
Ssv On the wave frequency for the same parameter values as

inFig. 3.

this case, the nonlinear correction to the real part of the
wavenumber exceeds that to the imaginary part:

(V)
ReSsl/lImSy| = 2> 1. (26)

From expressions (24), we see that the effect of a
change in the electron callision frequency on the SW
dispersion is governed by the dependence of the colli-
sion frequency on the electron temperature. First, we
consider the case in which the electron collision fre-

quency increases with temperature, dv/dT|; > 0. This

takes place, e.g., in a semiconductor plasma in which
the electrons are scattered by optical and acoustic

phonons, v(T) O /T, T32[12-14], or in alow-pressure
gas-discharge plasma in which the electron collision
frequency is determined by inelastic collisions, which
result in the ionization and excitation of the working-
gas particles [see expressions (9)]. In this situation, the
nonlinear shift of the rea part of the wavenumber k; is
negative (ReS;, < 0, see Fig. 3) and the nonlinear damp-
ing rate (25) islower (ImS;, < 0, see Fig. 4) thanitslin-
ear value (6).

In the case in which the electron collision frequency
decreases as the electron temperature increases,

0v/0T|; <0 (asisthecase, e.g., with elastic collisions

of electrons with ions or impurities in a gaseous
plasma, v(T) O T2, T-12 [14]), the situation is oppo-
site: the shift of thereal part of the wavenumber is pos-
itive and the damping rate of the wave is higher than its
linear value. In this case, in contrast to relationships
(26), the nonlinear correctionsto therea and imaginary
parts of the wavenumber that are introduced by the per-
PLASMA PHYSICS REPORTS  Vol. 29
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turbation of the electron collision frequency can be of
the same order of magnitude:

3

5&,W
|Resév|/||msév| = é 02 =
WpeV

(27)

A comparison between the effects produced by the per-
turbation of the electron collision frequency and by the
change in the electron pressure on the self-interaction
of an SW shows that the latter is of minor importance;
thus, the contribution from the nonlinear corrections
decreases with the wave frequency (Figs. 3, 4).

We note that the nonlinear corrections to the imagi-
nary part of the wavenumber are also determined by the
mechanism for electron energy losses, ReS;, (v /V.
Thus, in a semiconductor plasma or a high-pressure
gas-discharge plasma, the dominant energy-loss mech-
anismis by elastic electron collisions [17]. In this case,
the ratio of the coallision frequency v to the characteris-

tic frequency of energy transfer, v , is described by the
expression
v/V = 0.5M/m, > 1. (28)
Asthe electron pressure decreases, the loss mechanism
involving inelastic electron collisions [16, 17] that
excite the neutral gas particles becomes dominant and
thisratio decreases:
VIV = (1+Vy/v,)THUZ < 05M/m,.  (29)
Hence, an anaysis of relationships (28) and (29)
allows us to conclude that, for a high-pressure plasma,
the nonlinear corrections to the real part of the wave-

number that are introduced by the electron heating in
the SW field are the most important.

Let us compare the efficiencies of the thermal and
ponderomotive mechanisms for the self-interaction of
an SW. It iswell known that the ponderomotive nonlin-
earity results in plasma density perturbations, on/n, [

—2k; . . .
-We 2 , intheregion where the wave energy density

isthe highest. In Eq. (25), this density perturbation can
be taken into account by the term S5, = (8ky/K),, O

0526 24
plasma:

, Which is dominant for a low-pressure

|Senl - Fodv| oV
IS BvaT|tHd 2

Hence, the thermal nonlinearity plays a governing role
at sufficiently high plasma pressures, such that the con-

dition w/v < JV/v issatisfied.

(30)
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7. CONCLUSIONS

We have investigated the effect of electron heating
on the self-interaction of a weakly nonlinear potential
SW propagating along a plasma—metal interface.

We have abtained the spatial distribution of the elec-

. 2 .
tron temperature in a dense plasma (0w < W, /&) inthe

weak heating approximation such that the perturbation
of the electron temperature in the wave field is small
compared to the unperturbed electron temperature. We
have shown that, in this case, the electron heating is
essentially nonlocal and the electron temperature is
determined predominantly by heat transport processes
in the plasma.

We have derived and investigated the nonlinear dis-
persion relation for an SW under nonlocal heating con-
ditions. We have also obtained analytic expressions for
the nonlinear shift of the wavenumber and for the spa-
tial damping rate of an SW.

We have shown that the self-interaction of an SW
due to the thermal nonlinearity is governed by the
dependence of the electron collision frequency on tem-
perature and that, at sufficiently high plasma pressures,
the effect of the self-interaction is greatest.

Theresults obtained are applicable to both semicon-
ductor and gaseous plasmas.
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Abstract—The transverse oscillations of a coronal magnetic loop whose ends are rigidly fixed in the photo-
sphere areinvestigated. The loop is assumed to be inhomogeneous and to comprise two internal structural com-
ponents: a central dense hot filament and a coaxial rarefied shell around it, in which the plasma density islower
than the density of the surrounding coronal plasma. The Alfvén speed in the shell, V,,, is higher than that in
the central filament and in the corona: Va, > Vae > Vy. It is shown that, in the perfectly conducting plasma
approximation, such aloop can generate two fast magnetosonic waves. The higher velocity wave is emitted in
aradial direction, thereby ensuring the effect of the radiative damping of oscillations at the frequency of the
m=1 cylindrical mode. The results of calculating the effect of radiative losses show that, for typical loop
parameters (corresponding to those of the loops observed in the solar corona), the quality factor of oscillations
may be fairly low (Q = 40). Under the conditions in question, the second (lower velocity) fast magnetosonic
wave is not emitted (in contrast to the first) but rather turns out to be trapped in the magnetic flux tube. © 2003

MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The oscillations of arch loops that were revealed by
the TRACE (Transition Region and Coronal Explorer)
spacecraft in the solar corona [1-4] have drawn
increased attention to the problem of the propagation
and damping of MHD waves in the solar corona and
also to the more general problem of heating the coronal
plasmato temperatures of about 1 MK. Direct observa-
tionsby aUV telescope on the TRACE spacecraft made
it possibleto detect and thoroughly investigate not only
the transverse oscillations of long thin coronal loops
(such that the transverse displacement of the loop may
sometimes be larger than the diameter of its cross sec-
tion) [1, 2] but also the longitudinal perturbations
within the loops (which are presumably of MHD ori-
gin) [3, 4]. There is some observationa evidence that
the interna structure of coronal loops is inhomoge-
neous. according to [4], the loop may consist of afila
ment and a coaxial shell or may be composed of indi-
vidual filaments with different temperatures.

One of the main difficultiesin atheoretical analysis
of the oscillatory properties of coronal loops by means
of alinearized set of MHD equations is the following
[5-10]: The internal structure of a coronal loop is usu-
ally described using the model of a homogeneous mag-
netic flux tube in the form of a circular cylinder, on the
inside and outside of which the plasma density and
magnetic induction are uniform and their values, as
well as the values of the gas pressure, are different but
are consistent with the condition of equilibrium in the
radial direction. In athin tube approximation such that
the tube radiusis much smaller than the wavelength, the
dispersion relation for transverse oscillations of the

loop at the frequencies of cylindrical modeswithm= 1
has the form

Poi(0° = VAKE) = —Poo(0 = Vack?). (1)

Here, p, and p,. are the unperturbed values of the
plasmadensity on theinside and outside of the tube, V,;
and V,, are the corresponding values of the Alfvén
speed, and k, isthe wavenumber along the tube (thelon-
gitudinal wavenumber). Since, for coronal tubes, the
inequality Vu < Vae (Or, equivaently, ps > poe) is obvi-
ously satisfied, it follows from dispersion relation (1)
that the phase velocity of the oscillations should be
lower than the Alfvén speed on the outside of the tube,
w/k, < V.. Under this condition, the radial wavenumber
of the wave on the outside is purely imaginary [see
expression (8) below]; consequently, the wave cannot
propagate in the radial direction in the space surround-
ing the tube, or, in other words, it cannot be emitted.
Thetransverse wave satisfying dispersionrelation (1) is
a fast magnetosonic (FMS) wave; the wave at the fre-
guency of them= 0 modeisaslow magnetosonic wave,
which also can propagate only along the tube.

Hence, a thin corona loop modeled by a homoge-
neous magnetic flux tube is merely a waveguide that
does not emit MHD waves into the surrounding space.
This circumstance has given new impetus to the search
for other mechanisms for the damping of oscillations,
specifically, those that are not associated with the emis-
sion of wave energy (e.g., the anomalous plasma vis-
cosity and/or anomalous plasma resistivity [2] and the

1063-780X/03/2912-1049$24.00 © 2003 MAIK “Nauka/ Interperiodica’
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Fig. 1. Representation of a coronal loop in the form of a
straight circular cylinder with length L and cross-sectional
radiusainthe cylindrical and Cartesian coordinate systems.

resonant absorption of MHD waves in a harrow bound-
ary layer of the tube [10Q]).

In our earlier paper [11], we showed that a magne-
tized plasma cylinder performing one-dimensional
finite-amplitude transverse oscillations in an external
uniform magnetic field aligned with it efficiently gener-
ates outwardly propagating FMS waves. The energy
flux carried away from the surface of an oscillating cyl-
inder by the MHD waves per unit time turns out to be
so intense that the energy stored in the cylinder under
the action of theinitial perturbation that has driven the
oscillations is dissipated during a time as short as sev-
eral periods of free oscillations. In[11], in order to sm-
plify the problem to the ultimate possible extent and to
capture the main effect, namely, the radiative damping
of oscillations, we considered only the side displace-
ments of a magnetized cylinder with free ends. In the
case of such displacements, the perturbed magnetic
field has only thelongitudinal component and the oscil-
lations of the cylinder are dissipationless: k = w/Ve,,

where Vg, = (C + V3 )12, with Cg being the speed of
sound. Also, in [11], we did not solve MHD equations
inside the cylinder.

In the present paper, we consider the oscillatory
properties of a coronal magnetic loop containing two
structural components: a central filament and a sur-
rounding cylindrical shell. Below, we will show that,
under certain conditions, such aloop iscapable of emit-
ting MHD waves. For this to occur, it is necessary that
the central part (filament) of the loop be surrounded by
a coaxial cylindrical shell in which the Alfvén speed
V1S higher than those in the filament and in the envi-
ronment:

Vam> Vae > V.

(@)

Here and below, the subscriptsi, m, and erefer, respec-
tively, to the internal region (the filament), the interme-
diate region (the shell), and the external region (the sur-
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rounding coronal plasma). Since the magnetic induc-
tion in the filament differs insignificantly from that in
the shell, the above condition implies that the plasma
density in the shell should be lower than the density of
the surrounding medium. We thus are dealing with a
model in which the central (denser and hotter) part of
the loop is surrounded by a rarefied shell. As will be
shown below, such aloop (tube) is capable of generat-
ing two FM S waves at the frequency of them =1 cylin-
drical mode. One of these wavesis emitted into the sur-
rounding space, while the other propagates within the
tube, never leaves it, and thus appears to be trapped by
it. Thelatter effect isof great interest for the problem of
heating coronal loops. It should be noted that, under
certain conditions, this second wave can al so be emitted
into space; however, under the conditions adopted in
our study, it always remains within the tube.

Our paper is organized as follows:. In Section 2, we
present the model of acoronal loop in the form of afil-
ament surrounded by a shell and write out the solutions
to alinearized set of MHD equations for three regions:
the internal region (the filament), the intermediate
region (the shell), and the external region (the sur-
rounding coronal plasma). In Section 3, we derive the
dispersion relation and describe oscillations at the fre-
quency of thefirst (m= 1) cylindrical mode. In Section 4,
we calculate the damping rate of the oscillations. And
finally, in Section 5, we discuss the results obtained.

2. SOLUTION OF LINEARIZED MHD
EQUATIONS

We will work in the cylindrical (r, ¢, 2 and Carte-
sian (X, y, 2) coordinate systems (Fig. 1). In the region
-L/2 < z< +L/2, we consider a straight magnetic flux
tube with length L and cross-sectional radius a, whose
endsarefixed at the planesz= +L/2 and z=-L/2. Since
the loops observed in the solar corona are thin (L > a)
and are curved only dlightly, this geometric model of a
loop in theform of astraight magnetic flux tube of finite
length provides a fairly adequate description of the
actual loop structure.

We consider aloop with nonuniform radial profiles
of the plasma density and magnetic induction and
approximate the profiles by step functions like that
shown in Fig. 2. In this model of the loop, there are
three different regionsin the radial direction: the inter-
nal region r < b, the intermediate regionb < r < a, and
the external regionr > a. Theinternal region isthe cen-
tral part of the loop (afilament with an elevated plasma
density), the external region is the space surrounding
the loop, and the intermediate region is ararefied shell.
In each of these three regions, the unperturbed mag-
netic field is uniform, the only nonzero component of
the magnetic induction being the z component. In an
unperturbed state, the transverse equilibrium condition
has the form

PLASMA PHYSICS REPORTS  Vol. 29
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e (3)

Let the loop be displaced from its equilibrium posi-
tion only in the x direction, the displacement amplitude
being X,. We describe the displacement by the formula

X = X,cos(k,z) e, 4)

wherek,=nryLwithn=0, 1,2, .... Thevauen=0 cor-
responds to the transverse displacements of aloop as a
wholeg, i.e., to transverse oscillations of aloop with free
ends. The oscillations of a loop with fixed ends are
described by odd values of n. The value n = 1 corre-
sponds to the half-wave transverse oscillations of a
loop; it isthis oscillation mode that was detected by the
TRACE UV telescope. The valuesn > 1 correspond to
short-wavel ength perturbations.

We assume that the coronal loop executes small
oscillationsthat can be described in alinear approxima-
tion. Thelinearized set of ideal MHD equations hasthe
form

it

ov

1
poa = —Vp+A7_[(V xB) x By,

ap _
St +yp,VO/ =0,

0B
at

where B, and p, are the unperturbed magnetic induc-
tion and unperturbed plasmadensity and B, p, and v are
perturbations of the induction, density, and velocity,
respectively. In accordance with the geometry of the
perturbation under analysis, we seek a solution to
Egs. (5) in the form of a superposition of cylindrical
modes. In what follows, we will describe the perturba-
tions of the radial velocity component, pressure, and
longitudinal magnetic induction by functions of the
form of f(r, t) = f(r)cos$ cos(k,2exp(—iwt).

From Egs. (5) we abtain the following equations for

®)

= V x(vxBy),

the radial component of the perturbed velocity, v,(r),
and the perturbed total pressure P(r) = p(r) +
B,B,(r)/4Tt
v o= 1w dP
L (@ -VAK)p I
(0’ —CK)P = (w'(Va+Ca)—CaVaks)  (6)
o O 1d 1 PO
“Gorar /7 W V2K 2 47

In turn, from Egs. (6) we see that the perturbed total
pressure P satisfies the Bessel equation

zdP dP

g+ (Kr*-1P = 0, (7
Z
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Fig. 2. Model step profile of the plasmadensity in acoronal
loop containing two structural components: b is the radius
of the central part (filament) of a loop with an elevated
plasma density, and a isthe radius of a shell with areduced
density.

where we have introduced the notation
2 _ (0 = Vak)) (w0 - Cekg)
(Ca+ V(W' =Crk;)
. _ Civa
Cr = 5—.
Cs+Va
In each of the above three spatial regions, the per-
turbed total pressure P satisfies the same equation (7)
and, accordingly, expression (8) for the radial wave-
number takes the same form but with different val ues of
the sound and Alfvén speeds. In what follows, we will
denote the radial wavenumber k in the three regions by
the corresponding subscripts: ki, k,,, and k.. The values
of the parameter k, in the regions are chosen to be the
same in order to satisfy the condition for the global
solution to be continuous.
Let us write out the solutions for each of the three
regions. The solution for the internal region (filament)

isexpressed through the Bessel function that hasno sin-
gularity at the loop axis (r = 0):

(ki)
"1 (kib)

®)

Vri(r) = -
©)]
Poi(w’ = Va k) Jy(kr)
ki J;(kib)’

where X,; is the amplitude of the radial oscillations
within the filament.

A distinctive feature of the solution for the interme-
diate region is the inequality kri < 0 (see Section 3 for
details), which implies that the oscillations in the shell

Pi(r) = Xoi
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are of the nature of surface waves. The solution in the
intermediate region should be expressed in terms of the
Hankel and Bessel functionsK; and |,. Sincethisregion
neither includestheloop axis nor extendsto infinity, we
retain both of the arbitrary constantsin the general solu-
tion to the modified Bessel equation:

Ven(r) = —0(AK} (1) + Cl3 (1)),
I = K2,

pOm((*) VAmk )

I

(10)

Pm(r) = (AK (Ir) + Cly(Ir)).

The solution to the problem for the external region
is expressed through the Hankel function of the first
kind, which describes the waves propagating away
from the cylinder to infinity:

_ o HPkn
Vre(r) = _IwXOem' )
S0 =V k) HP (ko
P.(r) = XOepO( . aek?) (1)( )
e Hi" (kea)

3. OSCILLATION MODES
IN A TUBE WITH A SHELL

The relationships between the coefficients Xy, Xy;,
A, and C can be obtained from the matching conditions,
which imply that the radial component of the perturbed
velocity, v,, and the perturbed total pressure P are con-
tinuous at the boundaries between the three regions.
From the boundary conditions for the perturbed radial
velocity at the filament surface (r = b) and at the outer
surface of the shell (r = a) we obtain

Xoi = AK1(Imb) + Cly(Ib), (12)

XOe

AK;(l,a) + Cli(l,a). (13)

The corresponding boundary conditions for the per-
turbed total pressure yield

Poi 2 2, J1(kib)
X —V,k
O| ( Ai Z)J'l(k,b)
(14)
= 200" V2K (AKy(1b) + Cl(1,b)).
Poe,, 2, Hi” (k.a)
X e e’z
I T )

(15)

p“““(w —V2 K3 (AK, (152) + Cly(1,a)).
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We thus arrive at the set of four linear equations (12)—
(15) for thefour coefficients X,e, X,;, A, and C. An equa-
tion stating that the determinant of thissetiszeroispre-
cisely the sought-for dispersion relation:

pkOlI _ VAI k ) pOe

* [Ky(Inb) 11 (153) = K3 (Im@) 11 (1,b)]

(W = Vek?) 31 (kb)HIY (k.a)

p"'(w ~VZK )p°m(w ~VZ, k) 3,k by H Y (k.2)

X [Ky(Im@) 11 (Imb) =K1 (Inb) 11 (Ina)] 16)

RO VAR V) Bk D) HE (kca)
% (K (1n@)1 1 (1) = K (1D) (1]

pOm
X [Ky(Imb) 1 (Ina) =Ky (Im@) 11 (IP)] = 0.

In general, Eq. (16) israther difficult to solve. How-
ever, for our purposes here, it issufficient to consider its
solution in athin tube approximation such that the fila-
ment radius b and the shell radius a are small in com-
parison with the wavelengths of the waves in question.
We assumethat theinequalitieskb < 1, ka<< 1, b <1,
and |, a < 1 hold, which allows us to use series expan-
sionsfor the solutionsto the Bessel equation. In each of
the expansions, we retain the lowest order term to
obtain the zero-order dispersion relation

(8° = b%)[pom(°
+ Poi (W = Vi K2) Poe( @’ = Viack?)]
+(a” + b*){ Pom( W’ = Viamk?)

x [Poi(0° = VAK2) + Poe(6° —Vack)]} = 0.

The frequency w that satisfies dispersion relation (17)
is rea and provides a zero-order approximation to the
solution of dispersion relation (16). Equation (17) has
two solutions corresponding to two different modes of
magnetosonic waves. Since Eg. (17) contains Alfvén
speeds and does not include sound speeds, both of the
modes are FM S ones; the higher velocity mode will be
referred to as afast mode, and the lower velocity mode
will be referred to as a low mode. Dispersion relation
(17) isaquadratic equation for the squared phase vel oc-

ity v2=w/k’ andthusiseasy to solve, but its solutions
are quite lengthy and we will not reproduce them here.

Let us consider the values of the phase velocitiesin
thelimitsb — 0 and b —» a. Inthefirst case, thelim-

EOm (60 ~Vank2) 3 (kib)H Y (k)

2 2,2
_VAmkz)

(17)

PLASMA PHYSICS REPORTS Vol. 29 No. 12 2003



CORONAL OSCILLATIONS AND INTERNAL LOOP STRUCTURE

iting velocity of the fast mode is v — v, and that
of the slow modeisv2 —~ v2,, where
— (pOmVim + pOeVie)

2
Vlo - )
pOm + pOe

2 2
2 _ (PomVam* PoiVai)
V20 - .

Pom T Poi

In the second case (b — a), the limiting velocities of
the fast and Slow modes are as follows: v2 —» v2, =

Viam and v —= V3, = (06 Va + PoeVae)(Poi + Poo)-
Comparing the latter relationship with dispersion rela-
tion (1), we can see that aFM Swave with m= 1, which
is generated in a homogeneous tube, is nothing more
than aslow mode in thelimitb — a.

In order to clarify whether one or another mode can
be emitted into the surrounding space, we consider

expression (8) for k§ in the third (external) region.
Using the conditions Ve > Cg. > Cy, Which are satisfied

for the solar corona, we arrive at the inequality ks >0,
which holds for v > V,.. In this case, the wave will
propagate in the radial direction or, in other words, it
will be emitted into the surrounding space. In order to
check the condition v > V,,, we consider the differ-
ences

2 2
_ pOm(VAm — VAe)

2 2
Vig—Vae = ,
10 he pOm + pOe
2 2 2 2 (18)
2 2 _ (Pom(Vam—=Vae) =Poi(Vae—Vai))
Voo—Vae = .
Pomt Poi

For 0 < b < &, the phase velocity of the fast mode lies
within the range v,, < v < V5 =Va, Taking into
account conditions (2), we can state that, for al values
of the filament and shell radii satisfying theinequalities
0 < b< a, the fast mode can be emitted. The phase
velocity of the slow mode lies within the range v,, >
V > V,,. If we consider transverse equilibrium condi-
tion (3) in the solar corona and ignore the gas pressure,
then, under the inequality

2l
e q/im Vii
we can see that the condition v,, > V, can hold, in
which case the second of the differences (18) is positive
and the slow mode also can be emitted. Consequently,
for al parameter values satisfying conditions (2) in the

limit b — a, the dow mode cannot be emitted and
thus appears to be trapped; however, under condition

2_V 1050 (19)
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Fig. 3. Dependence of the phase velocities of FMS waves
on the ratio of the filament radius to the shell radius. The
upper and lower curves refer to the fast and slow modes,
respectively.

(19), there exists a narrow range of b values that are
close to zero and at which the slow mode can be emit-
ted. The dependence of the phase velocities of the fast
and slow modes on the ratio b/ais shown in Fig. 3.

In side the shell, the wave that can be emitted into
space is a surface wave and, at the same time, it is an
internal wave in the filament. Such awave is generated
within the filament and then is emitted from the outer
surface of the shell. In the emission process, the wave
is emitted only after it has penetrated the shell; in this
sense, the emission process resembles the quantum tun-
neling of a particle through a potential barrier [12].

4. DAMPING OF THE OSCILLATIONS
OF A CORONAL LOOP

According to the above analysis, afast mode that is
generated within amagnetic flux tube and is then emit-
ted into the surrounding space can cause the oscilla-
tions of the tube to be damped. The damping is
described by the imaginary part of the solution to dis-
persion relation (16). Recall that, in the zeroth approx-
imation, the solution is purely real; consequently, the
damping effect should manifest itself in the first
approximation. We seek a solution to Eq. (16) in the
form w= w,(1 + €), where w, is the zero-order approx-
imation and € < 1 is the first-order correction. The
guality factor of the oscillations can naturaly be
defined as Q = 1/(2[Ime|). We calculate only the imag-
inary part of the correction € because itsreal part makes
only a small contribution to the rea part of the fre-
guency w,. In the series expansions that will be used
below, the quantity v = wy/k, is treated as the phase
velocity of the fast mode in the zeroth approximation.
In dispersion relation (16), wetakeinto account thefirst
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Fig. 4. Dependence of the quality factor Q of oscillations at
the frequency of the fast mode on the ratio b/a of the fila-
ment radius to the shell radius. The upper and lower curves
are calculated for b = 2000 km and b = 3100 km, respec-
tively.

two terms in the series expansions for the solutions to
the Bessel equation. Asaresult, we obtain

8v’Ime{ (a°-b%)
X[ PoiPoe( 2V~ Vi = Vae) + 200m(V* —Viay)]
+(a”+ b)) [PomPai(2v° ~ Vi = Vian)
+ PomPoe(2V° —Viae = Vam) 1} +1kia’{ (8"~ b”)
X [PoiPoe(V: = Va) (V= Vad) = pon(VZ = Vi) ]
+ (2" + b”) [PomPoe(V ~Viae) (V= Viar)

—PomPoi (V2 =Va) (Vv =Vin)]} = 0.

Dispersion relations (17) and (20) provide the solu-
tion to the problem about the damping of transverse
oscillations of amagnetic flux tube with ashell. In par-
ticular, they make it possible to numerically calculate
how the quality factor of oscillations depends on the
ratio b/a. Theresults of such calculationsareillustrated
in Fig. 4. The calculations were carried out for the fol-
lowing values of Alfvén speeds in the unperturbed
media: V. =0.7 x 108 cm/s in the external region (in
agreement with the observational data from [1]), V4 =
0.39 x 10® cm/s in the filament, and V,, = 3.5 x
108 cm/s in the shell. The equilibrium values of the
remaining model parameters correspond to transverse
equilibrium condition (3) and the assumption that the
gas pressure is negligible in comparison with the mag-
netic pressure. When Alfvén speeds in the shell and in
the surrounding medium differ by afactor of 5, the den-
sities in these two regions differ by a factor of 25.
According to[13], the plasmadensity intheloopsin the
solar corona can be higher than that in the surrounding
medium by afactor of 8 to 18. We assume that the den-

(20)
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sity of the shell plasma can belower than that of the sur-
rounding plasma by approximately the same factor.

For the longitudinal wavenumber k, = T7L of oscilla-
tions with the period T = 256 s that were observed in a
coronal loop of length L = 130000 km [2], we obtain
k,=0.024 x 10-® cm!; in this case, the phase velocity
of oscillations is equal to v =1.02 x 10® cm/s, which
corresponds to the fast mode. In Fig. 3, thisvalue of the
phase velocity corresponds the ratio b/a = 0.3. For the
above values of Alfvén speeds, the condition for the
slow mode to be emitted [i.e., dispersion relation (20)]
is not satisfied, which indicates that, under the condi-
tions adopted in our model, it remains trapped. From
Fig. 4 we can see that, for the above value of the ratio
b/a and for b = 3100 km, the quality factor of the fast
modeisabout Q = 40, which coincidesin order of mag-
nitude with the values determined from observations.

5. DISCUSSIONS AND CONCLUSIONS

The quality factor obtained above is severa times
higher than the Q value found in our earlier paper [11]
(Q =9), in which it was calculated by estimating the
potential energy that is stored in the loop under the
action of an initia external perturbation and is
expended in emitting MHD waves into the surrounding
space. |n the present paper, we have treated the problem
in a traditional formulation; i.e., instead of the initid
perturbation of a given amplitude driven by an external
action, we have considered infinitely small perturba-
tions that are generated spontaneoudly in the system.
We also assumed that the effect of radiative damping of
oscillationsis apriori small—the imaginary part of the
frequency is a second-order quantity in the small
parameter k,a. A fundamentally important point in the
model developed hereisthat an oscillating coronal loop
with a nonuniform radial distribution of the plasma
parametersis subject to a considerable radiative damp-
ing. Our preliminary estimates show that, in a more
complicated model in which not only the nonunifor-
mity of the plasmadensity but also that of the magnetic
field in the loop is taken into account, the effect under
consideration will be even more pronounced. The
investigation of such amodel isthe subject of an ongo-
ing investigation.

In order to provide amorerealistic description of the
one-dimensional oscillations of a coronal magnetic
loop, we have developed a model that assumes that the
ends of the loop are fixed in the photosphere and the
internal loop structure is inhomogeneous. This model
has alowed asignificant amount of progressto be made
intheinvestigation of the oscillatory properties of coro-
nal loops. The main conclusions of our study can be
formulated as follows:

(i) In contrast to the model of a homogeneous |oop,
the model of a magnetic flux tube with a shell yields a
precise formulation of the problem of the radiative

PLASMA PHYSICS REPORTS  Vol. 29
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damping of the transverse oscillations of a coronal
loop.

(i) The model with a shell makes it possible to
describe two FM S waves whose propagation conditions
are essentially different. The higher velocity mode can
be emitted into the surrounding space; as a result, an
oscillating loop becomes subject to radiative damping.
The shell of the loop, within which FM S waves are of
the same nature as surface waves, plays the role of a
potential barrier through which the waves propagating
from the central dense region pass into the environ-
ment.

(iii) Under the conditions in question, the other
(lower velocity) FM S wave appearsto be trapped in the
central region of the tube. This effect is of interest for
the problem of heating coronal loops. However, under
appropriate model conditions, the lower velocity FMS
mode also can be emitted from the loop.

(iv) In our model, the loop is assumed to comprise
two internal structural components. The plasmadensity
in the shell islower than that in the filament and in the
surrounding environment. The shell is thus a rarefied
cavity surrounding a well pronounced hot and dense
central region of the coronal loop.
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Abstract—Results are presented from measurements of the electron distribution function in a glow discharge
in hydrogen with the help of aplane probe by the second-harmonic method. The parameters are determined for
a model description of the distribution function of thermal and suprathermal electrons. © 2003 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

When a current flows through an ionized gas, the
velocity distributions of positive and negative charge
carriers are always anisotropic: each of the functions
has a component describing the directed current of the
corresponding type of carrier. The anisotropy can arise,
e.g., due to the energy and particle input in the plasma.
Thedirected motion of plasmaelectronsis described by
an anisotropic electron distribution function (EDF). A
detailed study of the processes occurring in gas dis-
charges requires a determination of the suprathermal
anisotropic part of the EDF.

The parameters of the EDF in a plasma can be esti-
mated from the probe current—voltage (1-V) character-
istic in terms of the Langmuir theory [1] only under the
assumption that charged particles obey isotropic Max-
wellian velocity distributions. However, this assump-
tion significantly limits the possibility of measuring the
EDF. Under actual gas-discharge conditions, thereis a
vast variety of factors resulting in plasma anisotropy.
Thisiswhy probe diagnostic methods [2-9] need to be
modified. The relative motion of the plasma and the
probe can also be considered as a kind of anisotropy.
The results of measurements [2—7] show that the EDF
not only deviates substantially from being Maxwellian
but also is often anisotropic.

The problem of investigating the anisotropic EDF
can be successfully solved by spectropolarimetric
methods [10-14]. This implies solving the inverse
problem in which the parameters of the anisotropic
EDF are determined from the measured degree of the
linear polarization of atomic line emission, provided
that the model anisotropic EDF is prescribed [12]. In
[12-14], it was shown that the anisotropic EDF can be
described well by the expression

f(e,8,¢) = :l_.,.t[ft(e)-'- Nefg(e, 8)fu(e), (1)

where N, is the density of thermal eectrons, f,(¢) is
their Maxwellian energy distribution function with the
temperature T,, Ny is the density of suprathermal elec-
trons, and f4(€) istheir energy distribution function.

An analysis of the results of calculations of the
intensities of spectral lines by means of a Maxwellian
and a power-law distribution function shows that the
power-law function is more appropriate for describing
suprathermal electrons:

1-yrem”
fu(e) = 21 @)

where €, and y are the constants of the distribution.

We specify the angular dependence of the distribu-
tion function of suprathermal electronsin thefollowing
form:

Rl ofo for 0<o<
0 21
fe(€,0) = O (3)

Tt
—<0<
for 2_(9_1'[,

NI

where a = ei with €, being the anisotropy constant.
2

Thus, for an electron beam, we have a —» o, whereas,
asa — 0, the distribution tends to become isotropic.

Unfortunately, the validity of expression (1) has not
yet been confirmed by the probe measurements of the
anisotropic EDF in spectropolarimetric studies. In the
present paper, which is aimed at measuring the aniso-
tropic EDF by probes and determining the parameters
of amodel distribution function in a glow discharge in
hydrogen, we bridge this gap.

2. FORMULATION OF THE PROBLEM

By measuring the second derivative of the probe
current | with respect to the probe voltage U at different

1063-780X/03/2912-1056$24.00 © 2003 MAIK “Nauka/ Interperiodica’
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Fig. 1. Circuit diagram of the experimental setup: (/) B3-3 power source for supplying the probes; (2) transformer; (3) probes P1
and P2; (4) U2-8 narrowband amplifier; (5) oscilloscope; (6) gas-discharge tube; (7) BPN-01F analog-to-digital converter, con-
trolled by an IBM PC; and (8) power supply unit for the gas-discharge tube.

values of the latter, we can completely determine the
EDF [2]:

2
4m U d’l

f(e) = ,
e’N,S du?

)

where Sis the surface area of the probe and N, is the
electron density.

There are several approachesto solving the problem
of probe measurements in an anisotropic plasma|3, 6—
8]. In these approaches, which apply to an axisymmet-
ric plasma, the el ectron velocity distribution functionis
specified in spherical coordinates with the polar axis
pointing along the symmetry axis of the plasmaand can
be expanded in aseriesin Legendre polynomials. Mea-
surements by a double-sided plane probe and a cylin-
drical probe make it possible to determine the coeffi-
cients of the even terms of the series expansion. The
coefficients of both the even and odd terms of the
expansion can be determined from measurements by a
one-sided and a double-sided plane probe. Thus, in [7],
the potentialities of this approach were demonstrated
experimentally by investigating low-voltage arc dis-
charges in helium with the help of two cylindrica
probes oriented along and perpendicular to the symme-
try axis of the discharge gap.

Thefirst and second derivatives of the probe current
with respect to the probe voltage can be determined
graphically from the probe |-V characteristic. However,
this method may lead to significant errors. Thisiswhy
Zakharov [9] proposed an experimental method for
directly determining the second derivative of the probe
|-V characteristic. In this method, the probeisheld at a

PLASMA PHYSICS REPORTS  Vol. 29
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voltage that is the sum of a slowly varying voltage U,
and avoltage U, varying rapidly at the frequency w:

U =U, + U cos(wt). ®))
In this case, the current to the probeis described by the
expression

I =f(Uy + U cos(wt)). (6)

If the voltage amplitude U, is sufficiently small, we can
expand the current in harmonics of the frequency w:

| = [f(uo) + %uff"(uo) + }

+[UZf'(Up) + ...] cos(wt) -

+ [szf"(uo) + ...}cos(Zwt)

= Ay + A cos(wt) + Aycos(2wt).

This expansion shows that the coefficient A, of the sec-
ond current harmonic is determined by the second
derivative to within terms of higher orders. The second
harmonic of the probe current is singled out using afil-
ter or anarrowband amplifier.

3. EXPERIMENTAL SETUP

The anisotropic EDF was measured in glow dis-
chargesin hydrogen at a pressure of about 10> mm Hg
(Fig. 1). The positive discharge column in hydrogen is
stratified, which meansthat the EDF is spatially nonuni-
form. The distance between the indirectly heated cath-
ode and the anode in the discharge tube was 135 mm.
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Fig. 2. I-V characteristic of probe P1: the points show the
experimental data and the solid curve was obtained by their
linear interpolation.
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Fig. 3. Dependence of the amplitude A, of the second har-

monic of the current to plane probe P1 on the voltage ampli-
tude U, for different voltages between the anode and cath-

ode: 250 V (diamonds), 300 V (crosses), and 350 V (cir-
cles).

The measurements were carried out by two 1.5-mm-
diameter plane probes soldered into the discharge tube
at distances of 35 and 80 mm from the cathode along
the discharge axis. The tube was 40 mm in diameter.
Thedc voltage between the cathode and anode was sup-
plied from a B3-3 power source (PS1). Thedistribution
function was measured in regimes with discharge cur-
rents of 30, 35, and 42 mA, the voltages between the
cathode and anode being 250, 300, and 350 V, respec-
tively. The probes were held at a dc voltage that was
varied between —30 and +60V and was supplied from a
B3-3 power source (PS2) (1). At higher voltages, the
probes begin to function as anodes, which may cause
their destruction.

PANKRASHKIN, SHAPOCHKIN

At the same time, an ac voltage was supplied to the
probes by means of transformer 2. The ac voltage
amplitude U, was 0.1V, which did not exceed the 0.1
of the dc voltage amplitude U, over the entire range of
measurements. As an ac voltage source, we used asine-
wave oscillator operating at afrequency of 500 Hz.

The voltage signa from the measuring resistor R
was fed to aU2-8 narrowband amplifier (4), which was
used to single out the second harmonic (with a fre-
guency of 1000 Hz). The amplified ac signal was then
fed to an oscilloscope and, simultaneously, to arectify-
ing diode. The rectified signal was digitized by a BPN-
01F analog-to-digital converter and was stored in an
IBM PC for further processing.

4. RESULTS FROM PROBE MEASUREMENTS

The measurements were carried out with two plane
probes placed at different distances from the cathode.
The data from each of the probes were obtained for
three different values of the voltage between the cath-
ode and anode: 250, 300, and 350 V.

In thefirst stage of the experiment, we measured the
|-V characteristic of each of the probes by the Lang-
muir single-probe method [1].

The plasma potential near probe P1 was determined
from the position of the inflection point inthe I-V char-
acteristic and was found to be 8 V. This potential corre-
sponded to a*“zero” energy for the EDF [1] (seeFig. 2).
Accordingly, when determining the anisotropic EDF,
the results of the second-harmonic measurements
(Fig. 3) were shifted along the energy axis by an
amount equal to this plasma potential, 8 V. Under the
assumption that the plasma electrons obey a Max-
wellian velocity distribution, we can calculate the tem-
perature of the thermal electrons[1],

e
Te kdIn(I )’
du
where k is Boltzmann’s constant.

Measurements with probe P1 yielded an electron
temperature of 22500 K (or 2.3 eV).

In the second stage of the experiment, we measured
the EDF with both probes by the second-harmonic
method [9]. Figure 3 shows the amplitude of the second
harmonic of the anode current (7) measured by probe
P1 in three different discharge regimes, while Fig. 4
illustrates the results of measurements with probe P2.
The probes were oriented so that the normals to their
surfaces were perpendicular to the discharge axis
(Fig. 1).

As can be seen from Figs. 3 and 4, the EDF is
weakly sensitive to the discharge regime.

However, the two probes gave somewhat different
results. By averaging the results of measurements over
different regimes and by shifting them along the energy
axis by an amount equal to the plasma potentia
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Fig. 4. Dependence of the amplitude A, of the second har-

monic of the current to plane probe P2 on the voltage ampli-
tude U, for different voltages between the anode and cath-

ode: 250 V (diamonds), 300 V (crosses), and 350 V (cir-
cles).

obtained from the probe 1-V characteristic, we can
compare the EDFs measured by the two probes (Fig. 5).
The results derived in this way show clearly that the
anisotropic EDF has a component with energies of up
to 5 eV; this component corresponds to thermal elec-
trons with a Maxwellian distribution. The temperature
of these thermal electrons was determined from the
position of the first peak in the EDF and was found to
be about 2 €V, which coincides with the temperature
value obtained from the |-V characteristic by the
method developed by Langmuir and Mott-Smith [1].
Since the data on the EDF from each probe in all dis-
charge regimes are highly reproducible and since the
second-harmonic method and the single-probe method
yield nearly the same temperatures of the thermal elec-

f(€), arb. units
3.0F

25

‘o “0-0-g
1 1 1

1 1 1 ]
20 25 30 35 40 45 50
g, eV

Fig. 5. EDFsobtained from measurements by probe P1 (cir-
cles) and probe P2 (diamonds).
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trons, it is justifiable to presume that the probes only
dlightly perturb the plasma and thereby have an insig-
nificant impact on the measurement accuracy.

At energies higher than 5 eV, the EDF is seen to
deviate substantially from a Maxwellian function. This
energy range corresponds to anisotropic suprathermal
electrons.

The second peak in the measured EDF in the energy
range 3040 eV can be associated with the initialy
Maxwellian electrons that are emitted from the cathode.

The accuracy of measurements of the anisotropic
EDF by the second-harmonic method is determined by
the extent to which the measured results are reproduc-
ible. In the energy range around the first peak, where
the EDF character changes radically, the measurement
error was no larger than 10%. At other energies, the
measurement error was | ess than 3%.

5. DETERMINATION OF THE PARAMETERS
FOR A MODEL DESCRIPTION OF THE EDF

From Fig. 6, we can see that, in the energy range
corresponding to thermal electrons, the EDF measured
by probe P2 is well approximated by the Maxwellian
function

f(e) = %T(kT)_yzeXPE)—%E«/E

with the temperature T = 2 eV.

The remaining part of the EDF corresponds to
suprathermal electrons and can be approximated by
power-law function (2). In contrast to the thermal elec-
trons, which obey an isotropic Maxwellian distribution,
the suprathermal electrons are described by anisotropic
distribution function (3). Consequently, the conditions
under which these two groups of electrons contribute to
the resulting probe current are different. Thisiswhy a

f(e), arb. units
25r
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L5k

1.0F

0.5r

. L | L |
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|;|||||\|\T
012345672809

Fig. 6. Approximation of the experimental EDF (circles) by
aMaxwellian function (dashed curve).
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Parameters of the model distribution

PANKRASHKIN, SHAPOCHKIN

250V 300V 350V
T,e,VY,0 T,e,V,0 T,€,Y,0
Probe P1 2.3; 10; 1.7; 88% 2.3; 10; 1.7; 90% 2.0; 10; 1.7; 90%
Probe P2 2.0; 10; 1.8; 85% 2.0; 10; 1.8; 85% 2.0; 10; 1.8; 85%

comparison of the parts of the anisotropic EDF that cor-
respond to thermal and suprathermal electrons does not
provide adequate information about the numbers of
these electrons.

In order to estimate the accuracy with which the
parameters T, €, and y of the power-law EDF are
adjusted to fit the experimental data, we determine how
theratio

5 = |SP1_SeXP|
Sexp
5
1.5F 3
2 _ _ _ _____
== 1
1o F
051

0 1 1 1 1 1 1 1 1 1 1 1 1
1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
Y

Fig. 7. Dependence of the parameter  on y for €, = (1) 5,
(2) 7, and (3) 10.
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Fig. 8. Comparison of the anisotropic EDF obtained exper-
imentally from probe P1 (crosses) with a Maxwellian func-
tion (dashed curve) and a power-law distribution function of
suprathermal electrons (solid curve).

depends on these parameters. Here, S, isthe areaunder
the curve of the power-law EDF and S, is the area
under the curve of the experimentally obtained EDF.

As an example, Fig. 7 shows the plot of the ratio of
these areas versus the parameter .

It was found that the most suitable parameter values
for a model EDF approximating the EDF obtained
experimentally by the first probe arey = 1.7 and g, =
10 eV. For these parameter values, we have d = 90%.
The plot of the power-law EDF with these parameter
values in the energy range above 10 €V is shown in
Fig. 8.

The values of the parameters T (in eV), €, (in eV),
and y obtained from probes P1 and P2 in all regimes
and the accuracy & with which the parameters were
determined are given in the table.

The peak in the energy range around 40 eV in Fig. 8
can be approximated, e.g., by a Gaussian function.
However, the fraction of these electrons in the total
number of suprathermal electrons is as small as 15%.
Consequently, in expression (1) for the anisotropic
EDF, this electron subgroup can be neglected, the loss
of accuracy being just 15%. Otherwise, expression (1)
should be supplemented with the corresponding term
describing these electrons.

6. CONCLUSIONS

The results of measuring the EDF in a glow dis-
charge in hydrogen show that there is a substantial
amount of suprathermal electrons that should be taken
into account when analyzing the kinetics of the dis-
charge processes. These suprathermal electrons can be
described by the power-law distribution function whose
parameters have been determined in our study. The
description of suprathermal electrons by a Maxwellian
distribution function is far less accurate, which agrees
with the conclusions obtained from an analysis of the
optical spectra [14]. The anisotropy parameter €, of
model distribution function (3) is reliably determined
by spectropolarimetric methods [13, 14], while the
probe method for measuring the anisotropic EDF fails
to determine it.
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Abstract—A spherical glow discharge with a pointlike anode is considered in a self-consistent drift-diffusion
approximation. The model includes the time-dependent continuity equations for ions and electronsin the drift-
diffusion approximation and Poisson’s equation for theradial electricfield. In finding steady-state distributions,
Ohm'’slaw is used to relate the discharge voltage and discharge current. Steady-state distributions of the plasma
parameters across the discharge gap, current—voltage characteristics, and cathode characteristics for an abnor-
mal spherical dischargein molecular nitrogen are obtained. In a subnormal glow-discharge regime, oscillations
in the conduction current, potential, and other discharge parameters are revealed. Similar regimes are also
observed in conventional dischargesin tubes. © 2003 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

At present, glow dc dischargesin tubes[1, 2] are one
of the best studied types of glow discharges. In recent
years, volume discharges with a pointlike anode [3-7]
have attracted considerable interest. A spherical glow
discharge with acentral small-size anode enclosed by a
large-area spherical cathode was investigated in [5-7].
Studies of a spherical discharge with a pointlike anode
show that the discharge structure is qualitatively the
same asthat of aplanedischarge. In particular, the cath-
ode sheath and the positive column are formed and the
electric properties and cathode characteristics of a
spherical glow discharge, on the whole, correspond to
those of dischargesin tubes. At the sametime, spherical
discharges differ substantially from conventional glow
discharges in tubes. For example, the spatia distribu-
tions of the electron and ion densities in the positive
column of aspherical discharge are highly nonuniform.
At high discharge voltages, the charged particle densi-
ties decrease in inverse proportion to the square of dis-
tance from the pointlike anode. In contrast to the
plasma of the positive column in tubes, the space
charge is nonzero and decreases in inverse proportion
of the distance from the anode.

In this paper, a spherical glow discharge is consid-
ered using a self-consistent time-dependent drift-diffu-
sion model for the entire discharge gap. We use a spher-
icaly symmetric one-dimensional model in which all
the parameters depend only on the distance from the
anode center. We also assume that the cathode is
entirely occupied by the discharge current. Such a
model, in spite of itssimplicity, yields qualitatively cor-
rect radia distributions of the plasma parametersin a
spherical abnormal discharge. To describe the normal
regime of a spherical glow discharge, when the spheri-

cal symmetry islogt, it is necessary to consider a two-
dimensional problem.

Oneof theclassical problems of gas discharge phys-
icsisthe study of different dischargeregimes. Thereare
subnormal, normal, and abnormal regimes of a glow
discharge, which occur over a wide range of gas pres-
sures p, discharge voltages Uy, and discharge currents
Jq[8]. In many experimental studies, it was pointed out
that, in subnormal dischargesin tubes (i.e., in the tran-
sition region between a Townsend discharge and a nor-
mal glow discharge), thereis aregime of self-sustained
oscillations of the discharge current [8-12]. When
studying spherical discharges, it was also found that, in
the parameter range corresponding to a subnormal dis-
charge, the system changes to an oscillatory regime if
the power source voltage isinsufficient for sustaining a
discharge with awell-formed cathode sheath.

2. MODEL

In this paper, a spherical glow discharge in a low-
density (0.1 < p <5 torr) molecular nitrogen was simu-
lated using time-dependent equations for ion and elec-
tron transport in a self-consistent electric field that was
determined from Poisson’s equation. Steady-state solu-
tions were found by the relaxation method over the
entire discharge gap (from the anode to the cathode).
The radii of the spherical anode and the surrounding
cathode (a= 0.5, R, = 12.5) were chosen in accordance
with the geometrical dimensions of the devices in
which spherical stratified discharges have been investi-
gated [5-7]. In view of their spherical symmetry, all of
the plasma parameters were assumed to depend only on
theradial coordinate.

1063-780X/03/2912-1062$24.00 © 2003 MAIK “Nauka/ Interperiodica’
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It was assumed that the chamber contained neutral
nitrogen with a molecular density of Ny ~ 10'® cm™ at
room temperature, ions with adensity n;, and electrons
with adensity n.. The electron and ion flows were con-
sidered in the drift-diffusion approximation:

on

r - e“eE Dear (1)
on;

M= +npE- D'a ()

where L, (1) isthe electron (ion) mobility and D, (D;)
is the electron (ion) diffusion coefficient. The particle
densities satisfy the continuity equations

ane+1a

20\ _

H —zaF(r re) - Ngai(Te)|re|_Brneniv (3)
an; 10

6t Zal’(r I ) gai(Te)lrel _Brneni, (4)

where theionization coefficient a;, the diffusion coeffi-
cients of electrons and ions, and their drift velocities
(We ; = Ue ; E) were specified in the local field approxi-
mation. The diffusion coefficients and the mobilities of

electrons and N, ions in molecular nitrogen and the

electron-impact ionization coefficients for nitrogen as
functions of the reduced electric field were taken from
[13, 14]. The coefficient of electron dissociative recom-
bination in nitrogen 3, was assumed to be constant and
equal to2 x 107 cm™ [15].

Theradial distribution of the electricfield in the dis-
charge gap was found from Poisson’s equation

2097 _ 6(])

Frike = 4me(n; —ng), = —

mr E(r) = 5)

Equations (1)—(5) were solved numerically by the
relaxation method on a uniform mesh (500—
1000 nodes) using an implicit scheme. Theinitial con-
ditions were specified throughout the entire discharge
gap. The boundary conditions for the electron and ion
flows were imposed at the anode and cathode. The ini-
tial electron and ion densities were assumed to be uni-
form and equal to a certain small value (n;(r, t = 0) =
ne(r, t = 0) = const ~ 10* cm™3). The grounded cathode
(r = R) was maintained at a zero potential. At the
anode, the initial potential was equal to the power sup-
ply voltage (see Fig. 1).

Theinitia distributions of the potential and the el ec-
tric field in the discharge gap were given in the form

U(r,t=0) = U (r =RH/(a =R,

E(r,t=0) = ngl(a_l—R;l),
r
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Fig. 1. Electric circuit: Uy is the power supply, R is the
resistance of the external circuit, and C is the capacitance.

where U, is the power supply voltage. The boundary
conditions were imposed as follows:

(i) At the cathode, we specified the condition of sec-
ondary electron emission, I', = —y;[';, where y; is the
second Townsend coefficient. The values of the effec-
tive secondary-emission coefficient for various gases
and materials lie in the range 102-10! [1] and some-
what increase with increasing reduced field E/Ng. In
this paper, the coefficient v is assumed to be indepen-
dent of E/N, and equal to 0.05.

(ii) The second spatial derivative of the ion density
at the cathode was taken to be zero, 0%n; /dr?|. = 0. This
isthe so-called free-inflow condition, which limits nei-
ther the value of theion density n; (r = R.) nor its deriv-
ative on; /or at the cathode.

(iii) Theion flux density at the anode was assumed
tobezero, ;= 0.

(iv) The free-inflow condition for electrons was
imposed at the anode, 9°n./dr?|, =

The calculations showed that the choice of other
boundary conditions for ions at the cathode and for
electrons at the anode affected the results obtained
insignificantly.

Subtracting Eq. (3) from Eq. (4) and substituting the
result into Eqg. (5), we find the expression for the total
discharge current,

20E

2
Jy = 4dmer (I =Ty +r a3

(6)
where the first term is the conduction current J..,,, and
the second term is the displacement current J,;,,. It fol-
lows from the derivation of Eq. (6) that Jy should be
spatially uniform; i.e., it should be independent of the
radius. The constancy of the total current Jy(t) through-
out the entire discharge gap in the course of the dis-
charge served as an additional criterion of the correct-
ness of the simulation results. The displacement current
Jaisp differed from zero only in unsteady and oscillatory
regimes.
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Fig. 2. Radial steady-state distribution of the ion density
n;(r) (solid line), electron density ng(r) (dashed line), and
positive charge density An(r) (dots).

In numerical simulations, the time step At depended
on the gas pressure and was varied from 10 to 10 ps.
Poisson’s equation for the potential was solved by the
sweep method with a zero boundary condition at the
cathode, U(r = R., t) = 0. The positive potential at the
anode U, was recalculated at every time step using the
feedback equation.

Figure 1 shows the diagram of the electric circuit,
which contains a power supply with a voltage of U, =
0.5-6 kV, an external-circuit resistance of R=20kQ, a
capacitance of C =500 pF, and the spherical discharge
chamber. As a feedback equation, we use Ohm'’s law,
relating the discharge voltage U, to the discharge cur-
rent Jy (for agiven power supply voltage Up):

Ug = Ups_R‘]res’ (7
where J,, is the electric current in the external circuit,
which is equal to the sum of the currents flowing
through the discharge and the capacitor of the external
circuit: J.., = Jg + J.,p- The current through the capacitor
can be represented in the form

Uy,—U

‘]cap = %ﬁ - (‘]cond + Jdisp)-

()
The presence of the capacitive current leadsto achange
in the voltage across the capacitor. This changeis equal
to the change in the discharge voltage. As aresult, the

SUKHININ, FEDOSEEV

change in the anode voltage AU during the time step At
can be represented as follows:

AU = 13, At

c ©)

3. RESULTS OF CALCULATIONS
AND DISCUSSION

The computational procedure was as follows. The
time-dependent problem (1)—(5) was solved for a cer-
tain gas pressure lying in the above range and a suffi-
ciently high power supply voltage (U, > 2000 V). The
plasma parameters in the discharge gap evolved from
theinitia distribution to a certain steady-state distribu-
tion. The temporal stages of the evolution of aspherical
discharge are described in detail in [16]. As a result,
after 107-108 time stepsthat corresponded to times of a
few hundred microseconds, a steady-state equilibrium
distribution of the plasma parameters was established,
including the cathode sheath and the positive column
(PC), in which the radial electric field depended
dlightly on the radius.

Figure 2 shows an example of the radial distribu-
tions of the electron and ion densities, ny(r) and n;(r),
and their difference An(r) at the time t = 100 ps. The
cathode radiusis R, = 12.5 cm, and the anode radiusiis
a=0.5cm. The power supply voltageisU,s=2KkV. The
nitrogen pressure is p = 0.5 torr. By this time, the con-
duction current J_,,4 and the total current J; = 70 mA
become constant throughout the entire discharge gap,
whereas the displacement current almost completely
vanishes (the relative value of the displacement current
isless than 1075). This regime can be regarded as com-
pletely established, and the parametersin the discharge
can be considered steady-state. One can see the formed
cathode sheath with alength of d. ~ 1-2 cm, in which
the ion density substantially exceeds the electron den-
sity, and the PC. Here, by PC, wetraditionally mean the
region in which theion density differ only slightly from
the electron density. Under these conditions, the elec-
tric field strength at the cathode is on the order of
E.(r) ~ 200 V/cm. In the PC, the reduced electric field
depends only dlightly on the radius and is on the order
of E/p ~ 10 V/(cm torr). The electron and ion density
distributions in the PC vary as n;(r) ~ ng(r) ~ 1/r>. The
space charge in the PC is nonzero, An = (0, — ng) ~ 1/r,
which is a characteristic feature of a spherica dis-
charge. It can be seen that the quasineutrality condition
in the PC is satisfied accurate to within a value on the
order of |An|/n; ~ 10°3-102. Indeed, it follows from
Poisson’'s eguation (5) that, in the spherical case, the
space charge density at aconstant field E(r) = E, should
vary in inverse proportiontor:

1E

An = (n—ne) = 2ner’
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whereas in the case of plane geometry and a constant
field, we have An = 0.

After a steady-state discharge regime had been
reached for one value of the power supply voltage, the
value of U, was changed by AU, =50-500V at afixed
gas pressure. The previoudy calculated radial distribu-
tions of the plasma parameters (the charged particle
densities and the electric field strength) were then used
asinitial data. After arelaxation processthat lasted sev-
eral dozen microseconds, the system arrived at a new
steady state with new values of the potential and the
discharge current. In thisway, the current—voltage char-
acteristic of the discharge was calculated for afixed gas
pressure. The gas pressure was then altered somewhat,
and the procedure was repeated. As a result of such
numerical experiments, the current—voltage character-
istics were obtained for different gas pressures.

Figure 3 shows typical current—voltage characteris-
tics of aspherical discharge for different nitrogen pres-
sures. The minimum pressure is p = 0.1 torr (at pres-
suresof p < 1 torr the curves everywhere have apositive
slope). As the pressure increases, both the slope of the
curves and the discharge voltage U, decrease. For p =
0.8-1.0 torr, the discharge voltage Uy is minimum. At
pressures above 1 torr, a minimum appears in the cur-
rent—voltage characteristic in the current range under
consideration. The minima of the current—voltage char-
acteristics for p = 2, 3, 4, and 5 torr are indicated by
large crosses and arejoined by the dashed line. It can be
seen that, as the discharge current increases, the cur-
rent—voltage characteristics come closer to the lowest
current—voltage characteristic, corresponding to the
pressurep = 1 torr.

Itiswell known that the higher the gas pressure, the
higher the power supply voltage U, required for main-
taining the abnormal regime of a glow discharge. From
Fig. 3, it can be seen that, as the pressure increases, the
minima of the current—voltage characteristics shift
toward high currents, which corresponds to higher
power supply voltages. At the left branches of the cur-
rent—voltage characteristics, the discharge becomes
unstable. As the power supply voltage decreases, the
length of the cathode sheath increases and the electric
field at the cathode decreases. As aresult, aregime is
established in which all the discharge parameters oscil-
late. Similar oscillations were observed experimentally
in tubes in the parameter range corresponding to a sub-
normal glow discharge [8-12] (these oscillations will
be described below in more detail). As the power sup-
ply voltage decreases further, the oscillatory discharge
changes to a Townsend discharge.

L et usdraw an analogy with the classification of dif-
ferent regimes of discharges in tubes and propose a
classification of the observed regimes of aspherical dis-
charge. It should be remembered that the one-dimen-
sional model under consideration is inapplicable to the
description of the normal regime of a glow discharge,
when the cathode surface is only partially occupied by
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Fig. 3. Current—voltage characteristics of a spherica dis-
charge at different nitrogen pressures: (¢) 0.1, (a) 0.2,
(D) 0.4, (x) 0.6, (0) 0.8, (¢) 1.0, (a) 2.0, (m) 3.0, (x) 4.0,
and (@) 5.0 torr.

the discharge current. The right branches of the cur-
rent—voltage characteristics for pressures of p > 1 torr
and all of the characteristics for pressures below 1 torr
correspond to the abnormal regime of a spherical dis-
charge. As the discharge current increases, the dis-
charge voltage increases too. The oscillatory regimes
that fall to the left of the minima of the voltage—current
characteristics for p > 1 torr will be referred to as sub-
normal regimes. The regime corresponding to a single
minimum in the current—voltage characteristic for a
given gas pressure will be conventionally referred to as
anormal regime.

The phenomena occurring in the cathode sheath
play a decisive role in the formation of a glow dis-
charge. In our study, we analyzed the main cathode
characteristics of a spherical discharge. The cathode
sheath length d, is most conveniently defined asthedis-
tance between the cathode surface and the radius at
which the rate of electron-impact ionization of the gas
ismaximum. The cathodefall voltage U. wasdefined as
the voltage drop over the cathode sheath length d...

Figure 4 showsthe cathode fall voltage asafunction
of the product pd,. All of the calculated points are seen
tofall onasinglecurve. Interestingly, al the points cor-
responding to the normal regime at different pressures
turn out to fall in a very narrow parameter range near
the point (U, = 230 £ 5V, pd, = 1.01 £ 0.05 torr cm),
which is indicated by the cross. All the points corre-
sponding to the abnormal regime fall to the left of this
point.

It iswell known that, in the case of an abnormal dis-
charge in a tube, the discharge current J; can be
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Fig. 4. Cathodefall voltage U vs. product pd,. The symbols
correspond to the same pressures asin Fig. 3.

increased by increasing the power supply voltage U, or
decreasing the external-circuit resistance R. The higher
the discharge current Jy, the higher the discharge volt-
age Ug. At the same time, the increase in the discharge
current is accompanied by an increase in the cathode
fall voltage U, and a decrease in the cathode sheath
length d, [17]. On the other hand, below the so-called
normal cathode drop U,,, which depends on the sort of
gas and the cathode material, the discharge changes to
the normal regime, in which U, = U, and pd. = pd,.
Hence, in the case of a discharge in a tube, the curve
U(pd,) terminates at the point (U,,, pd,). Nevertheless,
the points corresponding to the subnormal regime are
shown in Fig. 4. It is worth noting that the farther the
point from the normal regime, the more pronounced the
oscillations of the discharge parameters.

Figure5 showsthe cathodefall voltage U, asafunction
of j/p?. All thedataaso fal on asingle curve. The charac-
teristic value of j/p? corresponding to the normd regimeis
equal to (j/p?), = (7.4 £ 1.2) x 102 mA/(cn? torr?). The
current density was calculated astheratio of the current
at the cathode to the cathode area. It will be remem-
bered that the current density in discharge tubesis con-
stant over the tube length, whereas the current density
in aspherical discharge decreasesin inverse proportion
to the square of the distance from the anode. If we use
the geometric mean of the current density over the gap
when calculating the value of (j/p?),, then the obtained
value (j/p?), = 0.185 mA/(cm? torr?) will aimost coin-
cide with the usual value of this parameter for nitrogen
discharges in tubes.
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Fig. 5. Dependence of U. onj /p2. The symbols correspond
to the same pressures asin Fig. 3.

The transition and gquenching regimes of the dis-
charge require particular consideration. In numerical
simulations, relaxation oscillatory regimeswith oscilla-
tions of the discharge parameters were observed to the
left of the minimum of the current—voltage characteris-
tic. When passing to a new value of U, at sufficiently
high power supply voltages, aperiodic oscillations of
the discharge parameters and their subsequent rapid
relaxation to new steady-state values are observed. Fig-
ure 6 shows an example of such arelaxation of the elec-
tric field strength at the cathode at a nitrogen pressure
of p=3.5torr. Curve I corresponds to a change from a
power supply voltage of U,s=1500V to alower voltage
of Ups = 1400 V, whereas curve 2 corresponds to a
change from U, = 1350 to 1400 V. It can be seen that
the oscillatory transition from different states resultsin
anew steady state that correspondsto anew power sup-
ply voltage. The lower the final value of the power sup-
ply voltage, the larger the oscillation amplitude and the
lower the oscillation frequency and the damping rate.
Similar oscillations are al so observed in other discharge
parameters.

At acertain critical value of the power supply volt-

*

age, U, the relaxation oscillatory regime changes to

a harmonic undamped self-sustained regime. However,
such a transition occurs only at gas pressures higher
than acertain critical pressure p*, which dependson the
cathode radius. For example, for R, = 12.5 cm and an
external-circuit resistance of R = 20 kQ, the critical
pressure above which oscillatory regimes are observed
is equal to p* = 1.9 torr. At this pressure, the critical

voltageis U =800V and the oscillation frequency is

PLASMA PHYSICS REPORTS Vol. 29 No. 12 2003
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Fig. 6. Oscillatory relaxation processes (curves /-3) for dif-
ferent AU s and damped regimes (curves 4, 5)

f=30kHz. At apressure of p=3.5torr, thecritical volt-
age is U} = 1250 V. This regime is represented by
curve 3 in Fig. 6. It can be seen that, under these condi-

tions, almost sinusoidal oscillationswith afrequency of
f = 60 kHz take place.

The mechanism for these oscillations can be inter-
preted as follows. The ions generated by the electrons
in the cathode sheath arrive at the cathode and cause
secondary emission. A new portion of the emitted elec-
trons is accelerated in the field of the cathode sheath.
The ionization of atoms by these electrons produces a
new number of ions moving toward the cathode, and so
on. The electron velocity is higher than theion one; for
this reason, the oscillation frequencies (f ~ 0.1 MHz)
correspond to thetimeit takesfor theionsto movefrom
the center of the cathode shesath to the cathode surface.
The oscillation frequency can be estimated as follows:

f= VAR, (10)

where AR, is the characteristic length of the cathode
sheath, V; O~ W, E; istheion velocity, and E. isthe elec-
tric field in the cathode sheath.

The spatial distributions of the discharge parameters
(thetotal current, the electron density, the electric field,
etc.) vary substantially during the oscillation period
throughout the entire discharge gap, rather than only in
the cathode region. Figure 7 shows the radial distribu-
tion of the electric field at two instants with an interval
of At = 12.5 s, corresponding to opposite oscillation
phasesat Ups= 1250V and p = 3.5 torr. The oscillation
amplitude of the electric field at the cathode is 30 V/cm
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Fig. 7. Radia profiles of the electric field at instants 7 and 2
with an interval of At = 12.5 s, corresponding to opposite
oscillation phases.

at amean value of the cathode field [EE.[= 456 V/cm. In
the PC, the electric field is on the order of 50 V/cm and
its oscillation amplitude is comparable to its mean
value. It can be seen that the spatial distributions of the
electric field differ substantially at instants correspond-
ing to opposite oscillation phases; i.e., the so-called
“breathing” regime of the discharge isrealized.

It was found that, in regimes with Us< U5 (p), the
second mode of oscillations with a double period
arises. The amplitude of this mode increases with
increasing AU = U ;S (p) — Uy For agas pressure of
p = 4 torr, the voltage at which oscillations appear is
Ups = 1300 V. Figure 8 shows the oscillations of the
electric field at the cathode E(t) for AU, =25V. The
frequencies of the first and second modes of oscilla-
tions of al the discharge parameters are f, = 45.5 kHz
and f, = 22.7 kHz, respectively. The mechanism for the

second-mode generation can be explained as follows.
At power supply voltages U, below the critical value

U s (), the cathode sheath length AR, varies periodi-

caly from the minimum to maximum value (twofold
for the regime under consideration). The stopping
points of the cathode sheath, which occur each half-
period of oscillations, correspond to the two frequen-
cies defined by relation (10).

At U, < U (p), the discharge passes to a damped

regime. The cathode sheath becomes substantialy
wider, the cathode el ectric field averaged over the oscil-
lation period decreases (the cathode sheath is
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Fig. 8. Bifurcation of the oscillation period of the electric
field at the cathode E(t). The curve is a superposition of

two modes with the frequencies f; = 45.5 kHz and f, =
22.7kHz and the amplitudes E; = 52 V/cm and E, =
27 V/cm, respectively.

destroyed), and the period-averaged values of the space
charge and current densities decrease over the entire
discharge gap. The damping rate of the average current,
as well as the amplitude and frequency of oscillations,

depends on the value of AU = U (p) — Ups. At suffi-
ciently high values of AU, oscillations become aperi-

odic and the discharge passes to a Townsend regime
(seeFig. 6; curves4, 5).

4. CONCLUSIONS

A novel numerical method has been elaborated for
simulating spherical glow discharges. The model
includes time-dependent continuity eguations in the
drift-diffusion approximation and Poisson’s equation
for the electric field. The adopted spherical symmetry
makes it possible to consider the problem in the one-
dimensional approximation.

The time-dependent drift-diffusion model under
consideration, which includes the external electric cir-
cuit (feedback), isthe simplest self-consistent model of
a glow discharge. It allows one to consider the entire
discharge gap (from the anode to the cathode). The
relaxation method used in calculations allows the dis-
charge to either relax to a steady state or to pass to an
oscillatory regime. With this model, we have consid-
ered the abnormal regime of a spherical glow discharge
and determined the main characteristics of this dis-
charge, such as steady-state radial distributions of the
space charge, electric field, and potential. On the

SUKHININ, FEDOSEEV

whole, the characteristics of a spherical glow discharge
correspond to those of classical glow discharges in
tubes; in particular, a positively charged cathode sheath
with a strong electric field is formed. The main differ-
ence from dischargesin tubesisthat, in aspherical dis-
charge, the space charge in the PC behavesasAn O 1/r.
The relative deviation from neutrality amounts to
An/n; ~ 1072,

The numerical simulations carried out over a wide
range of gas pressures and electric circuit parameters
yielded the discharge current—voltage characteristic
and the parameters of the cathode sheath. The results
obtained also cover the parameter range corresponding
to the abnormal regime of aglow discharge. On each of
the current—voltage characteristics obtained for differ-
ent values of the gas pressure, a point corresponding to
atransition from the abnormal to the normal regimeis
determined. Thus, we have obtained the parameter
ranges corresponding to the normal characteristics of
the cathode sheath: U, = 230 £ 5V, pd, = 1.01 %
0.05 torr cm, (j/p?), = (7.4 £ 1.2) x 10~ mA/(cm? torr?).
We note that the calculated value of pd, is somewhat
higher than the values usually obtained for glow dis-
charges in tubes [1, 17, 18]. The value of the normal
current density is almost one order of magnitude lower
than that for glow discharges in tubes; this can be
explained by the specific features of a spherical dis-
charge. A similar behavior in the cathode characteris-
tics of dischargesin tubeswas observed experimentally
and in numerical simulations[18]. Under certain condi-
tions, oscillations of the plasma parameters arise. This
regime lies on the left of the minimum of the current—
voltage characteristic. This regime of a spherical dis-
charge was called a subnormal regime.

In the calculations, we observed three types of self-
sustained oscillations of a spherical glow discharge: an
oscillatory regime, undamped harmonic oscillations of
the plasma parameters, and an aperiodic damped
regime. Oscillations were observed in al of the plasma
parameters throughout the entire discharge gap (from
the anode to the cathode). The oscillations are associ-
ated with periodic gas ionization in the cathode sheath,
ion drift onto the cathode, and secondary emission of
electrons from the cathode due to the bombardment by
ions. The oscillation frequency lies in the range 10—
100 kHz and depends on the gas pressure, the applied
voltage, and the length of the discharge gap. Under cer-
tain conditions, bifurcation of the oscillation period has
been observed. Similar oscillations of the discharge
parameters have been observed experimentaly in
tubes. Various theoretical models have been proposed
to explain this effect. In particular, in[8-12, 19], it was
pointed out that this effect istwo-dimensional in nature
and depends on both the area of the region occupied by
the current at the cathode and the rate of transverseion
diffusion. The results obtained in our study for a spher-
ical discharge gap show that the oscillations of the dis-
charge current in the parameter range corresponding to
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asubnormal discharge can be attributed to theradial ion
drift toward the cathode.

To describe the structure of the cathode sheath and
to model the effect of stratification of the PC, it is nec-
essary to consider both the electron beam generated in
the cathode sheath and nonlocal kinetic processes. The
most appropriate method of solving this problem isto
use a hybrid model that has been actively developed in
recent years (see, e.g., [20-22]). In the hybrid model,
the nonlocal Boltzmann equation for the electron distri-
bution function or the Monte Carlo method is used to
describe fast electrons. From the electron distribution
function determined in thisway, one can find the source
terms (the ionization rate and inelastic electron energy
losses) that are used in the hydrodynamic equations for
slow electrons and ions. Apparently, the only way to
provide an adequate description of a spherica dis-
charge is to use an approach that simultaneously takes
into consideration both the nonlocal kinetic and collec-
tive processes in |low-temperature plasma.
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Y akov Borisovich Fainberg
(in Honor of His85th Birthday)

On September 7, 2003, we cel ebrated the 85th birth-
day of Yakov Borisovich Fainberg, an academician of
the National Academy of Sciences of Ukraine. The
name of this eminent scientist isinseparably connected
with the development of the physics and technology of
accelerators, nonrelativistic and relativistic plasma
electronics, plasma physics, and controlled fusion
research.

In 1940, Fainberg graduated from Kharkov State
University with a degree in an experimental speciality,
Electronuclear Physics. He took part in World War I1.
After demobilization, he began work at the Theoretical
Department of the Kharkov Institute of Physics and
Technology (KhIPT). To put hisideas into practice and
to prove them experimentaly, in 1957, Fainberg
became head of the experimental laboratory and, in
1972, the experimental—theoretical department.

His more than half a century of scientific activity is
indissolubly linked to the KhiPT. He carried out funda-
mental studies on the theory of linear accelerators. His
pioneering works (together with works by V.P. Veksler
and G.I. Budker) laid the foundations for the collective
methods of acceleration. Modifications of the method
of charged-particle acceleration proposed by Fainberg
have been widely adopted and are now considered the
most promising among the new methods of accelera
tion. Based on his theoretical investigations and cal cu-
lations, the first linear electron accelerators in the
Soviet Union were built at the KhIPT. Under his lead-
ership, the theory of high-energy linear accelerators
was devel oped. In particular, the calculations were per-
formed for the 2-GeV linear accelerator (the largest in
Europe), which was built at the KhIPT. Fainberg pro-
posed and implemented a number of new ideas in this
field, in particular, afundamentally new method for the
simultaneous radial and longitudinal stabilization of
particles in alinear accel erator—the so-called method
of alternating phase focussing. Based on this method,
new types of linear ion accelerators were developed. In
1996, his work was awarded the Ukraine State Prize in
Science and Technology.

Fainberg contributed significantly to plasma phys-
ics. The studies carried out by him and his colleagues
resulted in the development of a new branch of plasma
physics—nonrelativistic and relativistic plasma elec-
tronics. In 1948, he (together with A.l. Akhiezer)
described and investigated the beam—plasmainstability,
the most widely occurring microinstability of a non-
equilibrium plasma. It is difficult to overestimate the
importance of this result, which has already become
classical and isincluded in each monograph on plasma
physics. He and his pupils were the first to observe
beam—plasma instability and to develop methods for
controlling it. They werethefirst to discover anew type
of gas discharge, the beam-plasma discharge, and
developed a new collisionless method for plasma heat-
ing—beam heating.

Together with his colleagues, he carried out the first
theoretical and experimental investigations of the inter-
action of relativistic electron beams with plasmas and
demonstrated that this interaction is very efficient.
These investigations led to the development of a new
line of research—relativistic plasma electronics—
which resulted in the creation of high-power micro-
wave oscillators and lasers.
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Fainberg also made agreat contribution to the devel -
opment of fundamentally new high-current inductive
plasma accelerators of electrons and ions.

In his scientific work, fundamental studies have
always been closely connected with applied problems
(in particular, defense problems). It should be noted
that, under his leadership, very effective defense sys-
tems were developed for the Defense Ministry. Fain-
berg has conducted important organizing work: he is
the chairman of the Scientific Council on Plasma Elec-
tronics and New Acceleration Methods of the National
Academy of Sciences of Ukraine. He created a power-
ful scientific school of plasma electronics and new
methods of acceleration (more than 25 doctors and
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35 candidates of sciences), which is now well known
al over the world. For more than 25 years, he con-
ducted pedagogical work at Kharkov State University,
at which he created special courses on accelerator phys-
ics, plasma physics, and plasma electronics. For his
major contributionsto science and the training of qual-
ified specialists, Honored Scientist of Ukraine
YaB. Fainberg was awarded the Order of the Red Ban-
ner of Labor and a number of medals.

The scientific community heartily congratulates
Yakov Borisovich on his eighty fifth birthday and
wishes him good health and many years of fruitful work
and creative achievement.
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Abstract—A fast algorithm is elaborated for determining the position and shape of the plasma column from
measurements performed with magnetic probes located outside the vacuum vessel of the GLOBUS-M toka-
mak. The algorithm is based on the modeling of the plasma current by movable current filaments and allows
oneto take into account the effect of eddy currents induced in the vacuum vessel. The algorithm was tested in
a series of model discharges under conditions characteristic of the GLOBUS-M tokamak and serves now as a
software component of its magnetic diagnostic system. By employing a conventional PC (Pentium 1 GHz,
200-MHz databus), the cal cul ation time of the plasma column parameters at oneinstant in time does not exceed
3 ms, which offers the possibility of controlling the plasma parameters during a discharge. © 2003 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

One of the main problems in the magnetic diagnos-
tics of plasmasin present-day tokamaksisthereal-time
acquisition of data on the position and shape of the
plasma column for the purpose of controlling the
plasma, as well as the determination of certain equilib-
rium plasma parameters (the ratio of the gas-kinetic
plasma pressure to the pressure of the poloidal mag-
netic field, theinternal inductance, etc.). Thetheoretical
grounds of the magnetic diagnostic technique werelaid
by L.E. Zakharov and V.D. Shafranov (see, e.g., [1]).
Quite soon, awide range of magnetic diagnostic meth-
ods for tokamak plasma were formulated mathemati-
cally and implemented in the form of computer codes
(see [2, 3]). Since that time, the methods of magnetic
diagnostics have been mainly developed toward the
optimization of the computational accuracy and speed.
The problems of magnetic diagnostics can be placed
among the so-called inverse problems of mathematical
physics [4, 5], which significantly complicates the
arrangement of the calculation process and calls for
applying aregularization procedure.

Most of the magnetic diagnostic methods are based
on an apriori parametrical representation of the plasma
flux function and differ only in the form of representa-
tion. The parameters of any specific representation are
obtained by minimizing the discrepancy between the
measured and calculated plasma parameters. Generally
speaking, each method exploitsits own set of the mea-
sured parameters. Computer codes based on the models
of a continuous plasma distribution are generaly the

most accurate but least rapid. Moreover, they are rather
cumbersome. They aremainly applied to theanalysis of
the discharge in pauses between shots (the so-called
off-line mode).

To quickly determine the plasma parameters,
including the position and shape of the plasmacolumn,
one needs simplified models (methods). Simple models
are of especial necessity in resolving the problem of
controlling the plasma discharge in real time (the on-
line mode), when the computational speed becomes of
crucia importance (the characteristic calculation times
should not exceed several milliseconds). An analysis of
the available methods for determining the position of
the plasma boundary from external magnetic measure-
ments that are appropriate for rea-time plasma control
and enable the required accuracy in reconstructing the
plasma boundary shows that such methods are very
limited in number (see review [6]).

The method of harmonics [7-12] is based on the
expansion (generally in toroidal geometry) of the flux
function in terms of the eigenfunctions of the Grad—
Shafranov differential operator. The parameters to be
determined are the radius of the base circle of the toroi-
dal coordinate system and the coefficients by severa
first harmonics.

In the method of alocal approximation [7, 13-15],
the flux function isrepresented by a segment of aTailor
expansion in the vicinity of some characteristic points
in the plasma, i.e., only some of the most important
(from the standpoint of controlling) points of the
plasma boundary (rather than the entire boundary) are
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determined. The model parameters to be determined
are the coefficients in the Tailor series.

The method of a simple-layer potential [16-18] is
based on the replacement of the plasma column with a
closed surface that islocated inside the plasmaand does
not necessarily coincide with the plasmaboundary. The
whole of the plasma current is assumed to flow along
this surface. The model parameters are related to the
location of this surface.

The method of current filamentsis based on amodel
representation of the plasma current as a system of a
few thin ring currents. Within this model, one can dis-
tinguish two methodsthat differ in the set of parameters
to be reconstructed. In the method of fixed current fila-
ments, one needs to determine only the magnitudes of
the ring currents, whereas the location of the current fil-
amentsisgiven [10, 15, 19-21]. In the method of mov-
able current filaments [15, 22, 23], it is necessary to
determine both the current magnitudes and the coordi-
nates of the current filaments. The latter method seems
to be the most efficient in terms of a compromise
between computational speed and accuracy in recon-
structing the plasma boundary. It is this method that
will be discussed in detail in this paper.

The purpose of our study isto develop a numerical
simulation technique and an algorithm for determining
the position and shape of the plasma column in toka-
maks, including those with strongly elongated plasma
cross sections and divertor configurations. The problem
should be resolved on the basis of the data from exter-
nal magnetic measurements, with alowance for the
screening effect of eddy currentsinduced in the vacuum
vessel of a tokamak. As applied to the GLOBUS-M
tokamak [24-26], we should limit ourselves to the data
from the magnetic probes placed exclusively outside
the vacuum vessel.

An important additional requirement is that the
algorithm should be sufficiently fast for it to be applied
to rea-time data processing (on-line mode). This
means that the data should be acquired over a time
period on the order of a few milliseconds (less than
3 ms for the GLOBUS-M tokamak). The developed
algorithm meets this condition when being imple-
mented with a conventional PC (Pentium 1 GHz,
200-MHz data bus). This provides the possibility of
controlling the plasma discharge in the GLOBUS-M
tokamak. However, application of the results obtained
to the problem of active plasma contral is beyond the
scope of this study.

Based on the algorithm proposed, the ROMS
(Reconstruction of Magnetic Surfaces) code was devel -
oped. Itisquite universal and can be applied to different
facilities of the tokamak type. The ROMS code has
been tested in a series of model calculations of plasma
dischargesinthe ITER and GLOBUS-M tokamaks and
serves as a software component of the magnetic diag-
nostic system of the GLOBUS-M.
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In this paper, we present the results of testing the
algorithm for numerically reconstructing the position
and shape of the plasma column boundary with allow-
ance for eddy currents under conditions typical of the
GLOBUS-M tokamak.

2. FORMULATION OF THE PROBLEM

Figure 1 presents the main notations and outlines a
cross section of the GLOBUS-M tokamak in the plane
¢ = const of acylindrical coordinate system (r, ¢, 2). It
isassumed that all the physical quantities possess axial
symmetry (do not depend on ¢).

The vectors of the plasma current density j and mag-
netic field B can be decomposed into the sum of poloi-
dal and toroidal components:

B = B,+Byey,
J = Jptie€-

The poloidal magnetic field B, measured by the
probes is a superposition of the fields produced by the
plasma current, poloidal coils, and eddy currents
induced in the vacuum vessel. The poloidal magnetic
field is measured by a set of N, two-component mag-
netic probes placed along the vacuum vessel wall
(beyond the region occupied by the plasma) and consti-
tuting the measuring contour L.

The poloidal components of the current and mag-

netic field are represented by the two scalar functions
and F intheform [27]

1
—_— x

By = o €
1
Jp—é-n—rDerq,,

where the functions ) and F are related to the toroidal
components of the vector potential A, and magnetic
field B, viathe relations (in CGS units)

P = 21r A,
_cr
F -_ EBq),

and represent the total magnetic flux and total current
through aring loop with coordinatesr and z.

An equilibrium plasmain a strong magnetic field is
described by the well-known set of the ideal magneto-
hydrodynamic (MHD) equations [27]

0 _ 4

%DxB Cj

(OB =0 (1)
0oL

DDp - EJ XB’
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Fig. 1. Schematic of the plasma control system of the GLOBUS-M tokamak and the boundary of the limiter plasmafor I, =176 kA.
The solid line shows the limiter plasma boundary, Y/, = 1. The dashed lines show the surfaces Y/y;,, = 1 * 0.03. The dashed-

and-dotted line shows the outer separatrix, P/Yy;,, = 0.9873.

where p is the gas-kinetic plasma pressure and j is the
plasma current density. Equations (1) describe the equi-
librium of areal plasma with macroscopic parameters
varying slowly intime[1, 28, 29].

In the case of axial symmetry, Egs. (1) reduceto the
equation for the flux function g,

*x1 = p2 0
AQJ—FDEH—IJFJ-Z—D
()
:@_l%+@:_§ir.
gre ror 97 c Jo»
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which is known in the theory of MHD plasma equilib-
rium as the Grad—Shafranov equation. Here,

2 = omerdR  2FOF
Jo(r,2) = chrqu+ or dU

isthe density of the toroidal plasma current.

In terms of the flux function, the problem of deter-
mining the plasma boundary reduces to finding a mag-
netic surface defined by the equation Y(r, 2) = ,,
where (), isthe magnetic flux (i) at the point of contact
between the limiter and the plasma (r};,,,, z;,,) for alim-
iter configuration and (ii) at the X point (rg, z) for a
divertor configuration (hereafter, the datarelated to the
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limiter and separatrix are marked with indices lim and
s, respectively). Such a magnetic surface is usualy
referred to as the outermost magnetic surface.

It is known [29] that, in tokamaks, surfaces with
W > ), are always closed and located inside the outer-
most magnetic surface. To illustrate, Fig. 1 shows the
contour of the outermost magnetic surface Y(r, z) =
Wo = Wy, (solid line) for alimiter plasma configuration
and the contour Y/, = 1.03 (the closed dashed line
within the contour of the outermost magnetic surface).
The contours are calculated using the PET MHD equi-
librium code [30]. The contour Y = g corresponds to
the separatrix, which, in this case (the limiter regime),
is not the outermost magnetic surface determining the
plasma boundary. In Fig. 1, the contours corresponding
to /Y, = 0.9873 (the separatrix) and Y/, = 0.97 (the
outer open dashed line) are also shown.

The outermost magnetic surface (the plasma bound-
ary) is determined as follows:

(i) Based on the results of external observations, the
required set of parameters that determine the mathe-
matical model of plasmain an approximation adopted
for describing physical phenomenaunder consideration
is sought. Since the problem of reconstructing the field
sources by thefieldsthey produceisan inverse problem
of mathematical physics—one which reduces to the
Cauchy problem for elliptic equations, and various
parametric plasmamodels are generally used to resolve
it. Here, we use amodel in which the plasma current is
represented by a discrete set of movable current fila
ments (see Section 3). The parametersto be determined
are the coordinates of these current filaments and the
and currentsin them.

(i) For aknown set of external currents at a certain
instant, the plasma configuration (the limiter or divertor
one) and the base point (r,, z,)) lying on the outermost
magnetic surface are determined. This point isthe lim-
iter contact point for a limiter configuration and the
X point for adivertor configuration. First, the X pointis
deduced from the condition |B,| = 0. If the condition
W(rs Zg) > W(rims Ziny) iSSatisfied for all the points of the
limiter, then we have a divertor configuration; other-
wise, we have a limiter configuration, determined by
the point (.., Z;,) iN which the magnetic flux is maxi-
mum.

(iif) Knowing the flux function , = Q(r,, Z,) at one
point on the outermost magnetic surface, one can
reconstruct the entire surface consisting of the points
(r, 2) determined by the equation Y(r, 2) = Y.

To calculate the flux function at the observation
point (r, z) and the magnetic field produced at this point
by the current ring with coordinates (r., z.) and the cur-
rent I, the following relations are used [27]:

Lam -y

W(r, 2) = 8Tr K(k) E(k)H,

AMOSKOV et al.

°Z° szf %L
°2kf 1= %1

4r r

(re+1)’+ (-2

where K(k) and E(k) are complete eliptic integrals of
the first and second kind, respectively. In order to
reduce the computation time, they are calculated using
the Landen transformation.

B.(r,2) = Do -k (kf)

BJr.2) = Do -K(of

K* =

3. METHOD OF MOVABLE CURRENT
FILAMENTS

In this study, the algorithm for reconstructing the
plasmaboundary isbased on the method of movable cur-
rent filamentsand isaimed at using it in real time. It was
proposed in [15, 22] and is described in detail in [23].

Here, we suggest that the field of the plasma current
can be deduced from the magnetic measurements,
assuming the currents in the external conductors are
known (the fields of these currents are determined
numerically). Provided that the plasma field is smooth
enough, this procedure enablesthe required accuracy of
calculating the relevant circulation integrals along the
measuring loop. The agorithm of taking into account
the eddy currents induced in the vacuum vessel will be
discussed in Section 4.

Using the above introduced Grad—Shafranov opera-
tor A* (2), we can use the so-called second Green for-
mulafor arbitrary functionsu and v [31]:

av

Mty
* *
J’r Y(uA* v —vA*u)dS = fr adeI 3)
(9 (L)
where S is a two-dimensiona area in the plane ¢ =
const and L isthe smooth boundary of thisarea. In what
follows, by L we mean aclosed measuring loop passing
through all the magnetic probes.

Using thelatter formulafor the two arbitrary functions
u=x and v = | satisfying the equations A*x = 0 and
A =—(818/0)rj,y, we obtain the following relation [32]:

C £ 1 6)(_ ol
J'xj¢dS = fr 30~ X3 dl.
) T

Using a linear combination of the normal and tan-
gential components of the poloidal magnetic field (B, =

1y __1oy
ST B, = 5 an , respectively), this identity
can be rewritten in the form [32]
, C
[ XiodS = Z2§ (€8, +xBod, ©)
(3 ()
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where & is afunction conjugated with x and defined by
theequation C(r~'€) = X x [@ . It can be shown [32]
that the function & satisfies the equation A(r-'€) = 0,
where A isthe Laplacian in cylindrical coordinates.

The plasma current can be represented as a discrete
set of N circular current filaments, each of which is
characterized by the two coordinates r; and z and the
current magnitude |;, wherei = 1...N. Thetotal plasma
current is

lp = [iedS =

N
ZI"
) =1

Hence, the problem reduces to determining the coordi-
nates of the current filaments and the currents in them
at agiven instant.

If we choose the function ¥ in the form of homoge-
neous polynomials,

[n/2]
(m-=1)!/2 2+2k_m-2k-2

X022 3 REkroim-2- D ©

then the functions ¥, conjugated with &, are [2, 32]

[n+12]

2= Y

k=0

m! 1+2k_m-2k—1

KK (m—2k—2)1"

The moments of the toroidal current density in
plasma, Y, are related to the pair of functions x,,, and
&, by the relationship

Ym = IJ¢deS = .f(Ber"' anm)dl—l
C) ()
where Sis the area enclosed by the measuring loop L
and B; and B, are the field components tangential and
normal to thisloop.
For asystem of current filaments, the distribution of
the current density j,(r, 2) can be represented viathe &
functionsin the form

®)

jo(r,2) = Z 1.&(r=r;, z—2).

Therefore, EQ. (5) takes the form

N
z liXm(Fix 2) = Y, (6)
i=1

where the moments of the current density Y,, are calcu-
lated via circulation integrals (5).

For asingle current filament (N = 1) and correspond-
ing pairs of the functions x and ¢, the moments of the
current density have a clear physical meaning. For the
normalized (generally, to the major radius of the torus)
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values of r and z, these moments can be calculated in
the explicit form [32]

_ _ _C
b= 1, = Yo = 2= [Bd,
(L)

c
z=Y, = mf(_rlan”-'_ZB‘)dl’

(L
2 C 2
rr=1Y, I pf (2rzB,+r°B,)dl.
()
The moment Y, represents an integral form of Max-
well’s equation and allows one to find the total plasma
current. Using the moments Y, and Y,, one can find the
mean vertical coordinate and the mean major radius of
the plasma column.

It is reasonable to use the above solution for N = 1
to determine the shape of an arbitrarily shifted plasma
column with a nearly circular cross section (in particu-
lar, in the initial stage of the discharge [22]).

To determine the shape of an elongated plasma col-
umn, a larger number of current filaments is required.
However, theincreasein the order of the current density
moment (and, thus, the degree of polynomials x,,, and
&) drastically aggravates the conditionality of the set
of Egs. (6), which adversely affects both the computa-
tion accuracy and time.

For these reasons, the following two-step algorithm
was proposed in [23]. At the first step, the currents are
assumed to be known and the coordinatesr; and z of all
the current filaments are determined by solving the set
of Egs. (6). At the second step, the current amplitudes
are determined by minimizing the residual functional
between the calculated and measured poloidal field
components at the measuring loop. The procedure is
repeated until a self-consistent solution with the
required accuracy is obtained.

In this study, we implemented the following algo-
rithm: To solve the set of Egs. (6), we choose a certain

initial approximation (r;, z’) and start the iteration
process on the basis of the Newton method. Let the
pairs of coordinates (r”, z) be known on the pth iter-
ation step. To obtain the (p + 1)th iteration (r”™* =
r? +4r, 27"t = 27 + Az), one needs to solve the fol-
lowing set of linear algebraic equations for Ar; and Az:

= X 2D
1,0 or
=1

P _p
Ar, + Xmlri» Z )AZH

0z

N
— L p _p
- Ym_'zllem(ri 1 4 )1

m=1...2N.
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The solution is assumed to be found when the pre-
scribed accuracy criterion, max(|Ary, |Az|) < €, is
I

achieved. It should be noted that the derivatives in the
latter expression are determined analytically since the
functions ¢ and x are known polynomials.

At the second step, the currentsin the filaments are
determined. The currents are found by minimizing the
residual functional W,

K _ J—
w= S {B"-8" +@E -7}, @

i=1

where B, B and = , B" arethe calculated and
measured field components, respectively, at K pointson
the measuring loop. The coordinates of the current fila-
ments are assumed to be known.

The agorithm uses certaininitial values of the coor-
dinates of all the filaments and currents in them. Given
the currents, the solution of the set of Egs. (6) by the
Newton method provides new coordinate values. Given
the coordinates, the minimization of residual functiona
(7) provides new values of the current in the filaments.
The iteration processis repeated aslong as the residual
functional decreases. In the genera case, taking into
account the inexactness of the initial data that stems
from magnetic measurement errors, model approxima-
tion errors, and rounding-off errors, ageneralized solu-
tion reaching the minimum of functional (7) is sought
[4, 5]. After the second stage is completed, both the
coordinates of al the current filaments and the currents
in them turn out to be found.

We note that, under real experimental conditions, it
makes sense to use the data on the plasma column
parameters obtained at the previous instant of time as
an initial approximation to calculate these parameters
at the next instant. Such a “tracking” regime signifi-
cantly reduces the computation time, which is the most
crucia requirement for algorithms operating in rea
time.

Based on the cal culated coordinates of the filaments
and the currents in them, and taking into account the
contributions from the poloidal coilsand eddy currents,
the points lying on the outermost magnetic surface
W(r, 2) = Y, are determined.

Based on this algorithm, the ROM S computer code
was developed. At the stage of testing the algorithm and
software, the reconstructed outermost magnetic surface
was compared to the test plasma boundary obtained
using the PET equilibrium code [30]. Figure 2 shows
typical results of the reconstruction of the plasma
boundary (for a divertor configuration, as an example)
for different numbers of the current filaments. As a cri-
terion, one can use the maximum local deviation A,
between the reconstructed and test outermost magnetic
surfaces (the solid and dashed lines, respectively), i.e.,
themax-norm |||}, The datapresented in Fig. 2 (aswell

AMOSKOV et al.

as similar datafrom other numerical simulations) show
that it is quite sufficient to use three to four current fil-
aments to model the plasma current.

Figure 3 presents the field maps obtained using the
equilibrium code (Fig. 3a) and the model of three cur-
rent filaments (Fig. 3b). It can be seen that, in Figs. 3a
and 3b, the contours of the modul e of the poloidal mag-
netic field are nearly identical beyond the vacuum ves-
sel, in the region where the magnetic probes are
located. Asthe plasmaboundary is approached, aslight
discrepancy arises. Finally, inside the plasma, the field
structure provided by the model is completely incor-
rect.

Figure 3 can serve to illustrate a doubt frequently
discussed in the literature about the possibility of
reconstructing the plasma current profile (aswell asthe
pressure profile, etc.) based exclusively on the data
from external magnetic measurements (see, e.g., [33]).
However, thisdoubt certainly does not apply to the pos-
sibility of determining the position and shape of the
plasma column from magnetic measurements. Indeed,
the boundary of a divertor plasmain Figs. 2 (for N = 3)
and 3bis correctly determined using only three current
filaments.

To conclude this section, we note that (in our opin-
ion) the relation between the method of fixed current
filaments, in which the filament positions are pre-
scribed, and the method of movable current filaments
can be likened to the relation between the methods of
the Newton numerical integration, in which the nodes
are fixed, and the Gauss methods, in which both the
nodes and the coefficientsin quadrature formulas are to
be found. The reason why the number of elementary
currents used in the method of movable current fila-
ments is significantly less than that in the methods
using fixed current filaments lies in the fact that not
only the currents in the filaments (the analogue of the
coefficients in quadrature formulas) but also the fila-
ment positions (anal ogue of the quadrature nodes) must
be determined.

4. ALGORITHM FOR TAKING EDDY CURRENTS
INTO ACCOUNT

Taking into account that the magnetic probes mea-
sure the total magnetic field produced by the plasma,
poloidal coils, and eddy currentsinduced in the vacuum
vessel, the correct determination of the parameters of
the adopted model of the plasma current distribution
requires extracting the component directly related to
the plasma contribution from these measurement
results. Evaluating the contribution from the poloidal
coils presents no difficulties because the currentsin the
coils are measured and the coil positions are known.
Below, we describe the algorithm for taking into
account the effect of eddy currents induced in the vac-
uum vessel. To verify the algorithm and software, we
performed a set of test calculations of the discharge
PLASMA PHYSICS REPORTS  Vol. 29

No. 12 2003
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Fig. 2. Reconstruction of the boundary of adivertor plasmain the GLOBUS-M tokamak by the ROMS code for different numbers
of the current filaments (shown by crossed squares). The solid line shows the plasma boundary calculated by the PET MHD equi-
librium code, and the dashed line shows the reconstructed plasma boundary.

behavior with allowance for eddy currents. Figure 4
shows the cal culated time evolution of the plasma col-
umn shape within the time interval 10-40 ms (from the
onset of the discharge) with atime step of 3 ms. Figure 5
shows the calculated dynamics of the plasma current
and the total eddy current induced in the vacuum vessel
during the discharge. Only the initial stage of the dis-
charge, during which the effect of eddy current is max-
imum, was considered.

PLASMA PHYSICS REPORTS  Vol. 29
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The vortex em.f. induced along the major circum-
ference of the torus was measured by seven toroidal
loops that were set along the wall of the vacuum vessel
of the GLOBUS-M tokamak (Fig. 4). To take into
account the effect of eddy currents, the vacuum vessel
was modeled by afinite set of conducting rings located
along the vessel wall coaxially with the major axis of
the torus. Eddy currents induced in these rings act as
extra sources of the magnetic field (in addition to the
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Fig. 3. Isolines of the module of the poloidal magnetic field [B,| = /Brz + Bf calculated for (a) the test (continuous) divertor plasma
and (b) the model with three current filaments. Only the range of relatively weak fields [Bp| < 0.2T is shown. The separatrix and

current filaments are marked 1 and 2, respectively.

poloidal coils and plasma current). The discrete axi-
symmetric model of the vacuum vessel used in the sim-
ulations is shown in Fig. 6. There are no conducting
rings near the equatorial plane at the outer side of the
vessel; thisis related to the presence of relatively large
horizontal portsin thisregion. Inthe model, thisregion
is considered nonconducting. The analysis of eddy cur-
rents with allowance for three-dimensional effects can
be performed using the numerical simulation technique
proposed in [34]. The vessel model shown in Fig. 6 is
probably nonoptimal. It will befurther refined using the
results of simulations with allowance for the calculated
gpatial distribution of eddy currentsin the vessel.

For a sufficiently large number of the conducting
rings modeling the vacuum vessel, we can assume that
the current distribution in each ring is uniform. Then
the total current flowing through the a given ring is
equal to

Here, U, is the voltage along the major circumfer-
ence of thetorusfor thelth conducting ring and R, isits
resistance,

_ 2mm,
R = poAr,AzI ’
wherer, isthemean radiusof thelthring, Ar,Az isthering
cross-sectiona area, and p, istheresistivity of the vacuum
vessd. It was assumed that p, = 0.7 x 10-° Ohm m, which
corresponded to the resitivity of stainless steel.

Theresistance of each conducting ring modeling the
vacuum vessel was calculated in advance and was
assumed to be constant during the entire discharge
phase.

The vortex em.f. induced in any conducting ring
can be found by interpolating the signals from the tor-
oidal loops measuring the em.f. along the major cir-
cumference of the torus.

The solid linesin Fig. 7 show the eddy current dis-
tributions computed using the PET code for two differ-
ent instants [30]. The dashed lines show the current dis-

PLASMA PHYSICS REPORTS  Vol. 29
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Fig. 4. Calculated time evolution of the plasmadischargein
the GLOBUS-M tokamak. Closed solid lines show the posi-
tions of the outermost magnetic surface (plasma boundary)
within thetimeinterval 10-40 ms (from the onset of thedis-
charge). The numerals by the lines show the time (in ms).

tributions calculated under the assumption that the vor-
tex em.f. isuniform. The dashed-and-dotted lines show
the eddy current distributions obtained by the linear
interpolation

_ Ly
'Ly

L
U, + —=U,,

U
L

whereindices 1 and 2 refer to the toroidal loops neigh-
boring to the Ith conducting ring, L,, is the distance
between the toroidal loops measured along the vessel
wall, and L,; and L, are the distances from the Ith con-
ducting ring to the corresponding toroidal loops.

Ananalysisof Fig. 7 showsthat the linear interpola-
tion is quite adequate for describing the eddy current
distribution.

5. RESULTS OF NUMERICAL SIMULATIONS
AND TESTING THE ALGORITHM

First, we investigated the possibility of reconstruct-
ing the outermost magnetic surface (plasma boundary)
in the GLOBUS-M tokamak using the algorithm based

PLASMA PHYSICS REPORTS  Vol. 29

No. 12 2003

1005
I,kA
150F
T
100+ e
501 el
e IW
[
0 10 20 30 fms

Fig. 5. Calculated time evolution of the plasma current 1,
(dashed-and-dotted line) and the total eddy current I,,,
induced in the vacuum vessdl (solid line).

on the method of movable current filaments for the
instants at which the effect of eddy currentsinduced in
the vessel can beignored (see Fig. 2) [35]. The measur-
ing loop was composed of 32 two-component magnetic
probes. A circular cubic spline was used to provide the
required smoothness of the contour passing through
these probes when calculating circulation integrals (5).

The results of these investigations are as follows
[35]:

(i) For the measuring system of the GLOBUS-M
tokamak, assuming that the magnetic measurement
error is zero, it is sufficient to use three to four current
filaments in order to reconstruct the plasma boundary
with an error less than 5 mm. At the very beginning of
the discharge, when the plasma column isalmost circu-
lar, two (or even one) current filaments are quite suffi-
cient. We note that the reduction in the number of the
current filaments significantly increases the computa-
tion speed.

(if) The accuracy of reconstructing the boundary of
a strongly elongated limiter plasma is generally worse
than that of adivertor plasma because the field gradient
in the limiter point (ry;,, Z;,,) 1S usualy higher than that
in the X point (Fig. 1).

(iif) When the calculated field components at the
location points of the magnetic probes contain a pertur-
bation caused by standard random error with an r.m.s.
deviation of ¢ = 2%, the maximum error (by the max-
norm) in reconstructing the outermost magnetic surface
increases to 10 mm. For o = 5%, this error increases to
20 mm.

We then studied the possibility of reconstructing the
outermost magnetic surface in the initial stage of the
discharge, when the effect of eddy currents is maxi-
mum (Figs. 4, 5).
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Fig. 6. Axisymmetric vacuum vessel model containing 128
conducting rings with rectangular cross section for taking
eddy currentsinto account. The solid line correspondsto the
medial line of the vacuum vessel wall.

Figure 8 shows the results of reconstructing the
position and shape of the plasma column with allow-
ancefor eddy currentsinduced in the vacuum vessel for
four characteristic instants of the discharge evolution
presented in Fig. 4. The plasma current is modeled by
three current rings. A random error corresponding to a
normal distribution with o = 2% around the exact field
value was artificially introduced in the magnetic fields
at the measurement points.

The characteristic time over which the position and
shape of the plasma column should be controlled is on
the order of severa milliseconds. This time sets the
requirements for the computation speed of the control-
ling agorithm. We note, however, that for areal or cal-
culated plasma discharge, the data obtained at the pre-
viousinstant can be used asan initial approximation for
the current instant. This makes it possible to restrict
oneself to only oneiteration step when determining the
positions of the current filaments and the currents in
them at each time step without loss of accuracy in
reconstructing the plasma boundary. Estimates of the
algorithm speed with the use of a conventional PC
(Pentium 1 GHz, 200-MHz data bus) showed that the

AMOSKOV et al.
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Fig. 7. Profiles of the eddy current density in the vacuum
vessel vs. the poloidal angle 6 (see Fig. 1) for thetimest =
19 and 40 ms from the onset of the discharge. The solid
lines show the eddy current profiles calculated by the PET
code, the dashed lines show the profiles cal culated under the
assumption that em.f. isuniform along the poloidal circum-
ference of the vessel, and the dashed-and-dotted lines corre-
spond to the linear interpolation of the vortex em.f.
between the toroidal 1oops.

calculation time of the plasma column position in such
atracking regime was less than 3 ms, which offers the
possibility of controlling the plasma parameters during
the discharge.

Eddy currents are of significance in the initial stage
of the discharge, when the plasmacurrent islow and the
plasma column isonly dlightly dliptic. In this case, the
plasma boundary can be quite satisfactorily determined
using a single movable current filament, in which case
the computation speed increases due to the smplicity
of the model. As the ellipticity of the plasma column
increases with time (to k > 1.2), the required accuracy
in reconstructing the plasma boundary can be provided
for quite varied column shapes by employing a model
with two to three movable current filaments.

PLASMA PHYSICS REPORTS  Vol. 29
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Fig. 8. Outermost magnetic surface reconstructed using the model of three current filaments, with allowance for eddy currents
induced in the vacuum vessel of the GLOBUS-M tokamak in the case of a limiter plasma: (1) magnetic probes, (2) limiter, and
(3) vacuum vessel. The current rings are shown by crossed squares, and the toroidal |oops are shown by asterisked squares. A ran-
dom error with o = 2% is artificially introduced in the magnetic field at the measurement points. The dashed lines show the outer-
most magnetic surface calculated by the PET code for the instants t = 10, 19, 28, and 37 ms from the onset of the discharge. The
solid line shows the reconstructed outermost magnetic surface for 1, = 26, 72, 119, and 162.7 kA and Ay, =2, 6, 8, and 7 mm,

respectively.

6. CONCLUSIONS eddy currents induced in the vacuum vessel using the
data from toroidal loops on the distribution of the vor-

(i) Based on the method of movable current fila-  tex e m f. along the poloidal circumference of the ves-
ments, an algorithm and software have been proposed

that allow the real-time determination of the position
and shape of the plasma column from external mag- (ii) The agorithm and software have been tested
netic measurements. The algorithm takes into account  under conditions typical of the GLOBUS-M tokamak

PLASMA PHYSICS REPORTS Vol. 29 No. 12 2003
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and serve as a software component of its magnetic diag-
nostic system. The algorithm is quite universal: it is
almost independent of the type of measurement system
and can be applied to other magnetic confinement facil-
ities.

(iii) Using the above agorithm, the following prob-
lems have been resolved in the preliminary stage of
investigations: (&) the determination of the required
number of magnetic probes and toroidal loops and the
optimization of their locations and (b) the analysis of
the influence of random measurement error on the
accuracy with which the plasma boundary is deter-
mined.

(iv) It has been shown that, under conditionstypical
of the GLOBUS-M tokamak, the time required to com-
pute the plasma boundary from external magnetic mea-
surements with the help of a conventional PC amounts
to ~3 ms (further progress in PC performance will nat-
urally reduce this time). The algorithm satisfies the
requirement that the error in determining the plasma
boundary be less than a few millimeters. This allows
one to use the algorithm for real-time control of the
tokamak plasma for the purpose of sustaining a stable
plasma column inside the vacuum vessel throughout
the entire discharge phase.

(v) The software developed can also be used to cal-
culate the main integral equilibrium plasma parameters
(plasma current |, poloida beta B, linear internal
plasmainductance |;, etc.) in pauses between shots.
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