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Editor’s Preface

The 4™ International Workshop on Strong Microwaves in Plas-
mas, 3-9 August 1999, was held on board the “Nizhny Novgorod”
river ship cruising from Nizhny Novgorod to Saratov and back.
This Workshop had an essentially interdisciplinary character; its
objective was to gather developers of high-power microwave de-
vices and researchers who study interaction of microwaves with
matter (primarily, with plasma, both fusion and low-temperature
plasmas). The three-year cycle chosen for holding the Workshop
provides the participants with the possibility to accumulate, be-
tween the Workshops, a considerable research material. Thus, an-
other objective of the Workshop is actually to sum up the results of
three years of research activity. This makes participation in it espe-
cially attractive for representatives of leading scientific centers and
laboratories of the world, in spite of a great number of yearly con-
ferences in the related fields. Success of the Workshop is also con-
duced by its form: a weeklong stay in the closed space of a com-
fortable ship makes it possible to combine presentations at Work-
shop sessions with actually unlimited discussions in the partici-
pants’ free time.

The Workshop hosted 131 scientists from 14 countries. Its sci-
entific program comprised 20 invited plenary lectures, 16 invited
topical talks and 76 original presentations. Four traditional topical
sections were working at the Workshop:

o Current drive and heating of magnetically confined plasma by
microwaves (electron cyclotron and low-hybrid frequency
ranges).



o Microwave discharges in gases and their applications.

e Nonlinear processes in plasmas (theory and microwave-plasma
interaction experiments).

e Development of high-power microwave sources.

This book is the collection of invited lectures and original con-
tributions delivered at the Fourth International Workshop on
Strong Microwaves in Plasmas. The material gives a sufficiently
detailed idea of the state-of-the-art and new trends in the field of
development high-power microwave sources and their applications.
It will be certainly useful for professionals working in this area.

A. G. Litvak



CURRENT DRIVE
AND HEATING OF PLASMA
BY MICROWAVES
IN FUSION DEVICES
AND OTHER
APPLICATIONS OF HIGH-
POWER MICROWAVES




ECRH AND ECCD AT HIGH
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S. Murakami?, and the W7-AS Team

Institut fiir Plasma Physik, EURATOM Association,
Garching, Germany
! Institute of Plasma Physics, NSC-KhPTI, Kharkov, Ukraine
! National Institue for Fusion Science, Toki, Japan

ECRH at high power level (up to 1.3 MW) significantly affects the
confinement properties at the W7-AS stellarator. The neoclassical
prediction of the “electron root”, i.e., a strongly positive radial elec-
tric field, E, (being the solution of the ambipolarity condition of the
particle fluxes), is driven by ripple-trapped suprathermal electrons
generated by the ECRH. The reduction of the neoclassical transport
coefficients for this “electron root” feature leads to peaked Te pro-
files (with T¢(0) up to 6 keV) which disappear nearly immediately
after the ECRH is switched off. The radial polarization current is
estimated by a neoclassical simulation of the transient E, profile
(from the electron energy balance) when the ECRH is swiched off
and is consistent with the “convective” ECRH-driven electron flux
obtained from Monte Carlo simulations in 5D phase space.

The current balance is analyzed in high power (1.3 MW) ECCD ex-
periments at low density. The ECCD predicted from linear theory
exceeds by a factor of about 2 the “experimental” one consisting
of bootstrap and inductive currents (for net current free operation)
which are calculated from neoclassical theory by using the mea-
sured density and temperature profiles. Nonlinear Fokker-Planck
simulations with a loss-cone modelling of the power sink (V B-drift
of ripple-trapped electrons) cannot explain this degradation.

Introduction

At W7-AS the ECRH launching system is located very close to
the “elliptical” plane with a magnetic field topology corresponding
to an vertically elongated tokamak cross section. The strong elon-
gation (factor of about 2) in this symmetry plane with the main
(local) toroidal curvature leads both to the reduction of the Pfirsch-
Schliiter currents and to improved neoclassical confinement proper-
ties. The EC waves are launched highly focused from the low-field
side by means of a flexible mirror system allowing for off-axis de-
Position as well as for EC current drive. The beam width is about



5 cm leading (due to the elongation) to a highly peaked power depo-
sition profile (of about 2 cm in the effective radius) as is predicted
by ray-tracing calculations with an absorption coefficient from quasi-
linear theory based on a Maxwellian distribution function. In the
experiments described here, only 2nd harmonic X-modes at 140 GHz
(corresponding to B ~ 2.5 T) with a power level of up to 1.3 MW
(3 gyrotrons) were launched. Futhermore, the magnetic field strength
changes along the field line within the absorption zone leading to a
significant amount of trapped particles in the “standard” configura-
tion. By changing the current in the coils located in the “elliptical”
plane, the fraction of ripple-trapped electrons absorbing the wave
power can be controlled (at a sufficiently high current, a “maximum-
B” scenario without trapped particles in the ECRH launching plane
can be realized).

The confinement properties of stellarators in the long-mean-free-
path (Imfp) regime are determined by the radial VB-drift of parti-
cles trapped in local ripples and by the poloidal F X B-drift which
reduces the radial excursions. Therefore, the neoclassical transport
coefficients depend themself on the radial electric field, E,. The ef-
fect of E, on reducing the neoclassical transport coefficients is much
stronger for ions than for electrons. Together with the E,.-driving
term in the “thermodynamic force” (x g.; Ey/Te,; where g and T are
the particle charge and temperature), the ambipolarity condition of
the particle fluxes, i.e., vanishing radial current, gives an equation for
the ambipolar radial electric field with an odd number of roots [1, 2].

The stellarator-specific “electron root” with strongly positive F,,
decreasing significantly also the electron transport coefficients, seems
to be very promising: improved confinement compared to the “ion
root”, and, most important, prevention of impurity accumulation.
However, the existence of the “electron root” has not been clearly in-
dicated experimentelly in the past. Only recently strong indications
for an “electron root” feature both in CHS and W7-AS were found;
see Refs. [3, 4]. In extremely low-density (some 10'® m~3) ECRH
discharges at CHS, highly peaked electrostatic potential profiles were
measured by the heavy ion beam probe diagnostic. At CHS, the re-
sultant peaking of the central T, profile (quite similar to the potential
profile) is attributed to the formation of an ITB (internal transport



barrier) at the position where the E, profile changes strongly[5]. At
WT7-AS, an “electron root” feature was inferred from the electron
power balance analysis and the comparison with the neoclassical pre-
dictions for low-density (2-10'® m~3) ECRH discharges. In this more
conservative interpretation, the improved electron confinement is ob-
tained by the strong F, itself, in contrast to a strong poloidal rotation
shear (i.e. E,).

The strongly positive radial electric field within the region of the
“electron root” feature leads to complex effects on the flux surfaces.
In the continuity equation, the inhomogeneity of the magnetic field
strength, B, on a flux surface (V-vgyg = -2 vgyp - V In B) drives
a parallel flow (which is the equivalent of the Pfirsch-Schliiter cur-
rent) as well as a (1st order) density inhomogeneity, n;. In the ion
force balance equation, the (v-V)-v term is approximately given by
the gradient of the kinetic energy related to the poloidal rotation as
well as to the parallel flow. Viscous damping of this parallel flow by
ripple-trapped particles leads to an enhanced density disturbance ny
which, in turn, has to be compensated by a (1st order) potential, @y,
in the electron force balance equation. These effects can play an es-
sential role in the poloidal component of the force balance equations,
however, they are disregarded in the traditional neoclassical theory,
e.g., in the estimation of the transport coefficients with “strong” E,
by Monte Carlo technique (e.g. Refs. [6, 7]) or by the DKES code
(Refs. [8, 9]).

Both by the viscous damping of the parallel flow within the “elec-
tron root” region and by the poloidal friction force due to the shear
viscosity term within the transition region, the rotation energy is
dissipated. From this point of view, a direct drive by a sufficient
suprathermal ripple-trapped electron population generated by the
ECRH may be essential for establishing the “electron-root” feature.
The time-scale for the appearance and for the vanishing of the ECRH-
driven “electron-root”, however, is determined by the ion dynamics,
in particular by the polarisation current and by the parallel ion flow
which compensates the torus effect in the poloidal rotation. For ex-
ample, the damping of the poloidal rotation (described by the ion
inertia term in the force balance equation) is equivalent for the “elec-
tron root” feature and for the L- and H-mode transitions.

In the ECCD scenarios at larger toroidal launch angles, where



the power is dominantly absorbed by passing particles, the “electron-
root” is not established. Nevertheless, the VB-drift of the ripple-
trapped electrons leads to the stellarator-specific power loss in the
electron energy balance which determines the shape of the distri-
bution function together with the power source which is described
by the quasi-linear diffusion term in the nonlinear Fokker-Planck
simulations[10]. In agreement with the neoclassical treatment (i.e.,
the 1/v regime at moderate E,), where the radial V B-drift of ripple-
trapped electrons dominates the thermal electron transport, a pure
loss-cone modelling of the power sink is used in the Fokker-Planck cal-
culations. Consequently, with the quasi-linear heating located outside
of the loss-cone for the ECCD scenarios at larger launch angles, very
steep gradients in the electron distribution function close to the loss
cone boundary are obtained at high heating power and low density,
which drives the high energy flux in this collisional Fokker-Planck
modelling.

For a strong deviation of the distribution function from the Max-
wellian (i.e. for high ECCD scenarios at high power level and at low
density) kinetic instabilities may be driven by the domains where
af/o vﬁ > 0 representing free energy in the distribution function.
These conditions are found-close to the loss cone boundary. The
frequency of these unstable modes is of the order of the electron cy-
clotron frequency, and the growth yields a much shorter time-scale
than the collisional one in the supra-thermal range where the devi-
ation from the Maxwellian is maximum. In a preliminary analysis,
the roots of the dispersion relation with the full non-Maxwellian dis-
tribution function obtained from the Fokker-Planck simulations are
calculated yielding this kind of kinetic instability. Then, the distri-
bution function is affected by these instabilities and the deviation
from the Maxwellian is limited by the condition of marginal stabil-
ity. Consequently, the ECCD efficiency may be degraded under these
conditions.

The experimental analysis of the ECCD efficiency is very impor-
tant for the current control scenarios of W7-X which is under con-
struction at Greifswald, Germany. W7-X is also a low shear stellara-
tor, but without inductive current control. Although the bootstrap
current is predicted to be fairly small due to the optimisation of the
magnetic configuration [11], the position of the island divertor x-point
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depends sensitively on the plasma current. In addition to a desirable
experimental flexibility, advanced ECCD scenarios, e.g. with launch-
ing from the high-field side in order to absorb the power first by the
high-energy electrons, are needed as “technical tools” for current con-
trol. In this context, the high-power ECCD experiments at W7-AS
must provide access to the relevant physics and confidence for their
application to W7-X.

The ECRH-driven “electron-root”

The additional peaking of the central T, profile (measured by
the ECE and the Thomson diagnostics) in low-density discharges
with fairly high ECRH power level indicated for the first time an
“electron root” feature in W7-AS [12]. The “experimental” electron
heat diffusivity from the power balance was found to be significantly
smaller than the neoclassical prediction for small E, in this central
region. Consequently, poloidal rotation measurements by the Doppler
shift of impurity lines from active charge exchange recombination
spectroscopy (CXRS) were carried out[13] in order to check the radial
electric field predicted for the neoclassical “electron root”. In these
discharges, strongly positive F, have been obtained in the central
region with the peaked T, profile.

Electron energy balance:

After upgrading the ECRH power to 1.3 MW, central electron
temperatures up to 6 keV have been found. This is illustrated in
Figure 1 by an ECRH power scan at low density (on the left) and
by a density scan at full power (on the right) in the “standard”
configuration with a significant fraction of trapped particles in the
ECRH launching plane. At lowest ECRH power at low density (on
the left), this “electron root” feature is not established (no peaking
and no strong E, > 0) yielding a power threshold at fixed density.
On the other hand, only a marginal “electron root” feature is found
at the highest density at full power (on the right) indicating a density
threshold. The T, profiles in the “ion root” region (r > 6 cm) are
nearly independent of density. This finding directly confirms the 1/v
dependence of the neoclassical transport coefficients, i.e., the electron
heat flux being independent of density. For the strongly positive
radial electric field of the “electron root” region, the thermal electron
transport coefficients are mainly determined by the /v-regime scal-
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Figure 1: ECRH power scan (on the left; 0.2, 0.4, 0.8 and 1.2 MW)
and density scan (on the right) at 1.2 MW.

ing, and the expected fairly strong density dependence is in agreement
with the density dependence of the highly peaked T, profile. The
equivalent experiments in the “maximum B” configuration (nearly
without trapped particles) show neither the central peaking of the
T, profile (except for the highest ECRH power at lowest density) nor
the strongly positve E, (confirmed by shifting the diagnostic neutral
beam over the central region). Consequently, the thresholds depend
sensitively on the magnetic configuration.
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Figure 2: Radial electric fields (on the left) and electron heat diffu-
sivities (on the right) vs. radius for the 800 kW ECRH discharge of
Fig. 1. The “experimental” E, (symbols with error bars) is derived
from the poloidal plasma rotation measured by active CXRS.
The electron heat diffusivity profile, x.(r), is estimated from the
power balance and compared with the diagonal term of the neoclassi-
cal transport matrix, Dg,, with the ambipolar E, taken into account.
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As an example, the ambipolar E,, the x. from the power balance
(dot-dashed line) and the neoclasscial predictions for the discharge
with 800 kW ECRH of Fig. 1 are shown in Figure 2. The E.(r) is
estimated from the roots of the ambipolarity condition of only the
neoclassical particle fluxes (x). The ambipolar E, shows the “elec-
tron root” feature (the position of the poloidal rotation shear layer,
i.e., the transition between the roots is rg ~ 7.2 cm). By solving the
diffusion equation[14] for the radial electric field, this transition is
smoothed (solid line). Since the ion temperature (~ 400 V) is flat,
also the E, of the “ion root” is positive at the intermediate radii,
and becomes negative only in the density gradient region. The radial
electric fields obtained from the active CXRS poloidal rotation mea-
surements [13] are consistent with the neoclassical prediction. The
neoclassical Dg,(r) with the ambipolar E, (X, the Dg, with E, =0
(dotted line) is given for reference) are compared with the x. from
the power balance analysis (estimated by least-squares fitting of the
power balance to the measured T; see Ref. [14]) where only the tem-
perature gradient drives the heat flux (flat n. profile). Only in the
outer 30% of the plasma radius is the “experimental” x. much larger
than the neclassical one (all neoclassical transport coefficients become
small with temperature). For the intermediate radii, the “ion root”
E, are sufficient to reduce the neoclasscial Dy, and these are fairly
consistent with ye.

The “electron root” feature with the highly peaked T, profile is
only found for ECRH deposition close to the magnetic axis. The ac-
curate estimation of the deposition profile, however, turns out to be a
complex problem. Both the Shafranov shift of the magnetic axis due
to the highly peaked pressure profile (also the rotational transform
is reduced by the peaked inductive current density for compensating
the bootstrap current) as well as the “inward” shift of the absorption
layer due to the relativistic effect in the resonance condition play
an important role for this “electron root” feature. Even with the
Shafranov shift taken into account, the cold resonance (i.e., B = 2.5
T at 140 GHz for perpendicular launching) must be significantly off-
axis on the low-field side to allow for central absorption. Using the
quasi-linear absorption coefficient[15] for a Maxwellian, the maximum
absorption is obtained at a (perpendicular) energy corresponding to
2T,. For T, ~ 5 keV, the relativistic mass correction leads to an “in-
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ward” shift of the resonance, i.e. the hot resonance for a Maxwellian
with maximum (linear) absorption is at B = 2.55 T. For the W7-AS
launching conditions, this difference corresponds to an “inward” shift
in the effective radius of 4 cm. Both the formation of a “quasi-linear
plateau” in the electron distribution function and the violation of the
assumptions for linear absorption will increase this shift.

Finally, neither at half field (B ~ 1.25 T) nor for O-mode launch-
ing at 2.5 T was a similarly pronounced “electron root” feature in-
dicated. For the 70 GHz heating scenarios, however, the available
ECRH power was less than 700 kW.

The X-mode with high optical depth has (for perpendicular launch
ing) maximum linear absorption for v =~ 0, the quasi-linear diffusion
coefficient, @) 1, therefore has its maximum for the deeply trapped
particles in the launching plane, and the wave power is absorbed
close to the resonance layer by the thermal bulk. For the coher-
ent ECRH power densities, however, the assumption of linear ab-
sorption may fail and electron trapping in the wave field at low y)
may become important. The ECRH power at fundamental O-mode
launching is more efficiently absorbed by the barely trapped particles
(Q@L1(v) = 0) = 0), but at higher energy since the lower optical depth
allows the launched wave to penetrate deeper behind the resonance
layer. For both heating scenarios, a broadening of the “effective”
heating profile was found in ECRH power modulation experiments.
This broadening is attributed to the radial V B-drift of ripple-trapped
suprathermal electrons; see Refs. [16, 17, 18]. The equivalent conclu-
sion, that these ripple-trapped suprathermal electrons generated by
the ECRH absorption are responsible for establishing the “electron
root” feature is discussed in the followings.

Decay of the “electron-root”:

With the hypothesis that the non-local (convective) radial flux
of ripple-trapped suprathermal electrons contributes significantly to
the ambipolarity condition, thus forming the “electron root” feature
with strongly positive E,, it should be possible to identify two time
scales. The radial V B-drift time of the ripple-trapped suprathermal
electrons is much shorter than the neoclassical diffusion time of, e.g.,
“jon root” confinement. Without the ECRH-driven convective flux,
the E, in the “electron root” region would drop on the fast time scale
and nearly instantaneously the neoclassical Dg, should increase to
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the “ion root” level. Consequently, the highly peaked “electron root”
T. should drop much faster than the “ion root” T, after the ECRH
power is switched off (or decreased under the power threshold). These
different times can be identified from the ECE electron temperature
traces with high sampling rate (typically 25 kHz).

Close to the thresholds, both stimulated and spontaneous transi-
tions are observed indicating that the “electron root” feature may be
described in a bifurcation picture. Spontaneous transitions into the
“electron root” feature and back are found by shifting the ECRH de-
position slightly off-axis in a By scan, even coherent transitions with
a frequency of about 500 Hz are observed. Also the outer ECE chan-
nels (with non-thermal emission) show an increased emission during
the time of the highly peaked central T, profile whereas no indica-
tion of an increased temperature exists for the equivalent high-field
side channels. These findings support the premise that at least a
part of this non-thermal ECE signal is related to the relativistically
down-shifted emission of highly energetic electrons.
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Figure 3: Time traces of the electron temperature for central
ECE channels (on the high-field side, at 144.1 GHz, 143.1 GHz and
142.1 GHz with increasing T. which covers the range 0 < r < 4 cm)
for the n. =~ 3.5 - 10’ m™2 discharge (see Fig. 1 on the right) when
the ECRH power is switched from 1200 to 800 kW (dashed lines)
and switched-off from 800 kW (solid lines).

The example in Figure 3 shows the dependence of the “electron
root” feature on the ECRH power; compare Fig. 1 (on the right,
dashed lines). “standard” configuration (on the left), After one gy-
rotron is switched off, i.e., the ECRH power is reduced from 1.2 MW
to about 800 kW (dashed lines), the electron temperatures are only
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slightly decreased, and no fast transition is found. The central T, pro-
file remains highly peaked. After the other gyrotrons are switched off,
the central peaking of the T, profiles and the “electron root” feature
disappears within 0.3 ms which is much faster than the thermal decay
after this transition. In this context, the effect of a significant local
Shafranov shift due to the highly peaked central pressure profile must
be taken into account: this effect increases the changes in the central
ECE channels resonant on the low field side, but reduces the changes
in the high field side channels (only high field side channels are shown
in Fig. 3. The E, data are deduced from Doppler shift measurements
by active CXRS, and the time resolution of these measurements is
fairly poor. Thus, no direct experimental information (in contrast to
the heavy ion beam probe data at CHS [5]) is available as to how fast
the “electron root” E, disappears.

The estimate of E,(r,t) by means of the ambipolarity condition
of purely neoclassical fluxes is not very reliable since the neoclassi-
cal ordering is violated for the ions in case of the “electron root” E,
and the ERCH-driven fluxes are disregarded. A more conservative
approach is based on the electron energy balance with purely neo-
classical transport coefficients, i.e., the broadening of the “effective”
power deposition profile due to the radial drift of suprathermal elec-
trons is neglected. For the low density discharges, radiation losses as
well as the collisional electron-ion coupling can be omitted. With the
density profile assummed to be stationary with respect to the fast
time scale, only the evolution of the E, profile determines T¢(r,t) in
the neoclassical simulation of the electron energy balance.

Figure 4 gives the results of this neoclassical simulation for the
decay of the “electron root” feature in the late phase of the discharge
shown in Fig. 3 (solid lines). The E,(r,t) is modelled by a stationary
contribution (simulating the slow time scale of the “ion root”) and an
additional strongly positive contribution in the “electron root” region
with an exponential time decay  exp(—t/7g,) (with 7, = 0.3 ms)
after the ECRH (at 800 kW) is switched-off; see the upper left plot.
With this E,(r,t) profile, the neoclassical T,(r,t) calculated from the
electron energy balance fits fairly well both the stationary and the
strongly transient phase of the discharge of Fig. 3; see the lower left
and the right plot. An equivalent simulation with 75, = 0 (corre-
sponding to “jumping” neoclassical transport coefficients) leads to a
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Figure 4: Neoclassical simulation of the electron energy balance.
Upper left plot: E.(r,t) with a stationary (thick solid line) and a
transient part (at ¢t = 0.2, 0.4, 0.8 and 1.6 ms after the ECRH at
800 kW is switched-off; see the right plot). Lower left plot: T.(r,t)
profiles based on neoclasscial transport coefficients (only at the outer
3 cm an “anomalous” contribution dominates). On the right: Time
traces of the calculated Te(r,t) (with an increment of 6r = 1 cm);
compare the solid lines in Fig. 3.

nearly discontinous crash in the central T, (there is no damping mech-
anism in the neoclassical electron energy balance). Consequently, this
procedure allows for an estimate of the transient behaviour of the E,
profile, however, the magnitude of E, is roughly a factor of 2 lower
than the one obtained from the ambipolarity condition with purely
neoclassical fluxes.

A radial polarization current density, j,(r,t), is directly connected
with this transient radial electric field[19]

r

OFE .
Meff €1 €0 W = ]r(ra t)7

where € = 14 (wpi/wei)? (here wy; (we;) is the ion plasma (cyclotron)
frequency) and M.y is an enhancement factor resulting mainly from
the toroidal curvature (M.ss = 1 for a homogeneous magnetic field).
As discussed in the previous Section, a parallel flow (equivalent to the
Pfirsch-Schliiter current) is driven by the variation of the E, x B-drift
in the flux surfaces. As long as the parallel viscous damping (due to
trapped particles) is small, an axisymmetric treatment may be used;
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see Refs. [20, 21]. Otherwise, a self-consistent neoclasscial treatment
is necessary.

Following Ref. [21], the enhancement factor M.ss depends on the
ion poloidal Mach number, M, ~ RE, /trBuv;, which is of the
order of 10 for the “electron root” feature. In the limit M, > 1,
M.ss = 1+ (B5/t)? is obtained where the normalized toroidal cur-
vature, By ~ 0.7 for W7-AS, reflects the optimization based on an
“averaged elongation” (equivalent to the reduction of the Pfirsch-
Schliiter currents). The bootstrap current in these W7-AS discharges
was feedback controlled by the transformer. The positive F, strongly
reduces the electron bootstrap current density in the “electron root”
region (the ion bootstrap current is negligible). Consequently, the
central ¢ profile is dominated by the ohmic current density profile
and significantly reduced compared to the edge value, ;. For the
simulation of Fig. 4, ¢ < 0.2 for r < 5 cm (Z.ss = 3.5) is obtained
(¢, ~ 0.35). This strongly increases M.¢s in the “electron root”
region.

In this procedure, a lower limit for the radial polarisation current
density is obtained which corresponds for the simulation of Fig. 4 to a
particle flux of 3.5-10!° s™! at r = 4 cm (the ambipolarity condition
with purely neoclassical fluxes yields 0.9-10!° s~! with E, nearly 600
V/cm).

The ECRH-driven electron flux:

The crucial point for establishing the “electron root” feature is
the radial electric field profile which is determined by the ambipolar-
ity condition of both the thermal (diffusive) and the ECRH-driven
(convective) particle fluxes. The latter depend on ECRH power, den-
sity and the fraction of trapped particles in the launching plane, and
may be comparable to the “diffusive” neoclassical fluxes depending
only on the local E,.. Based on fits to the measured density and tem-
perature profiles, the neoclassical particle fluxes are calculated and
the radial electric fields are estimated by the (multiple) roots of the
ambipolarity condition. This approach is valid if the ECRH-driven
electron fluxes are small compared to the ambipolar neoclassical ones.
In a first step, these ECRH-driven electron fluxes are calculated with
the Monte-Carlo technique [18] with an assumed E, profile. In prin-
ciple, a self-consistent approach with all fluxes taken into account
may be obtained by iteration.
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Figure 5: The ambipolar neoclassical particle fluxes (circles) and
the ECRH-driven electron flux from the Monte-Carlo simulation
with E, corresponding to the neoclassical prediction (solid line) and
with E, = 0 (dashed line) vs. radius for the 800 kW ECRH dis-
charge of Fig. 1 (on the left) and Fig. 2.

In Figure 5, the particle fluxes are shown for the 800 kW ECRH
discharges of Figs. 1 and 2. An “electron root” feature (lower solid
circles) is obtained from the ambipolarity condition with only the
neoclassical fluxes. In the central region, the ECRH-driven electron
fluxes obtained from the Monte-Carlo simulation with a FE, profile
roughly corresponding to the “electron root” solution (solid line) sig-
nificantly exceed the ambipolar neoclassical ones, but are consistent
with the extrapolation of the ambipolar “ion root” fluxes (upper solid
circles, the open circles represent the unstable E, root). The ECRH-
driven electron fluxes are less sensitive to the inner radial electric field
profile (dashed line for a Monte-Carlo simulation with E, = 0). As
a consequence, the non-local ECRH-driven electron fluxes are signifi-
cantly larger than the neoclassical ones in the central “electron root”
region and must to be taken into account when estimating the radial
electric field.

Consequently, the different contributions to the ambipolarity con-
dition of all particle fluxes must be discussed in more detail, in par-
ticular for the large FE, of the “electron root” region. Quasi-linear
and non-linear [22] effects become important if a significant fraction
of the wave power is absorbed by resonant trapped electrons. At very
high power levels, the distribution function flattens, i.e. 8f./0v, is
Teduced in the region of the resonance w — kv — lwe/y = 0 (with
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I = 2 for 2nd harmonic and v being the relativistic mass factor), and
the wave absorption is shifted to higher fields and higher energies.
As both the collisional detrapping (oc v~3) is decreased and the VB-
drift is increased (ox v?) wheras the E x B-drift is less effective for
reducing these non-local fluxes, the simplified linear estimate given
in Fig. 5 is a lower bound for the ECRH-driven electron flux.

Comparing this result with the values of the polarisation current
estimated from the simulation of the transient decay of the E,(r,t)
after the ERCH is switched off (see Fig. 4 at equivalent power but
higher density) yields resonable agreement. This equivalence of the
ECRH-driven electron flux and the polarisation current, i.e. the fast
transient behaviour of the “electron-root” E., supports the hypothe-
sis that the “electron-root” feature is driven by suprathermal electron
generated by the ERCH absorption.

High power ECCD

No direct access to the ECCD densities, jgccp, is experimen-
tally available, and estimates from the current balance must rely on
an accurate calculation of both the bootstrap, i, and the inductive
current densities, jox, which depend on the n., T, and Z.g profiles. In
addition, an estimate of the ECCD density from linear theory, jipn, is
obtained by using the adjoint approach with the trapped particles in-
cluded [23] (implemented in the ray-tacing code) and compared with
the current balance. Furthermore, the rotational transform profile,
¢(r), is calculated based on these current densities and low order ra-
tional values (e.g. &= }) can be identified in local mode activity (e.g.
from ECE and SX diagnostics).

ECCD launching angle scan

Driven currents up to £20 kA are obtained from the current bal-
ance of bootstrap (Ip;) and ohmic currents (Io), i.e. It + Igccp =
—Iop = —Uloop/ R, in the net-current free discharges assuming sta-
tionary conditions. The electron densities are in the range of 2.5 101°
m~3 and the central T, are of up to 5 keV. Pronounced differences in
the T, profiles where found for co- and counter current drive (positive
¢inj leads to co-current drive). For co-ECCD the profiles are peaked
displaying the ECRH-driven “electron root” at small launching an-
gles (for higher ¢;,; the beam becomes defocused leading to broader
deposition profiles). In the counter ECCD cases the profiles are very
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" flat in the central region which is attributed to the strong decrease
of the tprofile due to the high central ECCD densities. Equilibrium
considerations would exclude an ¢ = 0-surface, but both ECRH and
the ECCD are coupled with the B-field resonance and should be lo-
calized. The assumption of field ergodisation in the central region
(where the profiles are flat) with high radial transport of energy and
current would lead to a much broader deposition profile.
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Figure 6: 1.2 MW ECCD scan of launching angle ¢in, (shots 43023-
62): Loop voltage (left), bootstrap (x) and ECCD (e) current and
Liin (O) (middle), and experiment vs linear prediction (right).

Fig. 6 shows that the linear theory (Ij;,) overestimates the ECCD
efficiency for higher lauching angles, where its maximum is expected
from theory. The deviation is more severe for co- than for the counter-
ECCD which shows reasonable agreement. The current densities in
these discharges are at least marginally stationary at the times where
the current balance is analyzed. Furthermore, Uj,op(t) develops in the
start-up phase and becomes stationary.

A problem to be discussed is the accuracy of the current balance.
In the case of ctr-ECCD the main contributions are the bootstrap
current and the ECCD, and a small inductive current is sufficient
for compensation. On the other hand, for the co-ECCD case Iy
and Igceop are compensated by a strong I,;, and Igccp is obtained
from the difference of large numbers. In the neoclassical calculation
of ji; the radial electric field becomes important, especially in the
“electron-root” region where the jy; is strongly reduced. Thus, the
neoclassical estimation of the bootstrap current density depending
on the ambipolar E, yields some uncertainty in the current balance
for Igcop. However, since the current balance seems to be reliable
at small ¢;,; (only small ECCD) and the variation of Iy; with ¢is;
is fairly small (jbot dominates at outer radii), the estimation of Igccp
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from current balance should also be reliable at larger ¢;n;.

Fokker-Planck modelling

Two main approaches are available to solve the Fokker-Planck
equation in the 5D-phase space: the Monte-Carlo technique [18] used
to describe the ECRH-driven electron fluxes and the direct Fokker-
Planck modelling [10]. Whereas the effect of a complex magnetic
field topology on the quite different types of trapped particles and
their drift motion is correctly described in the Monte-Carlo technique,
the diffusion in velocity space due to the non-linear collision term
as well as the quasi-linear diffusion term (modelling the ECRH and
the ECCD source) are insufficiently described. On the other hand,
the non-linear Fokker-Planck modelling with the fully self-consistent
collision term is better suited for high heating power levels since the
velocity space diffusion is correctly treated. However, the high phase
space dimension demands some simplifications with respect to real
space. The high power ECCD scenarios with highly localized power
deposition close to the axis are modelled by using the Fokker-Planck
appoach.

The Fokker-Planck modelling is restricted to the near vicinity
of the magnetic axis where the power is absorbed. Here, radial
and poloidal variations of the magnetic field can be neglected, the
toroidal variation is taken into account. In the Imfp-limit (being jus-
tified for the scenarios under investigation), bounce-averaging leads
to a further reduction of the relevant phase-space dimension. In the
bounce-averaged Fokker-Planck code [10] used, the magnetic field
is represented by several (5 for W7-AS) independent mirrors, i.e.,
the equivalence of the trapped-particle distribution functions is bro-
ken by the localized heating. In this approach, the radial trans-
port has to be formulated as an energy sink. Two different models
are used: an isotropic energy and momentum sink roughly simulat-
ing an “anomalous” transport (e.g., by magnetic fluctuations) and
a stellarator-specific loss-cone model where the energy sink is de-
scribed by the V B-drift of the ripple-trapped particles. Note, that
this loss-cone modelling can only describe the “convective” energy
loss of suprathermal ripple-trapped electrons generated by the ECRH.
This approach is resonable since for the low n, high T, discharges
both the “diffusive” neoclassical transport (1/v-regime) and the “con-
vective” Monte-Carlo simulation are confirmed by the experimental
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findings; see the previous section.
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Figure 7: Contour levels of the distribution function at the mini-
mum B-location from Fokker-Planck modelling, and contour levels
of quasi-linear diffusion coefficient, Q. 1, from ray-tracing: n. =
2.510° m™2, T. =3 keV and 50 W/cm?® absorbed power density.

Figure 7 shows the electron distribution function obtained from
the Fokker-Planck modelling of an ECCD scenario corresponding to
Fig. 6. The 1.2 MW ECRH power being highly locally absorbed
(estimated by ray-tracing calculations) corresponds in the averaged
Fokker-Planck calculations to a toroidally averaged power density of
about 50 W/cm3, a very high averaged power density. Since colli-
sional power loss to the ions as well as radiative losses are negligible,
the energy sink located in the loss cone (due to VB-drift) is equiva-
lent to the energy source which is for this ECCD scenario outside of
the loss cone (see the quasi-linear diffusion coefficient @, ; in Fig. 7).
As a consequence, steep gradients in the electron distribution func-
tion develop allowing strong collisional power flux from the heating
zone into the loss cone. Note the quasi-linear “plateau” formation
in the heating zone (@ f/8 v, becomes small). Non-linear absorption
effects [22] are negligible for this scenario at almost maximum ECCD.

Although the deviation of the electron distribution function from
the Maxwellian is very strong, the effect on the ECCD efficiency-
turns out to be fairly small. Figure 8 gives the Fokker-Planck re-
sults of an ECCD-power scan corresponding roughly to the simula-
tion of Fig. 7. For the “convective” loss-cone modelling of the en-
ergy sink, the ECCD efficiency only slightly increases with power.
In contrast, the isotropic energy sink modelling leads to a significant
loss of momentum and consequently to strongly degraded ECCD ef-
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Figure 8: ECCD efficiency (normalized to that in the homogeneous
field) vs. absorbed power density: ne = 2.5 10" m™3, T. = 3 keV.

ficiency. Note that the ECCD efficiency at very low power is in full
agreement with the linear predition (adjoint approach); see Ref. [10].
Consequently, the experimentally found degradation of the EC driven
current may be simply attributed to an “anomalous” transport effect.
Furthermore, the strong deviation of the electron distribution
function from the Maxwellian ‘may also affect the electric conduc-
tivity and, consequently, the estimation of Igccp from the current
balance. For the typical loop voltages (of the order of 0.2 V) the
electric conductivity as function of ECRH power was calculated, and
an increase of only 6% at 50 W/cm?® was obtained. Thus, the estima-
tion of the inductive current in the current balance is not affected.
Finally, the problem of kinetic instabilities in the electron cy-
clotron frequency range must be treated. A first preliminary analy-
sis based on the roots of the dispersion relation with the dielectric
tensor calculated with the electron distribution function from the
Fokker-Planck simulations shows potential instabilities which may
be responsible for a degradation of the ECCD efficiency. For these
kinds of instabilities the strong drive in regions where 9 f/9 vﬁ >0is
counteracted by strong Landau damping. As a consequence, the de-
viation of the distribution function from the Maxwellian (i.e. roughly
proportional to the ECCD power) leads to a sensitive threshold for
instability. This kind of analysis needs further investigations.

Conclusions

The “electron root” feature with highly peaked electron temper-
ature profiles (T.(0) up to 6 keV) found at W7-AS is driven by the
radial “convective” flux of ripple-trapped suprathermal electrons gen-
erated by the ECRH at high power densities. This additional ECRH-
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driven electron flux drives strongly positive E, which significantly
reduce the traditional (“diffusive”) neoclassical electron heat flux.

In the switch-off phase of the ECRH, the electron energy balance
with purely neoclassical transport coefficients is solved yielding the
transient T, profile which depends on the decay of the radial electric
field in the “electron-root” region. By comparison with the experi-
mental T,(r,t) (obtained from ECE), the time-constant of the decay-
ing F, as well as the related radial polarisation current is obtained
which is in reasonable agreement with 5D Monte Carlo simulations
of the ECRH-driven flux. These findings at W7-AS do not support
the hypothesis of an internal transport barrier [5] used for the inter-
pretation of fairly similar experimental findings at CHS.

In high power (1.2 MW) ECCD experiments with detailed scan
of the launching angle from co- to counter-current drive, the currents
obtained from the current balance (with bootstrap and inductive
currents for net-current free operation) are less than the preditions
from linear theory (adjoint approach) based on Maxwellian distribu-
tions. Bounce-averaged Fokker-Planck calculations based on the fully
self-consistent collision operator (mandatory for toroidally averaged
power densities of up to 50 W/cm3) and with the stellarator-specific
loss-cone modelling of radial “convective” transport of ripple-trapped
electrons (VB drift) even show a slightly increased current drive ef-
ficiency. However, very steep gradients in the electron distribution
function close to the loss-cone boundary are obtained. Kinetic insta-
bilities in the electron cyclotron range of frequency may be driven
which can reduce these steep gradients and, as a consequence, also
the ECCD efficiency at very high power level. This topic is presently
under investigation.

ECCD experiments at W7-AS as well as kinetic modelling is of
high relevance for the current control of W7-X which will have no in-
ductive current control. Especially at moderate densities, the ECCD
efficiency (roughly scaling with n_!) found in W7-AS at low-field
side launching may be not sufficient to control the bootstrap cur-
rent expected in W7-X. However, advanced ECCD scenarios with,
e.g., high-field side launching are very promising since the absorp-
tion starts at the high-energetic electrons before the cold resonance
is reached. The upgraded ECRH system of W7-AS allows with its
flexibility a detailed analysis of all the ECCD scenarios.
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The electron cyclotron heating system on LHD is overviewed. Electromag-
netic characteristics on the sliding waveguide are analyzed by using the
mode-matching method and scattering matrix technique. It is confirmed
that the small power decrease of < 0.1 % in HE,; transmission of 168 GHz
is obtained in the sliding length of 2 ¢cm and that transmission and re-
flection powers change slightly with the period of a half wavelength in the
sliding length. The result from first electron cyclotron heating on LHD is
described. By using three gyrotrons, the maximum injected power of 0.45
MW at 82.6/84 GHz is injected into LHD and experiments on the on-axis
and off-axis heating are performed. The obtained maximum plasma param-
eters are line-averaged density of 3 X 10'°m™3, electron temperature of 2.0
keV and energy content of 36 kJ. The trial toward the CW operation of
LHD by ECH is introduced.
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1 Introduction

The construction of a large helical device (LHD) ! with super-
conducting and cryogenic technology realizes net current-free plasmas
by helical system and progresses physics and technology for helical
fusion plasmas. The principal aim of the LHD is to realize plasmas
with high n7T and to study transport applicable to fusion plasma,
to demonstrate high § plasmas, to develop important physics and
technology for steady state operation using the divertor, to simulate
a particle behavior and to understand the physics of toroidal plas-
mas with complementary study on tokamak. The LHD is designed to
enable operation of a local island divertor, which controls the islands
and corrects the error fields with low mode. For the plasma heat-
ing method, three kinds of electron cyclotron heating (ECH), ion
cyclotron range of frequency (ICRF) heating and neutral beam in-
jection (NBI) heating are being prepared. Electron cyclotron plasma
production/heating and control of electric field by electron cyclotron
waves are important as target plasmas for NBI and transport study.
From the viewpoint of steady state operation, ECH as well as ICRF
are a good candidates for plasma heating. In January 1998, the LHD
was completed and cooled down to superconducting state. At the
end of March 1998, the first plasma was produced by second ECH in
B;=1.5T.

In this paper we report the design, installation and application
of ECH-system to LHD. A brief description of LHD and an outline of
ECH-system are presented in section 2 and section 3. In section 4, a
recent analysis of sliding waveguide by mode-matching method and
scattering matrix technique is described. Finally, the first application
of ECH to LHD is given.

2 The LHD

The magnetic configuration of LHD is /=2 heliotron type of m=10
and Ap=6-7. The major radius, coil minor radius of the machine and
plasma radius a, are 3.9 m, 0.975 m and 0.6 m, respectively. The
maximum toroidal field B; is 3 T for phase I and 4 T for phase II in -
the operation of 1.8 K such as superfluid helium cooling. The helical
coils of NbTi stabilized Al are cooled by boiling type, while cooling
of three poloidal coils of NbTi conductor are forced flow type. The
LHD has various flexibilities such as control of helical winding pitch,
magnetic axis and elongation and also local-island-divertor coil. Final
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heating power of ECH, NBI and ICRF is specified to be 10, 20 and 12
MW. As for ECH in B;=3 T, two kinds of 82.6/84 GHz gyrotron and
168 GHz gyrotron are prepared to operate in comparably wide range
of B; near the fundamental resonance and to obtain high density
plasmas in the vicinity of second harmonic resonance. In the first and
second experimental campaigns, production and heating of plasmas
are performed by 82.6/84 GHz gyrotrons, mainly in the range of
B;=1.4 - 2.7 T. In the helical system without ohmic heating, a role
of ECH or ICRF as plasma start-up is important. In the second
campaign, it is found that toroidal plasma is initiated by high-power
NBI with long pulse alone and grows to high temperature. This
technique 2 is specific for an external confining magnetic structure.
For NBI one has to wait several hundreds ms until plasma initiation
and employ a tough beam armor. But there is no such constraint for
cyclotron harmonic resonance in ECH.

8 Electron Cyclotron Heating System

An 84 GHz, two 82.6 GHz (0.5 MW/2s) and six 168 GHz (0.5
MW/1s) gyrotrons are prepared. In B;=3 T, the role of 82.6/84 GHz
gyrotrons is the fundamental electron cyclotron plasma production
and heating, and a tool for creation of steady state plasma. The 84
GHz gyrotron with an anode was operated for 1 hour with 50 kW
in R&D in 1994. The 82.6 GHz gyrotron is a diode-type one. The
168 GHz gyrotrons are used for the second electron cyclotron heat-
ing of high density plasma. The cutoff density of ordinary(O) mode
and extraordinary(X) mode is 8.8 x 10°’m~2 and 1.8 x 102m~3, re-
spectively. The gyrotron with depressed potential collector realizes
an increase in efficiency, a decrease in X-ray radiation and only re-
quires low-voltage power supplies. Regulation of the collector voltage
is not so critical. But the regulation of the body/anode power sup-
plies with small current is important. Present 168 GHz gyrotron is
of the depressed potential collector type. Here, the regulation of col-
lector, body and anode power supplies is ~ 5%, < 0.3% and < 0.3%,
respectively.

For 168 GHz gyrotrons, the solid state power supply without
a tetrode is adopted due to the simplification of maintenance, limit of
anode current in the tetrode and construction of an inexpensive sys-
tem. In Fig.1, the block diagram is shown. The power supply system
consists of three clusters. In a cluster, three gyrotrons with each body
(90 kV/0.1 A), anode (50 kV/0.3 A) and heater power supplies are
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Figure 1: Block diagram of ECH system for LHD

connected to the main collector power supply with maximum volt-
age/current of 66.2 kV /126 A. Three collector power supplies with a
transformer, a SCR, a filter, and a GTO DC switch are driven via
commercial line or a flywheel generator. On the other hand, a con-
ventional power supply with a tetrode can supply 80 kV/50 A and
is connected to 84 GHz gyrotron. The beam current is turned off
within 10 psec when gyrotron arcing occurs. Six sets of corrugated-
waveguide transmission line of 88.9 mm in diameter are prepared via
the LHD basement and the public trench from the heating equip-
ment room. In each line, a polarizer, a circularizer, a waveguide
switch, and sliding waveguides are included. To transmit power with
the frequency range from 82.6 to 168 GHz, the center frequency of
126 GHz is chosen for the corrugated waveguide. A supporting struc-
ture of wavegide is built together with a catwalk for maintenance
and adjustment. The catwalk is isolated from the supporting struc-
ture to prevent waveguide line from displacement. If the waveguide
transmission line is tilted by 0.1 degrees, higher-order modes with 1%
would be excited 3. The alignment of waveguide is within the accu-
racy less than 0.1 degrees and 0.1 mm. In the cold test of the straight
corrugated-waveguide transmission line with 64 m, low transmission
loss of around 2 dB/km was confirmed *. In the LHD building, the
length of each transmission line is around 110 m and loss around
30 ~ 40% of the system is due to mode-conversion loss in a lot of
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(18 to 20) miter bends. To increase maximum withstanding voltage,
dry air or nitrogen gas is always introduced in each waveguide. As a
result of an arcing, the maximum pulse width of transmitted power
depends on injection power into the mouth of corrugated waveguide
from the MOU. The arcing problem will be able to be solved by
filtering of the output from the MOU and by modifying coupling sec-
tion into the waveguide. Three launcher mounts are prepared

Radial Direction 20mmvdiv)

(MPAuWIOZ) USRS fEPIOIO )

Figure 2: Vertical launcher mount and characteristics of beam at 84 GHz

on LHD. Two vertical launcher mounts are installed on the 5.5U-
and 9.5U-ports of the top of LHD and the other horizontal launcher
mount on the 20-port from the outside of equatorial plane. The ver-
tical launcher mounts consists of two mirror-aligned lines as shown in
Fig.2. Mirror supporting structures, cooling channels, crank shafts to
scan the beam two-dimensionally are included. The first mirror with
different curvature in toroidal and radial directions generates ellipti-
cal gaussian beam. The second mirror is a plane one to direct the
beam to the third one. The third mirror has the focusing mirror and
the fourth plane mirror can steer two-dimensionally by driving the
super-sonic motors. In Fig.2, the beam profile for 84 GHz measured
at the mid-plane of the LHD is shown. The radiation pattern clearly
shows the well-defined elliptical gaussian beam with waist size of 15
mm in radial and 50 mm in toroidal directions. In the range of 20 cm
in toroidal and 15 cm in radial directions, the beam is steered with
almost no change in quality.
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4 Theoretical Analysis of'Sliding Waveguide

In ECH transmission lines, the sliding waveguides are used to
adjust the waveguide length. As shown in Fig.3(a), the corrugated
waveguides with the inner diameter 2a=88.9 mm are inserted into the
short waveguide with smooth wall with the inner diameter of 26=110
mm. The sliding surface is coated by MoS; and sealed with a silicon
O-ring. By using the electromagnetic (EM) analysis on the mode
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Figure 3: The sliding waveguide for

the transmission line. Figure 4: S-Matrix for N = 7.

matching method, we take reflection from the discontinuous junction
planes into consideration and calculate the complex amplitude of EM-
wave in transmission and reflection modes. Equations satisfying the
boundary condition at the junction plane are given by

oo oo
eaL +ZCne; = ZDmE;'r-n (1)
o o0 "
hi + Y Cph; =Y D, H + 2hf H(a), (2)
n m
where the relation e} = e;; and h} = —h; are satisfied. To deter-

mine the coefficients C,, and D,,, the least square method is adopted:

I'y = fs Iej + EnN Cre, — EﬁDmE,",;PdS +

Jsled|2ds
+fs ¢ + 30 Cubz — SN DimHY, — 2h H(a)?dS )
Js Ihg|2ds
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where, m, n are mode number , (+,—) is the traveling direction of
EM-wave. EM-fields (ef, hy), (e, h;) are incident and reflected
waves in input waveguide and (E},, H}) transmitted wave to the
output waveguide. In Eq.(2) on the boundary equations, the term
including the Heviside function H is the induced field at the ring-
shaped metallic wall in the junction plane when the EM-wave in the
smooth wall waveguide is injected into the corrugated waveguide. If
N = oo, I'y, is equal to zero. In finite mode number N,

Ty _
3 0, (4)
Ty _

3D, = 0 (5)

are satisfied in order to minimize I'y. Beacause C; and D; are com-
plex value in general, 4V simultaneous linear equations are solved:

R[Q:] = - RCT;; + > RD;Ui, (6)
J J

3[Qi] = - Z IC;Ti; + Z 3D;Ui, (7)
J J

R[R] = -) RC;Vij+ > RD;W,, (8)
j i

S[R)=-) SC;Vij+ ) SDiWi;, 9)
i j

where T;; = [e;" -e;dS/Ke+ [h;™-h;dS/Ky, Uij = [e]"-
EfdS/K. + [h;* - H}dS/Ky, Vij = [Ef* - ejdS/K. + [H* -
h;dS/Ky, Wi ;= [Ef*-EfdS/K.+ [H}* -HfdS/Ky, Qi = [e;*-
efdS/K.+ [h;* - (b — 2hf H(a))dS/K}, R; = [E}* -efdS/K. +
SH}* - (hf — 2h{ H(a))dS/Kp, K. = [|eg|dS and K, = [ |hi|dS.

To carry out the numerical integration, the two dimensional data
files sampled with 64 X 64 points are provided for all the modes.
Here, the radius of corrugated waveguide is 24 points. The sliding
waveguide as shown in Fig.3(a) consists of the up-step waveguide
(b), the straight waveguide (c) and the down-step waveguide (b). By
the mode-matching method, each mode amplitude of input waves
(Aeqs Agq), and reflected waves (Beg, Bsg) in S-matrix S of Fig.3(b) is
calculated, where sufix e and s are name of ports. Although the up-
step (the down-step) waveguide has real two ports, 4N virtual ports
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with TEy,, TMyp, HE;, and EH;, transmission lines forp =1~ N
(p =2~ N +1 for EH;,) are considered:

Bel Ael
B | A
cee S11 | S12 e

— » 10
B ( Sa1 | S22 At (10)
Bs2 As2

where input and reflected hybrid modes are denoted by A, and
Bey. As for input and reflected TE/TM modes, A,y and By, are
used: Ae1 = AeHEy,, - - Ae(N+1) = AcEHyps ++ o5 As1l = AsTEyys -+ »
AgN+1) = AsTMyy, -..and By = BeHEyy, -y Be(n41) = BeEHs)
.oy Bs1 = BsTEyys -+ o5 Byvg1) = BsTyys - -+

In Fig.4, the contour plot and wireframe of S-matrix for N = 7
at 168 GHz are shown. The S-matrix shows that injection power of
HE;, or EH;, modes to the smooth waveguide in the up-step junc-
tion are almost transmitted as TE;, and TM;, modes. On the other
hand, TE;, and TM;, modes at the down-step junction are partially
reflected when these modes are injected into the corrugated waveg-
uide. For example, in 28 modes of TE;,, TM;,, HE;, and EH;, for
p=1-7(p =2-8 for EH-mode), the calculation of S;5* shows that
the off-diagonal terms are close to zero and diagonal terms except
I Se6 l2, | S77 |2, | 512,12 |2 I 513,13 |2 | 514,14 |2 are close to unity.
This results from insufficient mode number in the mode conversion
such as HE; 7 to mainly (TE77, TM77) and more higher modes which
is truncated. This S-matrix is nearly unitary and the system does
not conserve energy completely due to the finite modes number con-
sidered. Even if N increases, no complete unitary matrix can be
obtained. When the sliding length increases, multi-reflection of TE,
and TM;, modes between step junctions causes more higher modes.
T-matrice U,D for the up-step and down-step waveguide component
as shown in Fig.3(b) are calculated straightforward by the following
relation.

Ba Ae1
Bgo Aea
v Uy I Uy v

= 11
Ag ( Uz | Uz > Ba | 1
Ago BeZ
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B.; | Ag2

ces D11 | D12 ven
| = 12
Aer ( D21 | D22 B, |’ (12)
Ae2 Bs2

where Uiy = Sa1 — S22577'S11, Uiz = S2257, Uz = =53!S11, Uz =
Siz» D11 = S12 — 11551 S22, D12 = S11S57, D21 = —S51'Sge, and
D22 = S, For the straight waveguide component of Fig.3(c), T-
matrix F is given by

B Aa
Bs2 ] Ae2
.. Fii]| O ...
= 13
Aa ( 0 | Fa ) Ba |’ (13)
A32 Be2
where
e~J0 0 0
0 e~9%2 | 0
( F11 ) = : : : 0 (14)
0 0 0 e %~
and .
e 0 ... 0
0 eif2 .. 0
( F22 ) Il T P S P (15)

0 o0 6 effzn

Here, 8, is the phase angle for TE (for ¢ < N ) and TM (for ¢ > N)
modes. Finally, T-matrix for the sliding waveguide is obtained as

le Ael
B82 Ae2
-~ | =D[RF + SF]U | = 16
Aq [ + ] B, ’ ( )
A32 362
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Figure 5: The transmission power. Figure 6: The reflection power.

where HE;; mode of 168 GHz is injected into the sliding waveguide,
and transmitted wave amplitude By, and reflected wave amplitude
B, are solved numerically as a function of the sliding length L by
substituting Ac;=1, Aeq=0 (for ¢ # 1), and A,;=0. Also, for HE;,
injection, Bsq and B, are obtained by replacing A.; with Ae.
In Fig.5 and Fig.6, transmitted and reflected power fractions of HE;,
and EHy, modes | Boggip |2 ..., | Bsemip |% -++s | BenEip 12,
o | Begmip |%, ...are plotted as a function of sliding length L
for mode number of N = 7 when HE;; mode is injected into the
sliding waveguide. It is confirmed that transmission power of HEj;
at L = 0 becomes close to unity when N increases. For instance,
this value for N = 5,7,.. is 0.9991, 0.9997,.... Because phase differ-
ence between TEq; and TM;; modes increases with L, power frac-
tion of transmitted HE;; mode, which is a composition of TE;; and
TM;; modes, decreases. Typically, for sliding length of L= 2 cm the
transmission loss of HE;; is < 0.1%. With increasing L, many peri-
odic changes in the transmission and the reflection are observed, the
depth of trough increases and the period is almost a half waveguide-
wavelength. This phenomenon results from the formation of standing
wave of TE and TM modes with low-order trapped partially in the
sliding section. Waveguide-wavelength of low higher-mode is nearly
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equal to the wavelength in free space. Up to now we can not under-
stand why positive and negative spikes appear with the same period.

5 Plasma Production and Heating Experiments

At the end of March 1998, the plasma-production experiment
started with the injection of X mode at the second electron cyclotron
harmonics 5. Here, the toroidal magnetic field is 1.5 T. Here, work-
ing gas is hydrogen. In the experiments three gyrotrons with the
frequency of 82.6 and 84 GHz are operated. As in Fig.7, elliptical
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Figure 8: The waveforms of W, .
Figure 7: Magnetic field configuration and ECH pulse

gaussian beams are injected vertically and EM-wave of the focusing
rays resonates near the magnetic axis and plasma is initiated. By
scanning the beam axis radially or strength of magnetic field, param-
eter range to initiate plasmas is examined. As in Fig.8, it was found
that the radial focusing point to get to high temperature plasma is
limited within 2 cm near the layer of electron cyclotron resonance
where the ma§netlc axis is located. Here, the line-averaged density
around 7x10'®m~3 and stored energy W, of 15 kJ are obtained for
~0.25 MW of input power. Because rough estimation of absorbed
power by dW,/dt|_, — dW,/dt|, is about 0.2 MW, it is inferred that
most of EM power is deposited effectively by sharp gaussian beam
without multi-reflection at the wall. During the second experimen-
tal campaign, a maximum power of 0.45 MW is injected by three
gyrotrons; maximum line-averaged density, electron temperature T,
and stored energy are attained at 3x10®m~3, 2.0 keV and 36 kJ,
respectively. The existence of a divertor may suppress production of
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a high density plasma because the penetration of gas puffed into the
plasma core is difficult without pellet injection. As for high temper-
ature plasma, the peaked electron temperature profile with pedestals
near the edge is observed by the Thomson scattering shown in Fig.9
at fie = 2.2 — 3.2x108¥m 3,

The plasma parameters obtained in LHD are compared with
a common scaling for the stellarator L-mode confinement given by
the ISS95©

Téss95 = 0.079 x a2.21R0.65Pt;t0.59ﬁe—0.51 32)83(,'/27‘,)(2)/453 (17)

Here, (1/2m)9/3 is used for the confinement-relevant region with the
normalized radius of 2/3. To calculate experimental 7gezp, the plasma
energy content measured by the diamagnetic flux and absorbed heat-
ing power corrected for temporal change in the energy content are
needed. Figure 10 shows the data set of the experimental 7g.., with
no correction for temporal change in W), and injected power P;,; for
P,y is plotted, because accuracy of transient response for the dia-
magnetic flux signal is not high. Nevertheless, the upper boundary
of data set for ECH is close to the ISS95 scaling. To prevent the
LHD from quenching of SC-coil, careful increase in magnetic field up
to 2.75 T at the magnetic axis of 3.6 m is tried during second exper-
imental campaign. With increasing By, fundamental resonance layer
appears at edge region. Plasmas with finite W, are produced at 2.2
T and W), increases with B;. In contrast with plasma production in
second electron cyclotron resonance, plasma grows up with the scat-
tering ray at the wall when the fundamental resonance layer exists
inside the last closed flux surface. In By= 2.4 T, the electron temper-
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Figure 12: The waveform of ECH
pulse, i, and Prqq.

ature profile is measured. The measured profile of T, as a parameter
of time is hollow as shown in Fig.11.

As the first trial on steady-state plasma production by ECH,
the 84 GHz gyrotron is operated with keeping the duty factor of 95 %
with 5 Hz (190 ms/ON and 10 ms/OFF) at Pi,; = 50 kW as shown
in Fig.12. In the long-pulse experiments, total injection time of ECH
pulse is extended to 10, 20 sec and 120sec. Here, B; = 1.5 T and
Roz= 3.75 m. Fig.12 shows time evolutions of He-plasma parameters
during 120 sec. The steady 7. = 3—5x 10"m~3 and radiation signal
P,,4 measured by the bolometer system are observed except for the
initial 5 sec. The ion temperature estimated by spectroscopy of CV
line and electron temperature measured by soft X-ray PHA are about
300eV and the value less than 650 eV, respectively.

6 Summary

The electron cyclotron heating system on LHD is described. In
this sytem, solid state power supply with three clusters is adopted.
For fundamental and second electron cyclotron harmonic heatings at
B; =3 T, 82.6/84 GHz and 168 GHz gyrotrons are prepared. Six
Sets of transmission lines with around 110 m is installed. In first and
second experimental campaigns, two sets of vertical launcher mount
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are used and injecting beams are scanned poloidally. By injecting the
maximum power of 0.45 MW at 82.6/84 GHz, the obtained maximum
plasma parameters are line-averaged density of 3x10%m~3, electron
temperature of 2.0 keV and energy content of 36kJ. The theoreti-
cal analysis of sliding waveguide is performed with a combination of
mode-matching and scattering matrix techniques. The result shows
that small amount of higher-order modes in reflection and transmis-
sion is excited and that HE;; mode is transmitted with the loss of
< 0.1% at the sliding length L = 2 cm.
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POLARIZATION MEASUREMENTS DURING
ELECTRON CYCLOTRON HEATING EXPERIMENTS
’ ON THE DIII-D TOKAMAK

C.C. Petty, T.C. Luce, M.E. Austin, * H. Ikezi, J. Lohr, and R. Prater
General Atomics, P.O. Box 85608, San Diego, California, 92186-5608, USA
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The polarization of the launched electron cyclotron wave has been
optimized for coupling to the X~mode by adjusting the inclination of
grooved mirrors located in two consecutive mitre bends of the
waveguide. The unwanted O—-mode component of the launched beam
can be positively identified by the difference in the power deposition
profiles between X-mode and O-mode. The optimal polarization for
X-mode launch is in good agreement with theoretical expectations.

Electron cyclotron heating (ECH) and current drive (ECCD) experi-
ments on the DIII-D tokamak need narrow beams in nearly pure X—mode
to achieve the highly localized deposition and current drive required for
advanced tokamak scenarios. The electron cyclotron waves are launched
from the low-field-side of the tokamak using two 110 GHz gyrotrons
(“Katya” and “Dorothy”), corresponding to the second harmonic of the
electron cyclotron frequency. The two gyrotrons are capable of 1.7 MW
of combined power for 1s pulses. For current drive experiments, a
toroidal launch angle of 19° is used, while perpendicular launch is also
possible for pure heating applications using a different mirror geometry.
The ECCD launcher is steerable in poloidal angle which allows the
deposition location to be varied from the plasma center to the edge.

The polarization of the launched wave is controlled by adjusting the
inclination of grooved mirrors located in two consecutive mitre bends of
the evaculated waveguide.! This type of polarizer produces a polarization
dependent phase delay since the wave is reflected from the top of the
grooves when the electric field is aligned to the groove, whereas the wave
is reflected from the bottom of the grooves when the electric field is
perpendicular to the groove. Nearly any mixture of X-mode and O—mode
power is possible using these polarizers. For perpendicular launch, the
desired polarization for X-mode is linearly polarized (ellipticity = 0) with
an inclination of 90° relative to the magnetic field at the plasma edge.

The power deposition profile is determined experimentally by modu-
lating the ECH power at 100 Hz and measuring the electron temperature
(Te) response using a 32-channel heterodyne radiometer.? In the limit of
Infinite modulation frequency (), the temperature response (T;) is
€verywhere proportional to the ECH source term with a 90° phase lag
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from the injected power. For square wave modulation, the power deposi-
tion profile can be found from3

20 3
Faps=— SneT, (1)
where n, is the electron density. However, this equation places only an
upper bound on the deposition profile width for the relatively low
modulation frequency of 100 Hz used in these experiments.

Experimental Results

Recent experiments on DIII-D have verified the correct operation of
the polarizers by scanning the mixture of X—-mode and O-mode power by
changing the inclination and ellipticity of the launched beam.
Perpendicular launch of the ECH is used in this experiment since this
allows the regions of deposition for X-mode power and O-mode power to
be easily separated, as described below and shown in Fig. 1. The X-mode
component is strongly absorbed off-axis at the location of the second
harmonic ECH resonance, whereas the O-mode component is weakly
absorbed owing to the low electron temperature off-axis. The remaining
O-mode component of the wave reflects off of the graphite inner wall and
makes a second pass through the plasma, this time passing close to the
plasma center where the O-mode power is more strongly absorbed due to
the higher electron temperature.

Fig. 1. Vacuum ray paths for perpendicular launch of electron cyclotron waves
for these experiments.
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Measurements of the power deposition proﬁle can clearly resolve the
separate X—-mode and O-mode peaks, as shown in Fig. 2. In the case of
Fig. 2(a) for the Katya gyrotron, the mixture of X-mode power and
O-mode power is varied by changing the inclination of the linear
polarized launched beam, whereas in the case of Fig. 2(b) for the Dorothy
gyrotron, the ellipticity of the launched beam is changed as well. Figure 2
shows that the X—mode component is absorbed near p = 0.55, where p is
the normalized toroidal flux coordinate. After reflecting off the inner wall,
the O—mode component is seen to damp near p = 0.15. The relative size
of the X-mode and O-mode peaks are in good agreement with the
expected X—-mode and O-mode powers based on the polarizer settings.

Scans of the wave inclination show that the launched X-mode power
is optimized for an inclination near 90°, which agrees with theoretical
expectations for perpendicular injection. Figure 3(a) shows the measured
power deposition profiles for Katya during an inclination scan about the
optimal X-mode launch point. The unwanted O-mode component is seen
to increase as the inclination moves away from 90° in either direction.
Conversely, the magnitude of the X-mode component increases as the
inclination moves closer to 90°. A similar result is obtained for Dorothy,
as shown in Fig. 3(b).

Scans of the wave ellipticity show that the unwanted O—-mode power is
minimized for an ellipticity near 0, in agreement with theory for
perpendicular launch. This is shown in Fig. 4(a) for Katya and Fig. 4(b) for
Dorothy. Since the O—-mode component in Fig. 4(a) never completely
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Fig. 2. Power deposition profiles for X-mode and O-mode launch for (a) Katya,
and (b) Dorothy. The integrated absorbed powers are also indicated.
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Fig. 4. Power deposition profiles for an ellipticity scan about the optimal
X-mode point for (a) Katya, and (b) Dorothy. The integrated absorbed powers

are also indicated.

disappears, even for an ellipticity of 0, this would indicate that the
inclination has not been set to the ideal value for X—mode launch. There is
also a puzzling asymmetry in the magnitude of the measured O-mode
power for ellipticities of £0.5. In Fig. 4(a), the O—-mode peak for Katya is
lower for an ellipticity of 0.5 compared to —0.5, while in Fig. 4(b), the
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O-mode peak for Dorothy is higher for an ellipticity of 0.5 compared to
-0.5. Although this asymmetry is not understood presently, it may be
related to the slightly different toroidal angular components for the two
ECH systems since the launchers actually inject +2° from perpendicular.

Conclusions

Experiments on DIII-D have shown that the polarization of the
launched electron cyclotron waves can be controlled by adjusting the
inclination of grooved mirrors located in two consecutive mitre bends of
the waveguide. The X-mode and O-mode components of the launched
beam can be identified by their different deposition profiles, determined
by modulating the ECH power and measuring the electron temperature
response. For perpendicular injection of the waves, the experimentally
determined polarization for optimal X-mode launch is in agreement with
theory. This gives confidence that the required polarization for X—mode
launch in the more difficult situation of current drive injection can be
correctly obtained.
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THE 110 GHz GYROTRON SYSTEM ON DIII-D:
GYROTRON TESTS AND PHYSICS RESULTS
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The DIII-D tokamak has installed a system with three gyrotrons at the
1 MW level operating at 110 GHz. Physics experiments on electron
cyclotron current drive, heating, and transport have been performed.
Good efficiency has been achieved both for on-axis and off-axis current
drive with relevance for control of the current density profile leading to
advanced regimes of tokamak operation, although there is a difference
between off-axis ECCD efficiency inside and outside the magnetic axis.
Heating efficiency is excellent and electron temperatures up to 10 keV
have been achieved. The gyrotron system is versatile, with poloidal
scan and control of the polarization of the injected rf beam. Phase
correcting mirrors form a Gaussian beam and focus it into the
waveguide. Both perpendicular and oblique launch into the tokamak
have been used. Three different gyrotron designs are installed and
therefore unique problems specific to each have been encountered,
including parasitic oscillations, mode hops during modulation and
polarization control problems. Two of the gyrotrons suffered damage
during operations, one due to filament failure and one due to a vacuum
leak. The repairs and subsequent testing will be described. The
transmission system uses evacuated, windowless waveguide and the
three gyrotrons have output windows of three different materials. One
gyrotron uses a diamond window and generates a Gaussian beam
directly. The development of the system and specific tests and results
from each of the gyrotrons will be presented. The DIII-D project has
committed to an upgrade of the system, which will add three gyrotrons
in the 1 MW class, all using diamond output windows, to permit
operation at up to ten seconds per pulse at one megawatt output for each
gyrotron.

1. Introduction

The 110 GHz ECH system on the DIII-D tokamak comprises three
different gyrotrons in the 1 MW class, one Gycom gyrotron and two CPI
gyrotrons. The gyrotrons are of two general types, characterized by either
a diode or triode magnetron injection gun (MIG) and are further differ-
entiated by the power handling capability of their output windows, which
in turn determines the designed characteristics of the output rf beams.
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The characteristics and representative gyrotron typical best performance
are summarized in Table 1.

Table 1. Gyrotron Characteristics

Manufac- Mfg. Local

turer Gun type Window  Performance rf beam Type name

Gycom! diode MIG BN 0.8 MW broad Centaur  Katya
20s

CPI2 triode MIG  sapphire 1.1 MW broad 8011A  Dorothy
06s

Cps3 triode MIG diamond 0.5 MW Gaussian 8110 Toto
42s

Measurements of the rf output power are made using calorimetry on
the window cooling circuits. The BN window on Katya is edge cooled by
water and has 3.7% absorption. The sapphire window on Dorothy is a
face cooled double disk with a chloro-flurocarbon, FC-75, as the coolant.
This window has 1.7% absorption. The window on Toto is a single
diamond disk. For this window the absorption, approximately 0.33%, is
too low for reliable calorimetric measurements, so output power was
measured directly using a black planar load with 1,octanol as the working
fluid. Octanol has linear absorption of 13 dB per cm traversed4 and the
load has minimum thickness of 2.6 cm. The output powers and rf
generation efficiencies for each of the gyrotrons are presented in Fig. 1
(a,b,c).

The diode gyrotron has demonstrated somewhat better efficiency than
either of the triode tubes. The triode tube produced the highest output
power, 1.09 MW averaged over a 600 msec pulse, but the triode tube with
the diamond output window has consistently had the worst rf efficiency,
averaging 20%-25% in measurements at DIII-D. In initial tests of this
gyrotron at CPI, a higher efficiency, about 30% was measured. The
reason for the discrepancy is under investigation.

The internal optics systems in the gyrotrons are used to optimize the rf
beams for use with the different windows. For the BN and sapphire
windows, it was necessary to spread the Gaussian beams naturally
produced by the internal mode converters so that the limiting power
density was not exceeded on the window. For the Toto gyrotron, with its
diamond window, the Gaussian beam could pass without exceeding the
limiting power density, so in this gyrotron the Gaussian beam profile was
maintained. The waveguide transmission lines used at DIII-D are corru-
gated circular aluminum tubes propagating the HE ; circular waveguide
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Fig. 1. The tf production efficiencies and output powers for the three gyro-
trons, Katya, Dorothy, and Toto are shown in (a), (b), and (c) respectively.
The highest output power, 1.09 MW averaged over a 600 msec pulse, was
achieved by the triode gyrotron Dorothy, while the highest rf production
efficiency was consistently achieved by the diode gyrotron Katya.
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mode, which couples well to a Gaussian beam. Therefore the rf beams
from Katya and Dorothy had to be restored to Gaussians by reflection
from phase correcting mirrors and all three beams had to have Gaussian
waists at the waveguide inputs with diameters of 20.3 mm, which is 64%
of the diameter of the waveguide. Infrared camera views of the rf beam
cross sections for the three gyrotrons near the output windows are shown
in Fig. 2 (a,b,c), where this design requirement is clear.

(a)

Fig. 2. Infrared camera pictures of the power profiles near the output
windows for the three gyrotrons, Katya, Dorothy, and Toto are presented
in (a), (b), and (c), respectively. The Toto gyrotron has a diamond output
window and the internal optics are designed to produce a Gaussian output
beam with a waist near the 5 cm diameter output window, but the other
two gyrotrons, Katya and Dorothy, have windows with limiting power
density capabilities, therefore the internal optics systems for these tubes
spread the output rf beams over a large fraction of the 10 cm diameter
windows.

The 1f beams propagate into free space, and power profile mea-
surements at several axial positions can be used to calculate the surfaces
of phase correcting mirrors which can be used to reform Gaussian beams.
This phase reconstruction technique5-8 has been applied to the DIII-D
systems and the resulting beams at the waveguide inputs are seen in Fig. 3
(a,b,c), produced using thermally sensitive paper at the waveguide inputs,
to be well suited for exciting the HE | mode.

II. System Performance and Diagnostics

The gyrotron systems installed on DIII-D collectively have demon-
strated all the requirements for advanced tokamak research at fusion
parameters: Unit power > 1 MW; Pulse lengths > 2.0 sec; Gaussian
beams; Low loss transmission over lines approaching 100 m in length;
Control of the trajectory and polarization of the launched rf beam; and
Excellent reliability. Repairable failures were experienced in the two
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Fig. 3. The same rf beams shown in Fig 2 are shown in Fig. 3(a), (b), and
(c) following reflection from pairs of mirrors especially designed to place a
Gaussian waist with w/a=0.64 at the input to the corrugated
waveguides. The mirrors both focus and phase correct the beams
produced by the gyrotrons. Thermally sensitive plotter paper is used to
indicate the power profiles. The waveguide diameter, indicated by the
circles, is 31.75 mm.

triode development gyrotrons. On Dorothy, which had about 5,000 hours
of filament operation, the filament shorted, possibly due to an incorrect
startup command sent by the control system. On Toto, there was a small
failure in a braze in the collector region, which partially vented the
gyrotron following a normal pulse. Toto has been repaired and is in test at
CPI using its original gun, and Dorothy is ready to be reassembled fol-
lowing its repair. In each case, the cost of the repair was about 10% of the
value of the gyrotron.

Polarization of the rf beam

The second harmonic extraordinary mode plasma wave is excited by
the microwave beam in the DIII-D installation. In order to generate this
mode using microwave injection at arbitrary toroidal and poloidal angles
to the tokamak flux surfaces, it must be possible arbitrarily to control the
elliptical polarization of the injected rf beam.® This is accomplished at
DIII-D by use of grooved mirrors in two of the miter bends of the
transmission line. The mirrors have sinusoidal grooves and rotate under
remote control.

Measurement of the power deposition profile using Fourier analysis of |
T,(r,t) measured by the 32 channel heterodyne radiometer for modulated
1f injection has been used to determine the actual injected polarization.
The plasma wave excited by the rf can be viewed in the general case as a
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superposition of extraordinary and ordinary mode waves. These two
waves have substantially different power deposition profiles and wave
refracion. The differences are particularly pronounced for off-axis
injection.10 In Fig. 4, the vacuum, X-mode, and O—mode trajectories are
plotted, projected to the poloidal plane at the injector, for an rf beam
injected with a 19° toroidal angle for current drive and a poloidal angle
such that the wave encounters the plasma second harmonic resonance
above the magnetic axis but near the major radius, R;. For perfect X—
mode, the optical depth is large enough that the absorption is essentially
100% in a single pass. For O-mode, the off-axis optical depth is small,
first pass absorption is negligible and second pass absorption, where the
wave trajectory crosses the resonance for the second time at a location
with higher T, is only marginally greater. Although it was intended that
the X-mode only be excited, the measured power deposition profile
clearly reveals an O-mode component. These measurements indicated
that determination of the injected polarization at the tokamak would be
required fully to qualify the system.
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Fig. 4. The injected X—mode, O-mode, and the vacuum rf beam tra-
jectories are shown projected to the poloidal plane of injection for a
toroidal injection 19° off-perpendicular for current drive. The plasma
second harmonic electron resonance is approximately on a vertical line at
the major radius. The measured absorption profile has a peak associated
with O-mode, although pure X-mode was intended to have been launched.

Measurements were made of the polarization of the rf beam using a
Polarimeter developed especially for the purpose.!! Because of transient
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behavior during the first few 100 msec of the gyrotron pulse, it was
required that the polarimeter operate in vacuum at the full rf beam power,
up to 1 MW, and for pulse lengths < 300 msec.

The electric field vector of an electromagnetic wave in the general
case traces out an ellipse in an x — y plane perpendicular to its direction
of propagation as indicated in Fig. 5. The wave polarization can be com-
pletely specified using the lengths of the elliptical axes a,b and the tilt
angle o of one of the axes with respect to the laboratory reference. The
special cases b/a =-1,0,+1 are called, respectively, left circular, linear
and right circular polarization and for /a =0, o =90° and 1f injection
perpendicular to the flux surfaces, the X-mode will be excited in the
plasma.

> <>

Y
x>

b

Fig. 5. Coordinate system for describing arbitrary elliptical polarization of
the rf beam. The cases b/a=-1, 0, +1 are, respectively, left hand, linear,
and right hand circular polarization. Parameters & =90°, b/ a=0 would
be used to excite X—-mode for injection perpendicular to the magnetic field.

The analyzer samples the waveguide rf beam using a d iamond pickoff
mirror mounted in a miter bend with about —40 dB coupling coefficient.
The polarimeter consists of a rotating birefringent quarter wave plate and
a fundamental waveguide detection system. The analyzer is shown
schematically in Fig. 6. For an 800 kW microwave beam and 300 msec
pulse length, the pickoff mirror peak temperature was 150°C without
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Fig. 6. Schematic diagram of the high power vacuum polarimeter. The
rotating birefringent plate modulates the rf detected by a fundamental
waveguide system which is then Fourier analyzed to obtain the
polarization parameters.

cooling. A cooled version of this mirror is being developed for 1 MW cw

operation.

Calibration of the polarimeter at low power allows the rf beam
parameters to be calculated directly from the modulated signal detected as
the analyzing plate is rotated during a gyrotron pulse. In Fig. 7, a typical
example of the measurement at the output of Katya is shown. The
polarization is nearly completely linear, but with a tilt angle of about 3°
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Fig. 7. Raw detected data and post processed data showing the measure-
ments of b/a and o for the output from the Katya gyrotron. A small
deviation from horizontal linear polarization of the rf from the gyrotron
can result in an admixture of O—mode in the wave excited in the tokamak
as indicated by the power deposition profile measurements for oblique
injection.
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from horizontal. This tilt propagates through the transmission line and
polarizer system to appear as an undesired O-mode component in the
beam injected into DIII-D, exactly as indicated in the plasma measure-
ments of the power deposition profile.

The polarimeter has been used to characterize all the gyrotron and
waveguide systems and the individual characteristics of the separate
systems are taken into account in determining the settings for the polarizer
mirrors for a particular DIII-D injection geometry. The accuracy of the
measurement is +1° intiltand 1%in b/ a.

Alignment of the rf beam to the waveguide

Alignment of the rf beam and the waveguide for the DIII-D system
has always been an issue, since misalignment can result in coupling
to lossy modes in the waveguide rather than the desired HE1,; and both
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damage to the components and injection of waves with mixed polariza-
tions into the tokamak can occur.

The current alignment procedure is to determine the direction in space
of the axis of the rf beam emanating from the gyrotron and to place the
optical axis of the two-mirror Matching Optics Unit on this axis. This
guarantees that, to high accuracy, the rf beam strikes the center of the first
MOU mirror. Micrometer screws on the first mirror are then used to
adjust the tilt of this mirror slightly to place the centroid of the beam on
the center of the second MOU mirror, which is diagnosed by infrared
camera measurements of an rf absorber on the surface of the second
mirror. This step is less precise, because the beam is not focused at this
point. The final x,y alignment at the waveguide input is determined for
short pulses using thermally sensitive paper attached to the waveguide.

This procedure can center the beam to better than 1.0 mm at the
waveguide input, which is easy to measure, with coaxiality to better than
0.5 ° whichis difficult to measure. This accuracy would yield only a few
per cent mode conversion at worst.12-14 But the measured power losses
to the MOU mirrors and structure have always been around 15% for all
our systems, which could be due to misalignment. Furthermore, all the
alignment is done for short pulses as the gyrotron is turning on, which
might be atypical of the situation for longer pulses. Therefore, an inde-
pendent measurement of the mode mix in the waveguide with long pulse
capability was sought.

The device developed for this measurement makes use of the diamond
coupling mirror designed for the polarization measurements described
above. In the straight through arm of the miter bend, a corrugated wave-
guide initially carries the coupled low power rf beam. The weaker
spurious modes must be separated from the dominant HE; ; mode. After
an arbitrary distance, the waveguide wall corrugations end and the wall
becomes smooth, causing conversion of the HE; ; mode to TE; j, TE; 3,
..y TM1,1, TM1 3 .... modes, all of which have electric field components at
the waveguide center in the y direction and no component in the X
direction. Thus, a fundamental waveguide at the waveguide center
oriented to couple to E, can be used as the HE; ; detector. Spurious
modes generated from misalignments either couple to modes which have
E, and E, components at intermediate radii, say a/2, or have nonzero
x and y components themselves. For example, the HE; ; mode resulting
from either angular or transverse misalignment converts to TE3 1, TE;,,

-»TM2,1, TM3 3, etc. Therefore, the analyzer incorporates two additional
fundamental Wavegulde pickoffs at intermediate radii placed azimuthally
at 6=0 and @=7m/2 where 6=0 is in the horizontal plane and
0 =m/2 is in the vertical plane. For horizontal polarization incident on
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the analyzer, an angular misalignment in the vertical plane excites
waveguide modes with E, =0 at 6=0, r/a=1/2, but E, #0 at
6=m/2, r/a=1/2, and an angular misalignment in the horizontal
plane excites modes with E, =0at 6 =x/2,but E, #0 at 6=0. Thus
the central detector becomes the monitor for the HE{,; component and the
ratio of this signal to the two off-axis signals gives the extent of the
misalignment in the x and y planes. A schematic of the analyzer is
shown in Fig. 8.

Trangition
+ Smooth wall
1
Waveguides
"""" Locooooopp F
-40 dB coupled wave to detectors
Diamond mirror

Absorber

Fig. 8. The alignment analyzer relies on mode conversion from a non-
coaxial or non-centered ‘“HE; ,”’ beam to modes with off-axis E, or E,
components. The pickoff mirror couples about —40 dB to the analyzer.

The device is in initial testing stages, so no positive conclusions can
yet be drawn, but the preliminary indication is that spurious modes are
present at low but detectable levels in the waveguide, that the analyzer
behaves as designed and that the alignment procedure outlined above
gives excellent axial and transverse alignment.

Parasitic oscillations in the gyrotrons

Two of the three gyrotrons installed at DIII-D exhibit parasitic
oscillations.!5:16  Although the low frequency emissions cause difficulties
for circuits and nearby equipment, the effect on the gyrotron operation is
not pronounced. Although some characteristics of the parasites in the two
gyrotrons are the same, in some respects the behaviors are quite different.

The Katya gyrotron has a low frequency parasite at 96 MHz, the
radiated intensity of which has been estimated at a few kW. For this
gyrotron, the parasite is always present above a threshold electron beam
current of about 4 A. At very low currents the exact frequency is not well
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Fig. 9. The parasitic emission spectra on Katya for a range of electron
beam currents. Below a threshold current, no parasite is observed. The
emission begins sporadically as the beam current is increased and finally
locks to a monochromatic output above about Iy =12 A.

determined and sporadic oscillations are observed over a +5 MHz range
centered at 96 MHz. As the beam current is increased, the averaged
spectrum fills in with well defined sidebands and harmonics at least to the
tenth. At the operating beam current, around 32 A, the spectrum is rather
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Fig. 10. The amplitude of the Katya parasite increases substantially when
the cathode current drops near the end of a long pulse. The increase begins
as a series of regularly spaced spikes, the peaks of which eventually define
the c.w. parasite amplitude. Decreasing the gun bucking coil current can
preserve the constant cathode current, without the increase in parasite
amplitude, but the observation may have a bearing on operation for still
longer pulses. Sensitivity is 10 dB/cm.



monochromatic. The spectra observed on an antenna near the gyrotron
are shown in Fig. 9 with I as a parameter. For long pulses greater than
about 1.5 sec, there is a clear correlation between an increase in the
parasitic emission and a decrease in the electron beam current. In Fig. 10
the spectrum analyzer is tuned to 96 MHz with a 100 kHz bandwidth.
When the electron beam current begins to droop, there is a regular series
of 10 dB spikes in the parasitic emission, the peaks of which eventually
become the new equilibrium emission level. A decrease in the gun buck-
ing coil current decreases the electron pitch angle and restores normal
operation at constant current to the end of the pulse, strongly suggesting
that reflected electrons trapped in the magnetic mirror between the gun
and the cavity are involved.!7 The time constant for the change in beam
current at the end of the pulse suggests thermal effects are involved.

Parasitic oscillations in gyrotrons with triode MIGs have rarely been
encountered, but are clearly seen on Toto, the gyrotron with diamond
window and Gaussian output beam. The observations, however, differ
qualitatively from those for Katya. On Toto, the onset of the parasite is
characterized by a rapid increase, typically about 10%, in the cathode
current. The output spectrum at 110 GHz is practically not affected. In
contrast with the spectrum for Katya, the parasitic spectrum for Toto is
orders of magnitude less strong, closer to the strengths of broadcast
signals. But the spectrum peaks at about the same frequency and similar
sidebands are observed. In Fig. 11 the spectra for Toto are shown, while
in Fig. 12 the cathode current is shown with the 110 GHz spectrum both
before and after the step in current. The spectrum analyzer sensitivity
decreases slightly in the presence of the low frequency noise associated
with the parasite, but no detectable change in the output power at
110 GHz is observed calorimetrically when the parasite is present.

The Toto parasite is not as ubiquitous as for Katya. In a series of
pulses some will exhibit the parasite and some will not. There is a 1:1
correlation between parasitic emission and vacion current, pulses with the
parasite having poorer gyrotron vacua, but causality for this has not been
identified.

II1. Current Drive Results

The ECH system was primarily used during the 1999 experimental
campaign in support of experiments requiring high T, values, such as fast
wave current drive studies. The available power from Katya alone was
not sufficient for large scale advanced tokamak research and MHD
suppression studies that had originally been contemplated. Nevertheless,
the sophistication and sensitivity of the analysis of the j(r) profile using
the Motional Stark Effect diagnostic has yielded encouraging current
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Fig. 11. The low frequency spectra near 100 MHz for Toto during parasitic
oscillation. The signals are much weaker than for Katya, but the sidebands
are qualitatively the same as the Katya low current spectrum. Sensitivity is
10 dB/cm.

drive results,!8 particularly for off-axis current drive, which will be a
critical element of the development of an advanced tokamak concept.

The analysis of non-inductive current drive makes use of the j(r)
reconstruction technique of Forest!? in which magnetic probe data plus
the internal magnetic fields measured by Motional Stark Effect spectros-
copy give a temporal series of equilibria from which the poloidal flux
y(r,t) is calculated. The spatial derivative of y gives the parallel
current density jj as a function of normalized flux and the time deriv-
atives of poloidal hux at fixed poloidal flux give the parallel electric field.
In the absence of sawteeth or other strong MHD effects which redistribute
the flux, the non-inductive current density jy; = Oneo k| can then be
calculated subject to a neoclassical model for d‘ne conductwlty Per-
forming the identical analysis for discharges with and without ECCD
allows the non-inductive current density from the bootstrap effect to be
separated from the ECCD for both on and off-axis cases.
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The injected EC power for the ECCD experiments was about 1 MW.
For ECCD near the discharge center, the peak current density driven by
electron cyclotron waves was about 90 A/cm2, corresponding to an
integrated driven current of 92 + 29 kA. This integrated value is in excel-
lent agreement with a quasilinear Fokker-Planck calculation, although the
profile of the EC driven current is broader than the calculation predicts.
In the case of off-axis ECCD, a peak driven current density of 8 A/cm?2
and an integrated total driven current of 35 + 13 kA were observed. This
value is in agreement with the calculations regarding the peak driven
current density, but again, the breadth of the EC driven profile is greater
for the experiment than for the Fokker-Planck calculations and the
integrated value for currents driven outside the magnetic axis are greater
than the calculations predict. Experiments in which ECCD both inside
and outside the magnetic axis was measured suggest that the discrepancy
between measurement and calculations may be due to the way trapped
particle collisionality is handled by the codes, but the initial attempts to
model this have not been able to reproduce the better than expected total
current drive in the off-axis case.

IV. Future Plans

The DIII-D project has committed to increasing its ECH capability
substantially. An additional three 110 GHz gyrotrons in the MW class
with long pulse capability, up to 10 sec, are being produced by CPI for
phased delivery late in 1999 and early in 2000. These tubes employ diode
guns and single disk diamond output windows with Gaussian rf beams.
Modulator-regulator power supplies from the MFTF project are being
modified to handle two gyrotrons each and a new addition to the DIII-D
building is under construction to house the new gyrotrons. Cold test
results for the first of the upgrade tubes are shown in Fig. 13 and indicate
that the beam is approximately Gaussian down to the —21 dB contour.
The first of the upgrade tubes will employ a single mirror external to the
gyrotron to focus and direct the rf beam to the waveguide input, a
compromise with completely eliminating the matching optics unit with its
steering and phase correcting mirrors. The waveguide runs to the new
gyrotrons are approximately 85 m, which should introduce approximately
2% additional transmission loss compared with the present installation.

In addition, the DIII-D Project has acquired two Gycom gyrotrons
identical to Katya from the Tokamak de Varennes project. Present plans
are for these tubes to be installed in time for the 2000 campaign. The
flexibility of the ECH launchers is being enhanced in a cooperative
project with the Princeton Plasma Physics Laboratory. PPPL is providing
a fully articulating launcher assembly for DIII-D which can inject two rf
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Fig. 13. The three gyrotrons which are being produced by CPI for DIII-D
will have diamond output windows and Gaussian rf beams. The cold test
results from the first of these gyrotrons are shown in the figure. The
output is nearly Gaussian, with a waist at the window. A single mirror
system will couple the beam into the Waveguide.

beams at variable poloidal and toroidal angles. If the project is successful,
launchers for six rf beams will be installed.

V. Conclusions

The 110 GHz gyrotron ECH system on DIII-D has demonstrated
many of the key physics results upon which the future advanced tokamak
program will depend: Efficient current drive both on and off axis;
heating; and required performance parameters. The transmission lines,
Polarizers, beam steering, dummy loads and diagnostic hardware are
Working well. Two developmental gyrotrons, which failed in service,
have been repaired and are entering a test program. In addition, two
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clones of the Gycom gyrotron Katya have been purchased from the
Tokamak de Varennes project. An additional group of three production
gyrotrons is being produced and tested at CP1. A four-gyrotron system
with unit power around 1 MW and pulse lengths of several seconds is
planned for the year 2000 experimental campaign with fifth and sixth
gyrotrons coming on line during the campaign.
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REVIEW OF ECR HEATING AND CURRENT DRIVE
IN THE RTP TOKAMAK

F.C. Schiiller, RW. Polman for the RTP-team

FOM-Institute of Plasma Physics, 3430BE Nieuwegein, The Netherlands;
Association Euratom-FOM; partner in the Trilateral Euregio Cluster

The modest size RTP (R=0.72m; a=0.164 m; B, < 2.5 T; I, < 150kA)
was dedicated to the study of anomalous electron turbulent transport in
tokamaks. The electron transport was manipulated with an ECRH/CD
system comprising two 60 GHz gyrotrons of 200 kW, 100 ms (10-
mode LFS and 1X-mode HFS) and one 110 GHz gyrotron of 400 kW,
200 ms (2X-mode LFS) with tiltable launchers. The overall EC-power
exceeded the ohmic input power with a factor up to 40. The deposition
volumes could be made as small as 2x2x2 cm’. The results can be
summarized as follows: the strongly localized heat-deposition together
with high-resolution electron diagnostics revealed that the heating effi-
ciency was strongly influenced by the relation between the deposition
radius and position of thermal electron barriers. These barriers turned
out to be located near rational g-surfaces: 1/1, 4/3, 3/2, 2/1, 5/2, 3/1,
etc. Some of these have been found on larger tokamaks as well. Cur-
rent-drive and heating changes the j-profile directly or indirectly via
the resistivity profile. The resulting change in the g-profile causes a
change of barrier positions and, hence, of the T-profile. Since heating
and current-drive efficiencies are strong functions of T, the response
becomes highly nonlinear and this makes the derivation of CD effi-
ciencies difficult. Analysis is still going on invoking inductive j-
profiles derived from neoclassical resistivity, bootstrap-currents and
total j-profiles derived from g-profiles. The overall CD efficiency for
the co-drive was reasonably close to theoretical expectations, whilst the
one for the counter-drive was close to zero. However, a strong modifi-
cation of the j-profile with the counter-drive has been observed. An ex-
planation for this paradox has been found in synergistic effects be-
tween the paralel E-field and EC-generated suprathermals. A few ex-
amples of MHD-control by ECRH/ECCD are discussed.

1. Introduction

In September 1998 the Dutch tokamak RTP has been closed down in
order that FOM could participate in a new collaboration between FZ-
Jilich (Germany), KMS (Belgium) and FOM (Holland), the so-called
Trilateral Euregio Cluster (TEC) around the TEXTOR tokamak in Jiilich.

The RTP Programme in the 7 years of its existence has been dedi-
cated to the study of turbulent electron transport and non-linear electron
dynamics of tokamak plasmas under the influence of strong ECR-waves.
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The analysis is still going on; therefore this review should be regarded as
a snapshot on where we are now. First results on TEXTOR ECRH/ECCD
can be expected in the spring of the year 2000.

2. The Experimental Set-up

General parameters:

RTP parameters for these ECRH experiments can be described by
the followmg R =10.72 m a =0.165 m; 1.9<B<2.4 T; 43<],<140 kA;
5:10""* m”< nee<5-10"° m”

ECR-systems:

The ECRH systems (see Fig.1) comprised two 60 GHz gyrotrons of
nominal power 200 kW and 100 ms pulse length. One was used for 10-
mode LFS launch and the other, for 1X-mode HFS launch with variable
launching angles. The results obtained with these systems were reported
before [1]. In this presentation the results with a 400 kW, 200 ms,
110 GHz Gycom gyrotron will be described. The microwaves were
launched as the second harmonic 2X-mode from the LFS with variable
toroidal and poloidal launching angle via a periscope type of launcher.
The elliptical polarisation of the beam could be varied, as well as the fo-
cal length. The latter made it possible to reduce the volume of heat depo-
sition to a cubicle of 2 x 2 x 2 cm™, in which 99 % of the power was de-
posited.

The toroidal launching angle was varying in the range between +35
and —35 degrees. ECCD efficiencies could therefore be measured without
changing the polarity of the plasma current.

The gyrotron power could be put under feedback for instance to keep
the electron temperature evolution on a required waveform as illustrated
by Fig. 2.

Pellet injector:

The injector had the capability to launch 8 pellets/discharge with
variable pellet size enabling to change the averaged plasma density with
n=1-4-10"m"

Diagnostics:

The main instrument, which yielded the most striking results, was a
Thomson scattering system with a very high resolution of
or/a~2 %.
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ECH equipment of the RTP tokamak
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Fig. 1:  The ECRH equipment of RTP. The dotted line indicates the quasi-optical
transmission of the 110 GHz waves launched into the tokamak

Other advanced diagnostics comprised:
16-channels IR interferometer
20-channel superheterodyne ECE
5-camera=80-channel SXR

pulse radar reflectometer

20-channel ECA

various spectroscopy systems

An interesting application of the 1-O-LFS 60 GHz gyrotron system
for diagnostics were the transmission measurements of the 60 GHz waves
with 9 horns at the HFS opposite to the perpendicular launcher. The 9
horns were distributed in the poloidal and toroidal direction to measure
the effect of refraction and scattering in both O- and X-mode.
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Fig. 2:  Te-feedback by gyrotron anode-voltage control
Sensor: Heterodyne ECE-channel measurement
(left vertical axis; continuous line)
Required waveform (dotted line);
Actuator: Anode-voltage modulator (right vertical axis)

3. Heating Aspects versus Electron Transport

It should be noted that in these experiments ions were heated only by
collisional energy transfer from the electrons. Most experiments were
done at densities around <n> ~ 2-10" m”. This means that energy ex-
change time between electrons and ions was longer than the energy con-
finement time. In other words: the electron heat loss was by far the most
important transport mechanism and ions could be neglected in the analy-
sis.

Ohmic heating power levels without EC were typically between 100 -
250 kW. During ECRH/ECCD with 320 kW the Ohmic power level
dropped to 8-80 kW, therefore Pgc/ P = 4-40! This means that these ex-
periments can be described as a balance between pure electron heating
and electron transport.

With a plasma volume of 0.4 m™ the volume-averaged power density
reached 1 MW/m’. By focusing the deposition volume reduced to
2x2x2 cm”, which means that inside the deposition volume Qgc/Qo~
~100.000!! The huge parallel electron heat conduction causes near-
instantaneous equilibration inside the toroidal flux tube going through the
deposition volume. Therefore, a more honest comparison yields a still
impressive Qgc/ Qq = 500.

In conclusion: the results described in the following sections are ex-
periments in non-linear electron dynamics.
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4. Turbulent Electron Transport

In Fig. 3 an example of a T.-Profile as measured with Thomson scat-
tering (3r/a = 1 %) during ECRH is given. From this picture three very
distinct features can be noticed:

e very high peaks of up to 1 keV in the centre, which are called fila-
ments;
o steep gradients at r = 40 mm, i.e. thermal barrier;

irregularities outside this barrier.

Such observations have been made in the past (PDX in 1984, Hsuan
et al. [2]) and recently, inspired by the RTP results, in TEXT with ECE

(Cima et al. [3]). The spatial resolution of the first one was dr/a = 4 %
and in the latter, about 7 %.
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' ! ! T Fig. 4b: The central electron tem-
perature as function of the ECRH
deposition radius. The discrete
Te-profiles of Fig. 4a are again
indicated by A, B, ... E
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In order to check the issue of thermal barriers experiments with off-
axis heating were performed with changing the toroidal field in small
steps corresponding to changes in the deposition radius of dr/a ~ 1 %
(Hogeweij et al. [4]). It turned out that over certain ranges in minor radius
the plasma profiles remained identical. However, at very critical values of
r/a the profile changed radically. Examples of these discrete profiles and
the ‘quantum leap’ between them as a function of deposition radius are
given in Fig. 4.

The observed transitions between the discrete profiles turned out to
be related to the local g-value. Tuning the B-field close to each of the
transition radii and then changing the plasma current has proven this.
A change of 1 % in current could cause the transition not to take place or
to take place at a 1 % different magnetic field, i.e. it was the ratio B/I,
which determined, at which deposition radius the transition would take
place. Calculation of the g-profile with neoclassical resistivity and boot-
strap-current revealed that the transitions were related to rational g-
values. For example, A-to-B was related to q=1, B-to-C to gq=2, etc.
Closer inspection of the A-to-B transition revealed sub-transitions close
to 4/3 and 3/2. The calculated g-profiles were in good agreement with the
mode numbers of magnetic islands always observed close to transitions
and at the predicted radius. That this was really associated with thermal
barriers was proven with heat-pulse propagation induced by modulated
ECRH (Mantica et al. [5]). As should have been expected, the heat waves
changed drastically in amplitude and phase when crossing these critical
g-surfaces close to each of the transition radii and then changing the
plasma current.
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5. Empirical shell model

Based on the observations above the RTP-team developed an empiri-
cal transport model for the electrons only. The so-called ‘shell model’, in
which it is assumed that the plasma consists of nested shells with alterna-
tive good and bad thermal isolation. The electron heat diffusivity, ., is a
discontinuous function of q (r). The thermal barriers with low . are put
near rational g-surfaces: 1, 4/3, 3/2, 2, 5/2, 3, etc., irrespective at which
radius these g-values may come. The model was benchmarked with a
very limited set of experimental profiles under steady state conditions and
since then the function y[q(r)] has not been changed. The function is
shown in Fig. 5.

The model was introduced as a subroutine in the usual transport mod-
els including ion-heat conduction, current-diffusion, etc. A very good
agreement with all RTP observations was found under very different
conditions, like:

e ohmic heating only

ECRH on-axis

ECRH off-axis
pellet-cooling

dynamic sweeps of B~ and I,

Various examples of so-called ‘non-local’ transport, i.e. changes in
local transport behaviour on a time scale faster than the energy confine-
ment time itself, could be explained by subtle changes in the g-profile by
which thermal barriers suddenly appeared or disappeared. An example of
a dynamic sweep of the toroidal field simulated by the shell-model is
shown in Fig. 6. It should be noted that the simulation tracks very well
the experimental curve in amplitude as well as transition times between
A,B, C, D, and E levels.
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Fig. 5: The function y[q(r)] i
as determined from a limited r
Set of experimental profiles : : '
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6. Tentative explanation

The explanation of the shell model could go in two directions. If one
favors electrostatic turbulence, one can think of thermal barriers caused
by zonal flows shredding the turbulent eddies at certain radii. However it
is not so clear from the developing theory of zonal flows why these zones
should occurr close to rational g-values. One has to wait for further evo-
lution of this theory.

Pdcp
0.20 0.30 0.40 0 50 0 60

1,(0) [keV]
S

o
o
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0] 50 1C0 150
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Fig. 6: Comparison between the experimental curve T¢(0,t) and the simulated one cal-
culated with the shell-model of fig. 5 combined with a transport code. In this
example the toroidal magnetic field was swept over 10 % in 150 ms

Another possible explanation goes in the direction of the magnetic
topology. As magnetic field lines are divergence-free, the field line equa-
tions can be written as a two-dimensional Hamiltonian. Kolmogorov, Ar-
nol’d and Moser [6] have shown that the phase-space of such Hamilto-
nian in case of minor coupling between the two degrees of freedom, can '
be easily split in three distinct areas (see Fig. 7):

o islands where phase-space trajectories (or here field lines) bite in
their own tail;

e unbroken surfaces, i.e. KAM-tori (or here undamaged magnetic sur-
faces);

e chaotic zones between the islands and the unbroken KAM-tori.

The KAM-theorem reveals the extreme vulnerability of magnetic sur-
faces. Perturbations of the magnetic field of the order of 10~ are already
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sufficient to cause such break-ups of the paradigm of unbroken nested
magnetic surfaces (Montvai, de Rover [7]).

Fig. 7: The phase-space of a two-dimensional Hamiltonian with a slight coupling between
the two degrees of freedom according to Kolmogorov, Amnol’d and Moser [6]

Even if electrostatic drift modes are the prime reason for tokamak
turbulence, they will cause temperature fluctuations. For instance, in
TEXT (Deng et al. [8]) one observed fluctuations of 8T / T ~ 1 % and
rather small poloidal and radial wavelength (2 cm). Since the frequency ~
50 — 100 kHz it means that the lifetime of such temperature perturbations
is long enough for current penetration. Therefore, current density fluctua-
tions will be present and even so, magnetic fluctuations. Accurate field-
line calculations (de Rover et al. [7]) indicate that such current density
fluctuation is enough to cause break-up of the magnetic topology. The
observations in RTP: magnetic islands, thermal barriers and very high
heat diffusivity between those appear to fit very well with the KAM-
theorem.

7. Filaments

In Fig. 3 the attention was drawn to the very hot ‘filaments’ that
could be observed in the central zone of the ECR-heated plasmas. A
number of characteristics have been found:
¢ the filaments are stretched along magnetic field lines;
¢ they are closed on themselves and rotate with the same toroidal ve-

locity as magnetic islands;
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e they only occurr in areas with low shear they mainly occurr in cases
of intense electron heating;

o the confinement inside the filament is very good and heat-
diffusivities are comparable to those of the thermal barriers;

o there lifetime is long (0.3 ms), considering their cross-section of
about one centimeter;

o therefore current will be fully penetrated in these areas of low resis-
tivity.

The RTP-team (Beurskens [9]) explains these self-organized struc-
tures in the following way:

1. Magnetic flux-tubes close to rational g-surfaces in areas of very low
shear will close at least partially on themselves;

2. If these flux-tubes pass through ECRH deposition zones with power
densities of tens of GW/m’ the electron energy-density will be
pumped up to very high values even when such flux tube rotates
toroidally and contact with the deposition zone is lost after some tens
of microseconds;

3. Current density will increase due to the low electrical resistivity in
the flux-tube; .

4. The surplus of current density in comparison with the surrounding is
large enough to fulfil the condition of Mirnov [14] to form ‘positive
islands’ or ‘hot snakes’ which will then fully close on themselves;

5. The filaments can then survive as they are contained in the thermal
isolation of their self-organized thermal barrier, i.e. they become
KAM-tori;

6. Regularly the filaments pass the deposition zone so that their energy
is pumped up again;

7. Areas between filaments will have stochastic magnetic field lines
with very poor confinement, which can explain why the electron
temperature in these areas is equal to the temperature at the top of the
thermal barrier within which the filaments float;

8. The examples shown in Fig. 3 are of the q=1 type, i.e. slender rings
floating inside the g=1 surface, but there have been observations of
q=2 filaments in case of strong off-axis heating.

If one accepts such an explanation, it would mean that magnetic field
fluctuations in the order of 107 have to be expected when filaments will
be present. Microwave scattering theory predicts that mode conversion
from O-to-X- or from X-to-O-mode can only take place in plasmas with
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Fig. 8: Observation of anomalous O-to-X-mode conversion of 60 GHz microwaves
launched from the LFS coinciding with the appearance of filaments when the
EC-deposition is swept through the g=1 surface. (Stepanov et al. [10])

magnetic field fluctuations. In RTP the transmission or conversion of 60
GHz gyrotron radiation launched as O-mode from the LFS has been
measured by horns at the HFS (Stepanov et al. [10]). When the deposition
radius is swept through the plasma by a slight ramp of the toroidal mag-
netic field, conditions for filament formation are reached, when the depo-
sition area is inside the q=1 radius as can be seen in Fig. 8. Coinciding
with the appearance of filaments one can notice a sudden upsurge of
anomalous X-mode radiation at the HFS. This confirms the strong mag-
netic field perturbations expected when filaments exist.

8. Current Drive Experiments

One of the most urgent tasks in ECCD is to determine the current
drive efficiency and to compare it with numerical predictions from Fok-
ker-Planck codes. From such comparison one can then predict how much
current can be driven in a tokamak fusion reactor and if a fully non-
inductive current can be reached.

The results of Fokker-Planck code calculations can be described as:

Ja=o0 neoEpar + Nea P + Ysyn Py Epar + J bootstr M

in which the first term represents the inductive current drive with neo-
classical conductivity, the second one the real ECCD, the third one the
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synergetic drive caused by EC induced suprathermals in the presence of
an inductive E-field and the last term is the bootstrap current.

In RTP experiments with ECCD have been undertaken with the 110
GHz gyrotron. Situations could be reached in which 55% of the current
has been driven (see Fig. 9).
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Fig. 9:  The difference in loop-voltage between co- and a counter-drive launched EC-
waves acting on a high q, (=9) discharge under optimal conditions. An esti-
mated 23 kA out of 42 kA total is EC-driven

If one plots the observed loop-voltage in the steady state as a function
of the launching angle at the optimum magnetic field it appears that the
dependance is symmetric around perpendicular injection (heating only
gives Viop = 0.35 V) as co-drive at the launching angle of +17 degrees
gives Vi = =0.20 V and counter-drive at -17" degrees gives Vipgp= 0.50 V
(see Fig. 10).
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This result appears to justify a simplified expression for the amount of
driven current:

ch = Ip . (Vcnt _Vco) / (Vcnt+ Vco)s (2)

in which the V .y indicates the steady-state measured loop voltage for
co- and counter-drive for plasmas with equal current and density. The
simplefication in respect to eq. (1) is clear and can only be justified if:

the neoclassical conductivity profile is equal for co- and counter-
drive;

the pressure profile is the same, so that the contribution by bootstrap
currents is the same;

the cross-term representing the synergy between E-field and EC-
power can be neglected.

Under these assumptions ECCD has been studied as a function of

various parameters (Fig. 11):

a.

Variation of the magnetic field means variation of the EC deposition
radius. At the optimum launching angle it was found that I.4 reduced
to 1/e within the displacement of 3 cm, i.e. within the q=1 radius. At
a larger launching angle 14 had a very broad and low profile. This
can easily be explained by the existence of the q=1 thermal barrier:
all heat deposited within g=1 leads to an appreciable temperature en-
hancement and current drive efficiency increases strongly with tem-
perature. At large launching angle the beam does not reach the q=1
radius and so the efficiency will be low.

Variation of EC-power causes a nearly linear increase of I.q as can be
expected with an only marginal increase in temperature with power.
Variation in density reveals an inversely proportional dependence of
I.q with density as expected for constant Tk.
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d. Variation in total current leads to a lower efficiency at higher current.
This is somewhat unexpected, as the temperature stays more or less con-
stant. An explanation could be sought in the increase of sawteeth activity
with increasing current. In general there is the tendency that sawteeth di-
minish the current drive efficiency.
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9. Effect of ECCD on profiles

All the above reasoning has been based on the assumption of the va-
lidity of Eq. (2). However, all three underlying assumptions are not true
for strong EC-power: the temperature (and, therefore, the conductivity),
as well as the pressure profiles, are very much different between the co-
and counter-drive (see Fig. 12) and Fokker-Planck code calculations
show that the synergistic term is as large as the first two terms in Eq. (1).
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Fig. 12:An example of three identical target plasmas EC-heated at 3 different injection
angles corresponding to the co-drive (broken line), heating only (full line) and
counter-drive (dotted line). Whilst the loop voltage behaviour suggests a symme-
try between co- and counter-drive, the temperature profiles are very much differ-
ent.

Figure 12 shows an example of a set of 3 discharges with an identical
target plasma. Once again it shows nicely symmetric loop voltage be-
haviour of the co- and counter-drive relative to perpendicular injection.
Equation (2) gives a driven current of 30 %, i.e. 18 kA. However, it is
clear that the neoclassical conductivity profiles are very different, as will
be the contribution by the bootstrap current. In other words, the condi-
tions for the validity of Eq. (2) are not fullfilled.
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For that reason a more sophisticated modeling of these three dis-
charges has been undertaken including Fokker-Planck calculations. The
results of the analysis will be presented on EC-11 (Westerhof et al. [11]).
The foliowing can be reported as preliminary results:

Perpendicular launch with no ECCD often gives the highest tem-
peratures, probably because the deposition width is very small and all the
deposition is within the q=1 thermal barrier whilst, launching at 17 de-
grees leads to partial deposition outside the q=1 barrier.

For the co-drive case the inductively driven neoclassical current is in-
deed about 15 KA less than the total current, i.e. not far from the 18 kA
found from Eq. (2). According to the Fokker-Planck code this current is
about 50:50 driven by direct ECCD and by the synergetic effect.

With counter-drive an unexpected result was obtained: no net driven
current at all! The loop voltage gives with the neoclassical conductivity
the total current. According to the Fokker-Planck calculations this can be
explained by the synergistic term: the relatively high loop voltage gives
with the large suprathermal electron population a boost to the inductively
driven current, which cancels the direct ECCD counter-drive. However,
this cancellation is global not local. The on-axis counter-drive is compen-
sated by an off-axis synergistic co-drive both leading to a dramatic flat-
tening of the j-profile whilst the net current is close to zero. The thermal
barrier close to the centre is according to this analysis not a g=1 barrier
but a q=2 barrier.

In order to get satisfactory agreement between Fokker-Planck codes
and experimental results it is necessary to assume a reduction of loop
voltage inside the q=1 surface even in semi-stationary conditions to mock
up the effects of sawteething.

A difference between co- and counter-drive has also been found in
the effect of polarisation. With a series of plasmas with identical external
parameters the fraction of 2X-mode in the total EC-power varied between
zero (pure O-mode) and 100 % (Fig. 13). It was surprising that a low X-
mode content gave, nevertheless, a good heating effect although not as
good as 100 % X-mode. Probably this can be explained by repetitive wall
reflections, which caused mode scrambling, and in the end 100% absorp-
tion but with a broad deposition profile. The co-drive ECCD efficiency
was poor at a low X-mode fraction but improved with increasing X-
fraction as expected. Counter-drive gave already at an X-mode fraction of
0.4 an appreciable higher loop voltage, which did not change at higher X-
mode fractions. Analysis of this has still to be undertaken.
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10. The effect of ECRH/ECCD on MHD

In RTP ECRH and ECCD have been used to control two examples of
MHD activity with some success: sawteeth and high density radiation
induced disruptions.

Sawteeth

The simplest method to stabilize sawteeth crashes, initiated by
m=1/n=1 instabilities at the q=1 surface, is to remove the q=1 surface all
together. Reduction of the central current density combined with an in-
crease off-axis can be done either by counter-drive on axis or co-drive
off-axis. Both methods work but the most interesting results were ob-
tained by counter-drive on-axis, as also the heat-deposition remained on-
axis. The effect of central co- and counter-drive on sawteeth is illustrated
in Fig. 14. It is remarkable that the central temperature for the case with
stabilizing counter-drive is higher than the co-drive, whilst one could ar-
gue that with the disappearance of the q=1 thermal barrier the tempera-
ture should be lower. Inspection of the profiles showed that another bar-
rier at a higher g-value takes over still without inducing higher-order
sawteeth although with strong m=2/n=1 activity. The latter points to the
drawback of this type of stabilisation: the amount of ECCD is critical in
relation to the g-profile without ECCD. For instance the same amount of
counter-drive at a q,=6, instead of the q,=4 example shown, brings the
Q=2 surface at the position where without ECCD the q=1 surface would
have been. This spoils the process with the result that =2 sawteeth initi-
ated by m=2 instabilities. These results with counter-drive illustrate once
more that although the net current contribution is small or even slightly
Positive, the effect on the current-density distribution is dramatic. The
Counter-drive on-axis is more than compensated by a synergistic positive
current contribution off-axis. '
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Fig. 14: The excursion of the central ECE radiation temperature in response to a modest
ECCD (about 4 kA in co-drive with 90 KA total plasma current) in counter-drive
(full line) and co-drive (broken line). The value of q,=4.3. The bottom-line shows
the m=2 instability growing for the counter-drive case (Westerhof et al. [11])

Radiation induced high density disruptions

Disruptions are normally caused by an excessive growth of the
m=2/n=1 tearing mode at the q=2 surface. There are several different
processes, which can lead to such instability [12]. The most common one
is that the radiative loss in the edge region outside the q=2 surface be-
comes as large as the input power. This will result in a very cold plasma
bordering at the =2 surface. The latter is still acting as a thermal barrier
with the result that there is a strong Vj inside =2 and Vj=0 outside. Such
a situation drives the tearing mode. The tearing mode manifests itself as
magnetic islands, i.e. a perturbation of flux surfaces, as has been de-
scribed in Section 6. The magnetic field topology is maintained by cur-
rent density inside the island, which is lower than in the surroundings.
This is consistent with a lower temperature in the island caused by lower
ohmic dissipation and higher radiative loss. Increase of the radiation will
cause the islands to grow until they reach the width of around 15 % of the
minor radius. At such magnitude the islands starts to overlap with minor
islands more inside and the m=1/n=1 perturbation at the q=1 surface. This
leads to a sudden stochastication of the magnetic field lines between g=1
and g=2 and a total loss of confinement: the disruption.

Remedies against such disastrous chain of events by means of
ECRH/ECCD are two-fold: either one restores the energy balance by sim-
ply increasing the input power or one tries to fight the islands themselves
by heating them (ECRH) or by driving extra current inside the islands
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(ECCD). The latter has not been tried as the typical island temperature for
these cases is below 100 eV, which means that the current drive efficiency
is extremely low. ECCD of so-called ‘neoclassical tearing modes’ could
well be successful as this type of islands occur at much higher temperatures.

Simple restoration of the energy balance by increasing the input power
with ECRH helps to avoid the disruption or to postpone it to a higher den-
sity limit as illustrated in Fig. 15 (Salzedas [13]). The ECRH is switched on
when a magnetic signal, composed to give the m=2 perturbation amplitude,
reaches a critical level. After some time delay the mode is stabilized until at
higher density a disruption follows: The time delay is caused by the time it
takes to get a healthier temperature distribution and, more important, to
restore a sufficient Vj outside the q=2 surface. As can be expected, the
deposition-radius of the ECRH was not important provided that it was
placed anywhere inside or about the q=2 radius typically at 0.67 of the mi-
nor radius. Heating very much outside of q=2 was not effective, as ECR
absorption in the very low temperature radiation belt was poor.
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Fig. 15: Disruption control by continuous EC power. The ramping density (top trace)
caused a disruption without EC-power (broken line) at <n>=4.10"m™. With 320 kW EC-
Power and continous ramping <n>=5.6.10'°m™ was reached. Further shown are the mag-
netic perturbation by the m= 2 mode and the temperature modulation varying more or less
Sinusoidal between O-point/island (low) and X-point (high temperature). The broken line
In the magnetic signal trace shows the mode evolution in case no ECRH is applied. The
shaded area gives the time that ECRH is switched on. (Salzedas [13])
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The second remedy was tried by switching on the ECRH system only
when the toroidally rotating island was in front of the EC wave launcher.
Rotation acceleration or deceleration could be followed electronically as
not only the amplitude but also the phase of the m=2 magnetic detection
system was used to control the EC power output. The duty cycle was
chosen closely to 50 %. The result (see Fig. 16) was disappointing. No
stabilisation was found. In hindsight this can be explained by the fact that
inside the island the temperature was very low, such that the cooling
down time by radiation is much shorter than the rotation time. The island
cooled down immediately in the 50 % timespan of no ECRH. Moreover,
the absorption inside the island was low because of the low temperature
such that a good part of the EC-power was shining through the island.

In conclusion, one can say that at least for radiation-induced tearing
modes ECRH has no advantages above other heating mechanisms.

D. ECRH
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Fig. 16: An example of a try-out of mode stabilization by modulated EC-power such that
only the low temperature islands received a heating pulse. The figure is further
identical to the previous one (Salzedas [13])

Disruption amelioration

Another application of ECRH could be amelioration of disruptions. In
reactor-sized machines like ITER disruptions can be damaging. If all
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ways to control MHD fail and the plasma is heading for disruption de-
spite the efforts, it could be helpful to postpone and soften the current-
quench following the energy-quench caused by stochastization of mag-
netic field. The current-quench is caused by the fact that the poloidal field
systems in large-sized tokamaks cannot maintain the current inductively
when the resistivity of the plasma is so suddenly increased with orders of
magnitude nor can the position- and shape-control be maintained. Mas-
sive ECRH could be used to keep the plasma temperature sufficiently
high that further cooling by radiation after the energy quench can be
avoided. Therefore, the resistivity will increase less dramatically and the
current decay-rate can be reduced such that position-control can be
maintained and an orderly shutdown or ‘soft-landing’ ensured. This has
been tried in RTP (Salzedas [13]) with some success as can be seen in
fig. 17. However, this was achieved with 0.5 MW/m’. For application on
ITER much lower power densities should be reached to make it a practi-
cable solution.
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Fig. 17: An example that ECRH started just after the energy-quench of a disruption can
postpone the subsequent current-quench

11. Conclusions

1. ECRH/ECCD discharges at RTP are dominated by non-linear elec-
tron dynamics in which ions do not play an important role.

2. ECRH/ECCD is easily put under feedback control and with quasi-
optical means the power deposition can be variable and highly local-
ized, which makes it an ideal tool for profile control of fusion plas-
mas.

3. Intense electron heating reveals that the magnetic topology of sup-
posedly nicely nested surfaces can be easily broken and probably is
always broken to some extent even in non EC-heated tokamaks.
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4. The resulting empirical shell/barrier-model can explain many obser-
vations in RTP.

5. ECRH-induced filaments are identified as ‘hot snakes’ or ‘positive
islands’ floating in areas with stochastic magnetic field at low shear
and they cause strong magnetic field fluctuations as shown by
anomalously high X-to-O mode conversion.

6. Second harmonic X-mode ECCD has led to discharges with more than
half the current driven and with efficiencies of ncp = 10'® A/Wm?.

7. Elliptical polarisation improves n as predicted.

8. The interpretation of ECCD results is complicated by the combination
of:

« The existence of electron thermal barriers.

« The strong dependance of 1 on the electron temperature.

»  The generation of suprathermals which escapes observation by Thom-

son scattering but cause a strong synergistic contribution to the ECCD.

The effect of sawteeth on the distribution of paralel electric field.

9. Notwithstanding these difficulties the co-drive results can be under-
stood reasonably well.

10. Counter-drive is especially difficult to analyze as there always will be
an electric field causing by synergy a strong co-drive compensating
partially or totally the effect of direct counter-drive.

11. Sawtooth stabilisation has been demonstrated with only 5% counter-
drive.

12. Bulk ECRH around q=2 can postpone disruptive density-limits and
can ameliorate the current-quench of a disruption.
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Current drive (CD) experiments have been carried out on the FTU toka-
mak with 8 GHz lower hybrid waves up to line averaged plasma density
n, > 1:10® m?. Efficiencies, larger than 0.16-10* m?-A/W are obtained
which can be extrapolated to 0.22-10* m>A/W for clean plasma condi-
tions, with no significant degradation as the density is increased up to the
accessibility limit. The CD efficiency follows the well known ordering
with the electron temperature and this ordering fit well with the results of
other tokamaks. No harmfull impurity influx has been observed to limit
the machine operations up to the maximum coupled power of 1.7 MW.

The main mission of the Frascati Tokamak Upgrade FTU is to demon-
strate the generation of toroidal current in tokamak plasmas with Lower
Hybrid (LH) radiofrequency waves at high density with large efficiency.
It is widely acknowledged that the use of LH waves is one of the best
tools for controlling the current profile shape to attain advanced plasma
scenarios in a fusion reactor. The achievement of a large efficiency in the
plasma density regimes foreseen for next step experiments [1] is of pri-
mary importance since it determines the amount of the required power
and hence it has a great impact on the project of a reactor.

The experiments on FTU have been devoted to provide detailed ex-
perimental information on this issue and in particular on the behaviour of
the LH current drive (LHCD) efficiency in the plasma density regimes of
the order of n,~1-1020 m3,In the past, only Alcator C [2] has explored
such high plasma densities. Defining the current drive (CD) efficiency as
nep=ILy - n, ‘R/PLyg [1020 m-2-A/W], where Iy is the LH driven cur-
rent and R is the tokamak major radius, a rather low figure of ncp=0.12
for toroidal magnetic field By=10 T had been quoted. This has to be
compared with that achieved on the largest tokamaks, as JET [3] or JT-
60 [4], where mncp=0.3, but at much lower densities
n,~0.2-1020 m3.
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On FTU, at density and magnetic fields close to those of Alcator C,
an efficiency of ncp=0.2 has been attained. The observed favourable
ordering of ncp versus <T¢>, the volume averaged electron plasma tem-
perature, can explain the better results [2, 5].

The high magnetic field of the FTU experiment and the LH frequen-
cy, f0=8 GHz, can further explain the reduction of the negative effects on
the CD efficiency found previously in high density regimes [6, 7].

In the present paper we report the results of LHCD experiments on
FTU with line density in the range of 0.3< n,<1.15-1020 m3, LH power
0.2<Prg< 1.1 MW, plasma current 0.22<1,< 0.7 MA, and toroidal field
4< Bt< 7.1 T. Phasing of the LH launching grill of 65°, 75°, 90° and
120° have been used which correspond to peak values of the launched N;,
(index of refraction parallel to Bt) spectrum of 1.32, 1.52, 1.82, 2.43,
respectively. Transmitted power density at the grill mouth larger than
10 kW/cm2 for times longer than 0.7 s are routinely and safely run. In
this condition no impurity influx has been observed to limit the plasma
operation even at the highest Py 1j up to now achieved, i.e. P y=1.7 MW.
At higher density n,>1-1020 m3 the value of the effective ion charge
Zetr during the LH phase is similar to the ohmic (OH) value (Z<1.3).
In the lower density range n, <0.5-1020 m3 it increases typically from
nearly 2 to about 3 as expected on a machine with entirely metallic walls
[8] upon an increase of the total input power from approximately
0.45 MW to more than 0.9 MW.

Fig. 1 shows the time evolution of relevant plasma quantities in a
shot with full CD phase. The plasma current (350 kA) is steadily sus-
tained by LH power for 0.5 s at n, =0.45-1020 m3, central density
ne0=0.7-1020 m3, and produces T.p> 4 keV, upon stabilisation of the
sawtooth activity. The estimated inductive time scale Ty R is <0.4 s.

The limited LH power routinely available so far has allowed to
achieve a full CD phase only for n, < 0.5-1020 m3. At density
n, =0.9-1020 m3 (negp=1.2-1020 m3) only partial CD is obtained with a
drop up to 50% of the loop voltage with Tep> 2 keV.

Fig. 2 shows the behaviour of loop voltage drop as function of the
parameter Plh/Ip- n, - R for the entire database of discharges with LH,
compared with CD analisys method developped for PBX [10]. Apart
from the points at very high density the behaviour of the quantity is lin-
ear, within the experimental errors, showing that even at partial CD re-
gimes the effect of the residual electric field on the suprathermal electron
tail is small, allowing the evaluation of nCp quite reliably.

The apparent saturation at low density can be removed taking into
account the impurities effect on CD [9]. The efficiency for a clean
Plasma m, can be inferred from the linear law, derived from the defini-
tion of the CD efficiency:

If = h-neo(Zorr=1), M
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where:

po_ P 6 [ w } @)
n.-I;-R Zog +5 A -10 20m-2

The quantity / includes the effect of the impurities and can be easily
measured. In Fig. 3 the ratio Iy /I, is plotted versus the parameter A.
Only quasi steady states are considered, where the internal inductive ef-
fects are negligible and the electric field is almost radially uniform. Only
Njjo=1.52 and 1.82 have been considered and all the data with low acces-
sibility have been discarded in order to have a homogeneous database.
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Fig. 1. Temporal evolution of the main plasma quantities during a full
CD phase at low density

The right evaluation of the ratio If jj/I;, may be not easy. We calcu-
lated Iy y/I;, from the change in the LH phase of the loop voltage and of
the bulk conductivity o, which is simply proportional to the volume
average <T32> and inversely to Z.gr, but we neglected the effect of the
residual electric field on the fast electron tail, i.e:
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Fig. 2. Plot of the relative loop voltage drop versus the inverse of ncp.
Different symbols refer to different densities (see inset). The dashed line
represents a fit function define in the text

The good linearity of the data presented shows, within the experi-
mental uncertainties, that these choices are correct. The error estimated
for ncp is close to 20 %.

Theoretical estimates of the hot electron contribution to ncp in FTU,
have carried out taking into account just the experimental data. Follow-
ing the CD analisys method developped for PBX [10], and from the
evaluation of the collision operator according to simple 1-D models the
experimental evidence of negligible effect of the residual electric field is
further supported. The choice of these models, in turn is supported by
preliminary data on hard X ray fluxes, giving a fast electrons slowing
down time in agreement with the Asdex density scaling [11].

In conclusion the linear extrapolation to Iy y/I, =1 and the corre-
sponding value for ncp=0.22 in full CD operation turns out to be correct.
No deviation from linearity results on the basis of the density in the lim-
1ts of measurement accuracy.

The discussion of accessibility questions is referred to the recent pa-
per in Ref. [20].

While the data do not show any negative trend with ng, an increase
of ncp with <Teg>, above the experimental uncertainties has been ob-
served. This is evidenced in Fig. 4 where the FTU ncp data are plotted
versus <Te>.
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The same data are summarized as the average of four values of <Te>
inside the spanned range 0.36 - 0.92 keV and compared, in Fig. 5, with
those from other tokamaks [3, 10, 12, 13, 15, 16] extrapolated to clean
plasma conditions (Zefr =1).

The plot includes the largest <T> interval available in the literature,
from the coldest (HT-6B [16]) to the hottest (JET [3]) device. The high-
est reported efficiencies in the range 1.7< Njjo< 1.9 are considered, ex-
cept for Alcator C for which ncp is taken at n, =1-1020 m-3. For the
data outside the range of Ny the correction for the different LH phase
velocity according to Fisch’s formula ha been applied. The conclusion is:
the favourable scaling with <T¢> applies to all tokamaks, and not only to
single devices [3, 4].

The main mechanism, in our opinion, for the enhancement of ncp
rely on effect of electron temperature on LH deposition profile which
can change, in turn, the fraction of the LH absorbed power as observed in
JET [6]. The theory suggests other different mechanisms for this en-
hancement [17, 18]. Similar effects have been recently observed in pre-
liminary experiments of combined LHCD plus electron cyclotron heating
experiments [19].
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Fig. 5. Comparison of the highest values of the CD efficiency on various
tokamaks as a function of the volume averaged electron temperature

<Te>. For Alcator C the result for ne =1-10 m? is considered. The ver-
tical bars indicate the range of results obtained for the given <Te>

To conclude, the high frequency (8 GHz) LH system on FTU has
demonstrated to be able of reaching a good efficiency of current drive,
Ncp=0.2 A-1020 m-2/W at line averaged plasma density in excess to
11020 m-3, in a quasi steady state conditions for times longer than the
skin time. The higher FTU electron temperature explains the higher effi-
Clency reached in comparison with Alcator C. This statement is further
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supported from the FTU results which show an increasing ordering of
the CD efficiency versus the electron temperature, in agreement with the
results of other tokamaks. This confirms the possibility to attain compa-
rable CD efficiencies at higher densities than the ones in JET and JT-60;
an encouraging result in view of the application of the LH waves on
ITER like devices. Density affects ncp only through the LH waves ac-
cessibility. On the other hand, onset of parametric decay instabilities,
significant spectral pump broadening and generation of fast ion tails,
have not been observed in the range of explored density. Fast electron
tails are well detected even beyond the first pass accessibility limits at
n,~1.35-1020 m-3. The influx of impurities occuring during correct op-
erations of both plasma and LH grill up to the so far maximum coupled
power of 1.7 MW does not limit the tokamak operation.
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Abstract - Electron heating, profile control and current drive
experiments are performed on FTU tokamak by using a four units EC
system at 140, 2 MW total R.F. power. Each unit is composed by a
gyrotron with 0.5 MW, 0.5 s pulse length capability, and an hybrid
mirror/waveguide system allowing low-loss transmission of the
millimeterwave power, with full control of the em. field polarization.
FTU plasmas are illuminated from the low magnetic field side by four
narrow gaussian beams, each one quasi-optically coupled to the
correspondent waveguide. The launching system is capable of
poloidal/toroidal beam steering through a set of tiltable in-vacuum
mirrors, all placed outside the toroidal magnet. Up grading to 1 MW
per line is under evaluation.

In the high density regime (local n. = 10° m™ or higher), ion heating is
observed through the enhancement of the neutron emission in
Deuterium plasmas, and the spectroscopic broadening of soft-X Fe
lines. In the lower density regime (average line density down to 0.3
10% m'), the highest electron heating is observed when on-axis ECRH
is performed in the current ramp-up phase. In steady-state conditions,
which usually are dominated by sawteeth, an accurate choice of the
ECRH absorbing layer allows the achievement of temperature/current
density profiles stable with respect to m=1 reconnections.

The microwave system

The total power of 2 MW presently considered for ECRH/ECCD
Cxperiments [1,2] on FTU tokamak [3] at 140 GHz is provided by
four Gycom GLGD-140-500 gyrotrons, with 0.5 s pulse length
Capability. Each tube feeds an hybrid transmission line composed by a

Closed, metallic waveguide propagating an HE;; mode, and quasi-
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optical elements at both ends for optimum matching to the gyrotron
and to the launching system. An outline of the system is shown in
Fig.1.

T ll

A L

Fig.1 - Layout of the ECRH system and FTU tokamak.

Each gyrotron’s output beam is filtered from spurious modes and
shaped to a customer-specified waist by a Matching Optics Unit,
delivered with the tube. The beam shape and polarization are then
adjusted with one ellipsoidal mirror and two flat, corrugated mirrors

[4] for optimum matching to the waveguide hybrid HE;,; mode, and
for optimum coupling to the Ordinary mode into the plasma. To
improve the power handling capability of the corrugated mirrors up to
1 MW per line, a pair of converging-diverging reflectors, allowing the
insertion of the polarizer in a position where the beam is larger will
replace the single ellipsoidal mirror. Present and improved
configurations of the conditioning optics system at the gyrotron’s
output are shown in Fig.2.

The polarizer’s surface is an array of half-cylinders on a flat
ground plane [4]. Maxwell’s equations for the incident and reflected
e.m. field can be solved in this case analytically. Cylinder radius and
spacing are adjusted for linear-to-circular (A/8 equivalent corrugation
depth) and linear-to-linear (A/4 corrugation depth) polarization
rotation. The rounded shape is also ideal for good power handling
capability. The solution of e.m. scattering problem of an array of
thick wires has also been used to evaluate the possibility of building
cooled polarizing grids, suitable for high power operation in the
millimetric wavelength region [5].

Not shown in the figure, an additional moving ellipsoidal mirror
switches the beam from the main path into a local calorimetric
matched load, used for power measurements and for gyrotron
conditioning. The load is made of an integrating sphere with partially
reflecting walls [6] coated with a mixture of Al and Ti oxides. It has a
reflectivity (integrated in all directions in the half back-space) of less
than 4%, and it is designed to have full 1 MW power handling
capability. The diverging mirror opposite to the input aperture is fixed

-
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in the present configuration, but it might be made flat and rotatable in
the 1 MW, up-graded version.

Fig.2. Conditioning optics for the gyrotron’s output beam. Present
configuration for 0.5 MW gyrotrons (continuous path): MI,
ellipsoidal, matches the beam to the HE,;; mode at waveguide input;
M2&M3, corrugated, match the O-mode at plasma edge. Improved
configuration for 1 MW gyrotrons (outlined in the figure): M1.a&b,
polarizer; M2&M3, diverging/converging for mode matching.

Each one of the four transmission lines from the gyrotrons to the
launching system is composed by a circular, corrugated oversized
waveguide (=30 m long) propagating the HE; ; mode, with a diameter
of 83.9 mm (3.5”) large enough to allow the operation of the system,
at atmospheric pressure, up to 1 MW per line [1,2]. Due to the large
diameter to wavelength ratio (= 41.5), 90° bends can be optically
accomplished with flat reflectors, with negligible conversion into
dangerous edge waveguide modes. 5 bends accommodate all the
necessary direction changes. A further advantage of the large diameter
is that wide gaps, up to =20 mm, can be inserted without loss of
transmission efficiency, for thermal expansion recovery and for easier
installation/removal of each single straight section (2 m long).

Good alignment of single elements on the ideal line is essential for
low loss transmssion, and tilt in particular must be kept low for large
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diameter waveguides. Waveguide joints, stands and the suspensions for
all the components have been designed to allow alignment with an
offset error less than 0.1 mm, and a tilt error less than 0.5 mm/m,
which is performed according to specific procedures based on the use
of standard optical alignment instrumentation [7,8].

Fig.3. Waveguides at the end of the line, close to the launching system.
Shown in figure: supporting beams; adjustable waveguide stands;
waveguide joints (also expansion joints); bends; directional couplers.

For safety reasons all the joints in the transmission lines in areas of
free access are checked against excessive r.f. leakage. A special
instrument, based on the use of thermopiles as microwave detectors,
has been developed to perform fast measurements as required [9].

A waveguide switch is inserted in one of the lines for feeding the
antenna of a system for collective Thomson scattering experiments
[10].

The launching system

Four sets of three in-vessel mirrors for each transmission line
launch converging e.m. beams into the plasma [11] through the same
vacuum port. The last mirror in each set is movable from shot to
shot, in order to allow both vertical and horizontal beam steering.

Being FTU tokamak an high field (Bior,max= 8 T), compact machine
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(major radius R¢=0.935 m; minor radius a=0.33 m), access to the
vacuum chamber is limited. In particular, the maximum size of each

rt in the toroidal direction is 8 cm. A top view of the port used by
ECRH (1 of 12) is shown in Fig.4.

toroidal entrance
chamber aperture
center 8cm

Fig.4. Top view of FTU port, connecting the toroidal chamber (on the left
side in the figure) to the vacuum-tight flange (on the right). Each one
of the 12 ports is fitted in a narrow space between two the 12 coils
of the toroidal magnet.

Two flat, vertical mirrors are inserted inside the port duct for
toroidally oblique beam launch.

Due to the very narrow limiter shadow (3 cm), no object is allowed
to protrude from the port duct into the toroidal chamber. Taking into
account all restrictions posed by vacuum compatibility, all mirrors and
mountings are positioned in a wider portion of the duct, outside the
toroidal magnet. Toroidally oblique launch is achieved by reflecting
each beam on flat, vertical mirrors laying against the duct walls. With
this arrangement, only discrete toroidal angles (0, =10, =20, =30
degrees), corresponding to the number of reflections made at the
vertical mirrors, are allowed (Fig.5). At all the other angles the beam
is diffracted in two opposite main lobes at the entrance aperture. The
flat vertical plates are made of amagnetic stainless steel for achieving
adequate mechanical strength, and are gold plated in order to keep to a
minimum r.f. losses at reflection. In order to maintain the beam shape
at all toroidal angles, each last converging mirror rotates around the
axis of the incident beam.

The launched beam quality has been accurately tested at low power
{11,12], particularly in the case of toroidally oblique launch when
beam shape and directivity could be affected by distortions in the
Surface of the vertical plates and by diffraction at the aperture. As
sh_own in Fig.6, the beam remains gaussian still after three bounces,
slightly elongated in the vertical direction because of beam truncation
at the last mirror (Fig.7).
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Port walls
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30" Port walls Plate

Fig.5. Scheme of oblique launch. By tilting in the horizontal plane the
launching mirror, the beam is reflected n times at the flat vertical
plates. It emerges undisturbed in the centre of the entrance aperture
at finite toroidal angles, determined by the number of reflections and
by the plate convergence.

I'hor= 18 mm
Iyer= 21 mm

I'hor= 18 mm
Iyer= 21 mm

Thor= 19 mm
Iyer= 21 mm

19.5 mm
L= 22 mm

Fig.6. Beam pattern and size for toroidally oblique injection at different angles.
Top pattern has a wider dynamic range, in order to show both the sidelobes and
the toroidally symmetric spurious image beam; green is -25 dB.

Since the measurement is made at fixed mirror-to-detector
distance, the main observable effect in case of oblique launch is a slight
increase of the beam radius with increasing number of reflections,
consistent with the longer beam path to the measuring point.
Calculated resistive losses are =1.2 % in all the cases of 1, 2 and 3
bounces. The two vertical plates reduce the entrance aperture to 70
mm, where the beam diameter is =35 mm.

Some interference is therefore expected also for perpendicular
launch, and measured to be at a low and acceptable level (Fig.7). High
resolution patterns are obtained with standard microwave techniques
for beam pattern recognition (automatic scan with sensitive
radiometer), but fast detection of the main beam features is made by
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taking with IR camera the thermal print left by the beam on absorbing
foils (Fig.6).
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Fig.7. Typical beam pattern for perpendicular launch . Diffraction due to
beam truncation at the last mirror determines the sidelobes in the
vertical plane, while the interference pattern in the horizontal scan
is created at the entrance port.

The amplitude of the spurious image beam generated by diffraction
at the entrance varies from -25 dB for an oblique launch at 10°, 1
bounce, to —11 dB at 30°, 3 bounces. It remains therefore to an
acceptable low level.

Fig.8. Side view of FTU port. The vertical plates for toroidal oblique
launch, the movable launching mirrors and the four beam axes are
also shown in the figure.

The vertical scan of the beams is obtained by a standard tilt of the
launching mirrors, which is possible because FTU ports are narrow in
the toroidal direction, but vertically they are wide enough.

_ Beam axis and launching mirrors are outlined in Fig.8, in a side

View of the FTU port showing also the vertical plates. All mirrors are
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in Aluminium or Copper. Each barrier window is a single BN disk, edge
cooled, with an outer diameter of 123 mm.

Power measurements

As already mentioned, the output power from each gyrotron can be
absorbed and measured by a calorimetric matched load, close to the
gyrotron itself. Power measurement at any point along the
transmission line, and in particular at the end, are made with a second
type of load. It composed by a cylindrical cavity and an array of
scattering/absorbing tubes [1], also used for circulating the cooling
water. All surfaces inside the cavity, including the tubes, are covered
by plasma-spray with a partially absorbing ceramic layer.

beam spreading

. beam entrance
mirror

; \
I i I
scattering/absorbing
copper rings
metallic ppering scattering/absorbing
container cooling pipes

Fig.9. Scheme of the cylindrical calorimetric matched load. As for the
Spherical load, the surfaces inside the cavity are partially reflecting.
An array of cooled tubes scatters the beam, absorbs the power and
removes heat. Total length is 1.8 m.

Fast power measurements are made with quasi-optical directional
couplers at the first and the last bend of each line (Fig.10). The power
is directionally coupled to outside the waveguide by an array of holes
in the flat mirror bend [13]. The coupled power is detected by a pair
of horn antennas, one for each polarization, one pair for each
incident and reflected directions, positioned close to the array and
inside a shielded enclosure. Internal shielding has been accurately
designed and tested for maximum directivity and minimum
polarization cross-talk. Holes are in cut-off, and the measured average
coupling coefficient is 62 dB. The average directivity is 20 dB, and
polarization cross talk is also =20 dB. A set of fiber optics is inserted
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inside each bend, looking in both the input and output waveguides,
which is used to detect arcs in the transmission line [8].

detectors
%, Rectangular Horns

Fig. 10. Waveguide directional
coupler. Incident and reflected
power is directively coupled to
outside the waveguide through an
array of holes in cut-off, drilled in
bend the mirror of a mitre bend [12].
The shaping of the detector
enclosure and the appropriate
position of absorbing materials,
decouple the incident and the
reflected measuring arms.

* Mitre-

101 holes

Absorbing material

Experimental results on ECRH/ECCD and MHD activity

Two gyrotrons have been used for ECRH/ECCD experiments, with
a total launched power of 0.8 MW for 0.3 s, aimed mainly at profile
control and energy confinement studies by localized electron heating.

ECRH was performed both at flat top, with a plasma current of
350+400 kA (g,=6), and during the current ramp-up at a rate of 1+5
* MA/s [14]). This last experimental scenario was chosen for studying
confinement in regimes with low or reversed central magnetic shear
[15,16]. At flat top, the impact of MHD activity on core
confinement was studied, with particular attention to the effects of
~ the presence of g=1 resonant magnetic surface. Since most of FTU
- discharges have sawtooth activity at current flat-top, the experiments
were also oriented at the study of the m=1 mode dynamics with
localized ECRH.

The sawtooth period during ECRH depends on the radial position
of the absorbing layer [14, 17]. In particular, the period can be

Strongly increased if EC absorption at raps is near the inversion radius

[14, 18] (Fig.11). ECCD at raps=ri,y along with the ohmic current also
€xtends the sawtooth period, while counter current drive has an
overall moderate or negligible effect [19]. Stabilization occurs on a
fast time scale, which is consistent with a local distortion of the
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current density profile [18], but it is short with respect to the current
diffusion time over rq-.
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Fig.11. Central electron temperature during ECRH with ryg=r,, , shot
#14549, showing a strong increase of the sawtooth period in these
conditions. Profiles taken during temperature rise (marks) are

shown in Fig.12. Poc,y=700 kW; Pop= 400=>200 kW; ng jine=0.5
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Fig.12. Electron temperature profile evolution during ECRH with 1~
shot #14549. The relative position of the absorbing layer moves

during ECRH according to the Shafranov shift. P,.,=700 kW:
Poi= 400=>200 kW; njin,=0.5 x 10°° m™>.

All these features of sawtooth reaction to localized ECRH/ECCD
fit with [19, 22] the assumption that the magnetic reconnection
depends on the value of the magnetic shear at the gq=1 radius. The
physical basis for this dependence is the stabilization of the internal
kink mode by diamagnetic effects, which can be effective only if the
local shear s; at rj=rq=1 is lower than a critical value depending on
plasma parameters. In particular, stabilization occurs if the kink mode
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growth rate 'yp(sl, Te/Ti, Pis 1> TA, S) is lower than a critical value
ycﬁtzcx/(mdia,e ®gia,i), depending on the electron and ion diamagnetic
frequencies [20, 21]. p;, Ta, S are respectively the ion Larmor radius,
the Alfvén time and the magnetic Reynolds number.

ECRH and CO-ECCD localized around rq=; tend to flatten the
current density profile, delaying in time the growth up to disruption of
the internal kink mode.

By implementing this model into a 1-D transport code, including
flux conserving relaxations in accordance to the Kadomtsev complete
reconnection model, and triggered by the overcoming of the critical
shear at the calculated g=1 surface, the effect of ECRH on the
sawtooth repetition rate has been correctly reproduced [19].

3 keV keV 5 W/cm330
_ ‘""“\:\ | #1547; r4) T,
el 1 I""..‘ | T

5 *:;( ! S, . 2 20

I ]
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Fig.13. Electron temperature dependence with time (left) and radius(right)
in case of ECRH with ry=~ri,, and high electron density

(ne,line=0.8 10%° m>). Full sawteeth suppression is achieved in
these conditions.

The electrodynamic reaction to a strong reduction in the electric
resistivity, localized around the EC absorption layer, enhances the
current density profile reshaping in the transient phase following the
switching ON or OFF of the ECRH power [19]. The enhancement
vanishes in times in the order of one current diffusion time over rg=1
(=20 ms), and in fact the strongest effect on the sawteeth period is
observed immediately after the application of ECRH (Fig.11).

Complete sawteeth stabilization can be obtained with ECRH
localized at rypg=riny in an high density plasma. The drop in the central
ohmic heating power density and the e-i energy exchange produce a
ﬂflt-hollow electron temperature profile with off-axis ECRH [24].
Simulations show that sawteeth suppression is due, in this case, either
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to the achievement of qg=1, or to a shrinking of rq-; inside a region
with very low thermal gradients [19]. Mixing is frequent in this case,
but with negligible effects on the temperature profile.
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Fig.14. Central electron temperature (ECE diagnostic) during nearly on-
axis ECRH at different power levels, shot #14971 .

Central ECRH has different effects on sawtooth activity,
sensitively dependent on the exact position of the directly heated
volume, and on the total absorbed power. At moderate EC heating

power, Pecrh=Pon, Or with absorption inside the inversion radius rj,y
but not exactly at center, the effect is in general to speed up profile
evolution towards magnetic reconnection of the m=1 mode, thereby
increasing the sawtooth frequency [18]. As an example, Fig.14 shows
that with P..;=400 kW, P..,=330 kW, central heating, the sawtooth
period is about half the ohmic value. However, with P..;=800 kW on
top of P,,=250 kW, and when the average electron temperature rises
above 6 keV, the reconnection repetition rate is clearly slowed down.
Calculations, with the 1-D transport-diffusion code, of the current
density re-distribution following a strong and peaked increase of the
electron temperature, show in fact that also the current density peaks
to the center and the magnetic shear at r,., increase. However, at high
electron temperature also the threshold of the critical shear increases.
As a result, the global effect of central ECRH on sawteeth is a trade-

off between the effective shear increase at rg=1, and the increase in

the local threshold for reconnection.
In the case of central ECRH, when the peak temperature can rise

up t0 ~8 keV with P.4=800 kW (n,0~0.8 10°° m™) as a result of the
very localized power deposition in a small plasma volume, saturated
oscillations of odd order appear [22, 23]. The peak temperature rise is
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interrupted during oscillations, which can continue until the next
crash, or it can vanish (Fig.16) within the sawtooth period. In the last

case Teo rises again until reconnection occurs.

8 - Electron /J
Temperature 1
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Fig.15. Peak electron temperature (left) and temperature profile (right)
evolution within a single sawtooth during nearly on-axis ECRH at
800 kW, high average temperature. ne,g,-,,e=0.5'1020 m'3, shot
#14971.

The central temperature increase is limited by fluctuations because
of de-localization of the heating power deposition (core plasma
oscillates, but the resonance position remains fixed), because of re-
- distribution by convection of the heat inside the volume perturbed by
the instability, and likely because of a loss of confinement commonly
associated with MHD oscillations [24].

Magnetic reconnection at each sawtooth crash is a very fast event,
occurring within 50+-100 ps, or less than one m=1 period, in ohmic or
ECRH plasmas, with central or off-axis heating, with or without
saturated m=1 oscillations. The crash is not anticipated by a growing
or large m=1 oscillation. Fig.16 clearly shows the collapse of the
temperature profile occurring at magnetic reconnection, which
flattens the temperature inside the mixing radius on a collisionless
time scale.

All the experiments performed point out that profile shaping
(temperature, current density), and its effects on MHD activity, are
very sensitive to the localization of the EC wave absorbing volume.
This is usually calculated by beam tracing computing codes, performed
taken into account the measured plasma magnetic geometry, and the
electron density and temperature profiles [26].
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The experimental estimate of the EC power deposition profile is
obtained by fast measurements of the local pressurc change during
transients in the applied EC power.
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Fig.16. Sawtooth crash at P...;=810 kW, with on axis resonance, shot
#14971. Although reconnection is usually precurred by m=1
oscillations, it takes place in this case even before a single half

oscillation is completed, on a collisionless time scale. Temperature
profile)are taken at the instants marked by arrows.

If PEcry is modulated in time, the heating profile is given by the
spatial distribution of the amplitude of thermal oscillations at the
modulation frequency with the minimum phase lag with respect to the
EC power source [27]. In all cases, the distribution of the absorbed
power density can be estimated at the switching ON or OFF of the
ECRH power, by detecting the jump in the local rate of change of the
electron energy density [28, 29]. Although the calculated and
measured position of the peak in the power deposition profile are well
in agreement, measured profiles are broader than calculated  ones,
which are usually very narrow in hot plasmas illuminated with small
size, focused E.C. beams. Heat diffusion [30] and finite spatial
resolution of the local temperature measurement [29] are, in most
cases, the main cause for the apparent absorption profile broadening.
Beam-tracing and wave damping calculations are therefore used for
modelling ECRH effects in profile shaping and heat transport analysis
[25].

Ion heating during ECRH at high electron density

ECRH with B,,=5 Tesla, fundamental resonance, can be performed
in plasmas with an electron density high enough to allow collisional
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electron-ion heat transfer, the cut-off density being n, o= 2.4-10%°
m>. This has been shown previously to be important for profile
shaping with off-axis ECRH.
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" Fig.17. Ion heating during ECRH at n. in.=0.8 10° m>, n.o=1.3 10° m”,
shot #14977.

As a result of collisional coupling, ion heating is observed through
the enhancement of D-D neutron emission from Deuterium plasmas.
Fig.17 shows that neutron rate increases by a factor =3 with P_.;,=800
kW, P,,=250 kW, and , n.,=1.3-10%° m™, corresponding to =25%
increase in the central ion temperature.

The power balance on all species, and in particular the heat flow
into the ions, is estimated with the aid of a time-dependent heat
transport code. In order to correctly describe the observed waveform
of neutron emission and ion temperature increase, both in the
transient phase and at steady-state, an ion thermal diffusivity
Xi=2.8 X Chang-nimon Must be used in the code. The electron-ion heat
transfer flow Q.;, determining the observed ion temperature rise time,
is the one given by classical predictions.

The classical nature of collisional energy transfer from the
electrons to the ions is confirmed by the observed scaling, at a fixed
ECRH power and EC resonance position, of the ion heating efficiency
T ecrn/ T, n With the plasma density (Fig.18). At low electron density e-
1 collisionality is strongly decreased, also because of the very large
T /T, ratio determined by the strong electron heating at low electron
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heat capacity. As predicted by collisional theory, if the ratio T./T;
becomes larger than =3 the heat transfer Q.; is reduced by a further
increase in T, and ions cool during ECRH.
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Fig.18. Ion heating efficiency during ECRH at 800 kW increases with the
electron density. Because of e-i decoupling at low density, high T.,
ions in fact can be cooled during ECRH.

The cut-off density gives the upper limit of the density range
useful for ECRH. At densities close to cut-off plasma refraction
reduces the central heat deposition by spreading the EC beam, and the
small electron-ion temperature gradient further limits ion heating.
There is therefore a density for optimum ion heating efficiency,
which is observed to be n,=1.5-10%° m>=0.62 n,, cuof at Peey=800 kW
[31], and it is expected to be closer to cut-off at full 1.6 MW ECRH
power.

ECRH during current ramp-up

ECRH was performed also during the current ramp-up, in times
shorter than the resistive diffusion time when the current density
profile may be hollow. Furthermore, this phase is sawtooth free since
go>1. As shown in Fig.19 and Fig.20, the response is quite different if
the transient target plasma has a flat/hollow or a peaked profile in the
temperature and, likely, in the current density. In the case of a
low/reversed central shear, Double Tearing Modes are destabilized due
to the presence of a pair of m/n resonant surfaces [32]. This causes
strong internal disruptions, which affect enery content and electron
temperature in the plasma core. With peaked profiles, high core
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temperature and energy content are maintained until the appearance
of sawteeth.
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Fig.19. Peak electron temperature, plasma current and electron density
during on-axis ECRH in a discharge with an initially hollow
temperature (current density) profile.

16 LA B B B B SR B B B N SN B B SR M SRR S B Bt N S N B B EMN R BN BN
3 #15020
12f Te ]

S -

R 8 F 1
4t i
of l ECRH | i

0 0.05 0.1 0.15 0.2 0.25 0.3
Time (s)

Fig.20. Peak electron temperature during on-axis ECRH in a discharge
with an initially peaked temperature (current density) profile .

The highest electron temperatures have been achieved in this
Scenario and with central ECRH deposition, with non-negligible
kinetic effects on the ECE spectra [33].
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By analyzing the power balance with the aid of a time dependent transport and
diffusion code, the electron heat diffusivity . is found to be in the range between
0.2 and 0.4 m%s in the plasma core, without significant degradation with high
peak electron temperature and large temperature gradients [16]. The global
confinement time during ECRH is in fair agreement with ITER89P scaling law
[25].

Conclusions

Localized ECRH at 800 kW has been shown to be effective in shaping the -
profiles of FTU plasmas at By, =5 Tesla, nwle20 m>. This capability has been
used to study MHD physics, and the associated impact on energy transfer.

In particular, sawteeth behaviour has been explored, and it has been shown
that the overcoming of a critical shear at " is a possible cause for destabilization
of the kink mode, and for magnetic reconnection. The whole reconnection
process is fast, occurring on a collisionless time scale, and it is not necessarily
anticipated by any precursor. By including the threshold condition into a 1-D
transport and diffusion code, with an associated flux conserving mixing of plasma
parameters, the observed dependence of the sawteeth period with ECRH power,
resonance position and ECCD features, is satisfactorily reproduced.

Saturated or partially saturated sawteeth are observed with on-axis ECRH. In
addition to the m=1 mode, slowly evolving accordingly to a non-linear growth
rate, mode coupling might cause the appearance of higher order, higher frequency
MHD instabilities.

During operation at high electron density (> 10* m™) ions are included in the
power balance. This contributes to profile shaping and sawtooth suppression with
ECRH localized at r~ry-;, and causes ion heating in agreement with neoclassical
predictions.
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* CEA/Cadarache, 13108 Saint Paul-Lez-Durances Cedex, France

The ECH system on the tokamak TCV (Tokamak a Configuration Variable) has
reached completion of the first of three stages of auxiliary heating installations
with the operation of the first cluster of three 82.7 GHz gyrotrons each of
0.5 MW, 2.0 s pulse length second harmonic X-mode (X2). The overall ECRH
project is to have 3.0 MW of X2 (six gyrotrons at 82.7 GHz) and 1.5 MW (three
gyrotrons at 118 GHz, capable of 210 s pulse lengths but to be operated up to
2.0 s at CRPP) at the third harmonic X-mode (X3). During the past operational
campaign a variety of experiments have been performed using the available ECH
power of 1.5 MW. Some of these include: commissioning of the launching
antenna, studies of confinement as a function of plasma shape and assisted L to
H-mode transitions. Also studies with non-zero toroidal launch angles have been
performed including scans of toroidal injection angle with co- and counter-
ECCD, up-down asymmetry associated with an inherent off-axis ECCD compo-
nent, and full inductive current replacement. This report will give a brief descrip-
tion of the X2 and X3 systems and relevant diagnostics on TCV in Section 1,
followed by a description of the experimental results which have been obtained
over the past experimental campaign. These results are divided into two groups:
Section 2 will summarize the results of the ECH experiments (zero toroidal
launch angle) and Section 3 will describe the ECCD experiments.

1. SYSTEM OVERVIEW

The TCV tokamak has a vacuum vessel elongation k=b/a=3, major radius
R=0.89 m, minor radius a=0.25 m and a maximum vacuum magnetic field
of By=1.43 T at the chamber axis. The machine is equipped with 16 inde-
pendently controlled poloidal field coils allowing the production of plas-
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mas with various elongations (x,=1-2.58 achieved), with negative and
positive triangularities (8,=-0.7 to 1), and at various positions in the ves-
sel. All of these parameters can be changed independently during a shot.
This provides a very flexible tool for the study of shaped plasmas.

In view of the wide range of plasma configurations on TCYV, a highly
flexible auxiliary heating system is required. An ECH system was chosen
in light of this requirement owing to its localized heating and steerable
beam capabilities. The TCV-ECH system [1] will consist of nine
gyrotrons of 0.5 MW each. Six gyrotrons will operate at the second har-
monic frequency (X2) of 82.7 GHz and three at the third harmonic fre-
quency (X3) of 118 GHz. The gyrotrons are grouped in clusters of three,
with each cluster operating on a single Regulated High Voltage Power
Supply (RHVPS) [2].

X2 system

Each X2 gyrotron [3] is connected to a matching optics unit (MOU) for
optimum coupling into the evacuated corrugated waveguide and absorp-
tion of stray radiation from the gyrotron. Incorporated in the MOU is a
Universal Polarizer providing the full range of all possible polarizations.
Connected to each MOU is an evacuated transmission line (approximately
30m of 63.5 mm corrugated
HE;; waveguide) = which
includes two DC breaks, in-
line bellows, power monitor
miter bend, vacuum compati-
ble switch and calorimetric
load, in-line pumping-tee and
a launching antenna
(launcher).

The X2 launcher (shown in
Figure 1) is designed to direct
the microwave beam at any
radial location within the wide
range of plasma shapes achiev- Figure 1. Drawing of the X2 Launcher with all-

able on the TCV tokamak as metal vacuum gate valve and external motors.
shown in Fi 2. For each The launcher has two degrees of freedom, the
gure 2. beam can be steered within a chosen plane during

cluster of X2 gyrotrons there is  a shot, and the launcher can be rotated about the
One launcher mounted in an port axis between shots to change that plane.
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Figure 2. The accessibility of the X2 launchers in the (a) poloidal and (b) toroidal view-
ing planes. The 2 launchers of the first cluster gyrotrons are located in upper lateral ports
and one in an equitorial port.

equatorial port (L1) and two launchers (L2 and L3) mounted in upper lat-
eral ports. Each launcher has 2 degrees of freedom, one of which provides
steering of the beam in a fixed plane during a shot (realized by rotating the
last mirror), while the other allows that plane to be rotated about the axis
of the launcher port between shots. Each gyrotron can be independently
switched to the torus or to a calorimetric load from shot to shot, such that
power can be delivered from any possible combination of three launchers
for a given shot.

At the present time there is one fully operational X2 cluster on the
TCV tokamak. This cluster has had several full power, full pulse length
pulses on TCV during the past operational campaign period. All the
gyrotrons of the second cluster have passed the acceptance tests and are
ready for operation on the tokamak. The associated MOUs and transmis-
sion lines are installed and have been vacuum tested. The second cluster
launchers are in the process of being installed on the tokamak for opera-
tion at the end of 1999,

X3 system

Three 0.5 MW, 2 s gyrotrons [4] at the third harmonic (X3) frequency of
118 GHz are planned to be operational on TCV for the end of the year
2000. The X3 gyrotrons will only be operating at pulse lengths of 2.0 s
even though the full capabilities of the tubes are 210 s for use on the Tore
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Supra tokamak. The first tube has
been delivered to CRPP and has
successfully passed the on-site
acceptance tests, including over
160 pulses of 0.5MW, 2.0s
pulses (reliability > 99%) have
been obtained with the EC power
diverted to a dummy load.

The X3 launcher is mounted
on a top port to launch the beam
in a direction nearly tangential to
the resonant surface thereby max-
imizing the absorption by increas-
ing the path length through the
plasma. The three beams are inci-
dent on a single mirror which can
be radially displaced (*a/3)
between shots to inject the beam

i= L2

. . Figure 3. The X3 Launcher will inject three
from either the low (LFS) or high beams vertically into the plasma. The launcher

field side (HFS) of the resonance, mirror can be rotated during a shot to change
see Figure 3. The mirror can also  the injected poloidal angle and can be dis-
be rotated (£5°) during a shot to placed radially between shots.

_adjust the beam along the reso-

nance surface, from any radial location. A prototype of the launcher has
been completed and is undergoing mechanical testing. A fully operational
launcher is planned to be installed on TCV during the year 2000, thus
bringing the full auxiliary heating power available on TCV to 4.5 MW
before the end of the year 2000.

TCYV diagnostics

A brief description of some of the more relevant diagnostics used during
ECH-ECCD experiments is given below. A more detailed description of
these diagnostics can be found in reference [5].
The soft X-ray diagnostic provides the most direct response of the
central MHD activity and is comprised of three groups of instruments:
1) four vertically viewing, fast diodes with a sampling rate of
250 kHz located in four toroidal positions provide high time reso-
lution of MHD activity.
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2) 180 diodes distributed in nine cameras in one poloidal cross sec-

tion with sampling rate of up to 80 kHz and spatial resolution of

3.5 cm after tomographic reconstruction.

3) Four additional vertical viewing diodes for measuring the soft

X-ray temperature using the two foil method.

The Thomson scattering system on TCV uses three Nd:YAG lasers
(each at 20 Hz, combined in a fan and focused to a single point in the
plasma) aligned in the vertical direction at a single value of the major
radius. Thirty-five viewing chords are distributed on three horizontal ports
providing a measure of n, and T, with a spatial resolution of about 4 cm
along the laser beam.

A multichannel hard X-ray diagnostic system which characterizes the
spectral and spatial distribution of fast electron bremsstrahlung emission
has been operational on TCV [6] during part of the operating period. This
diagnostic was developed for the Tore Supra tokamak [7] and was on loan
to the CRPP from CEA-Cadarache, France. The system provides a spatial
resolution of 2.0 cm (on the midplane) from 14 viewing chords and an
energy resolution of 5-7 keV, in the range from 10-150 keV.

The LIUQE equilibrium code [8] determines the plasma position and
shape from 38 magnetic probes and the plasma pressure profiles from the
Thomson scattering system. These results along with the Thomson density
and temperature profiles are used by the TORAY [9,10] ray tracing code to
compute the beam propagation and absorption location.

2. ECRH EXPERIMENTS
X2 Launcher accuracy

A commissioning of each gyrotron/MOU/launcher is performed to ensure
that a similar plasma response is observed for each system. The commis-
sioning involves two sets of tests: an alignment test at atmospheric pres-
sure and a plasma response test to ensure optimum coupling to the plasma
and the integrity of the launcher alignment under vacuum conditions.

The alignment at atmosphere of each launcher is performed after the
installation of each launcher on the torus. The launcher alignment is
checked by firing the beam onto a target of liquid crystal paper attached to
the vessel’s central column. The target is then displaced to two other verti-
cal locations to check the calibration of the movement of the last mirror.

The plasma response test involves the sweeping of each beam across a
target plasma (n,=1.4-1.9x10° m3, 1 =173 kA, x=1.3, 8=0.3) as shown
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in Figure 4. From previous experi-
ments the response on the soft X-ray
signal (central chord) was observed to
increase/decrease as the beam deposi-
tion passed inside/outside the g=1 sur-
face. The soft X-ray signals for the
three launchers are shown in Figure 5.
The signals for the two upper lateral
launchers, L2 and L3, are identical,
while the equatorial launcher, L1, is
shifted in time due to differences in
refraction in launching a beam from an
upper lateral or an equatorial port.
Large sawteeth are observed over arel-
atively small region during the sweep
when heating near the g=1 surface
closest to the launcher despite rela-

Figure 4. Swept region of the beam
during the commissioning shots. Each
launcher is swept from below the q=1

surface to above it.

tively large beam width (=30 mm) [11]. Comparing the location of these
large sawteeth for the two sweeps of L2 and L3 yields a relative measure
of alignment of the two launchers which is found to be within $0.2°
(3 mm). L1 can be checked against the results of either L2 or L3 using
TORAY. The angle at which these sawteeth occur is compared with the
TORAY calculated angle for g=1 deposition. The precision for calculating

I Laanchier #1
FAY2L

N AR O

soft x-ray(central chord) [a.u.]

N A AN 0N A

ts]

4

Figure 5. The soft X-ray response to each launcher sweep as shown from a central chord.
The signals of Launchers 2 and 3 are shifted relative to each other by 8.3 ms in time,
which corresponds to a missalignment of AZ=2.9 mm in vertical heating location.
Launcher 1 is shifted in time owing to a difference in beam refraction between the equato-
rial and upper lateral ports. The large sawteeth occur on the q=1 side nearest the swept

launcher (largest power density).
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the g=1 surface is within £20 mm. The TORAY calculated angle and the
‘straight’ ray angle both fall within the range of the calculated g=1 surface
(i.e. refraction is insignificant for the near side g=1).

For both launchers 2 and 3 the realized aiming precision is +0.2°
which is the initial designed restrictions placed on the launcher. Launcher
1 can only be tested relative to the errors associated with the calculations
of the g=1 surface from LIUQE and it gives £1.3° (+20 mm). Since the
same pre-alignment procedure was performed for all launchers, we have
the confidence that launcher 1 has the same order of precision as launcher
2 and 3.

ECH coupling

Sweeps of the ECH deposition identical to those described above, were
performed with non optimal coupling of the beam by changing the X-O
mode fraction via the Universal Polarizer located in the MOU. For the X-
mode launch the calculated absorbed power is 100% and the coupling
changes by less than 5% during the sweep of the beam [11]. The effect of
the coupling scan is best seen on the soft X-ray signal as shown in
Figure 6. The soft X-ray signal viewed from a central chord increases
when the deposition is inside the q=1 surface for X-mode launch. This rise
is barely apparent for the O-mode injection.
As the polarization was varied to

. 2.6 T . N T Y AN M

increase the X-mode component at | outside g=1 inside g=1

the plasma edge, the total stored 24 100% (X-mode) gkl
221 #15724 ‘

plasma energy measured by Thom-
son scattering increased, (see
Figure 7). Comparing the plasma’s
total energy during sweeps at vari-
ous coupling efficiencies confirms
that the optimum heating is obtained
within the g=1 surface [5]. For X-
mode launch the electron confine- 08 __ _ECHpulse |
. . *© 04 05 06 07 08 09 1
ment time increases abruptly when t[s]

deposition is within this region Figure 6. Difference in a central chord of
. . X ence in a ¢ chor
g-naﬁ lsyl:rgt tl:]e Presence Of.an CNCIZY the soft X-ray signal for two sweeps with
p arrier near this surface. x.mode and O-mode coupling respec-
Wh.en absorption occurs within this tively. When deposition is inside the q=1
.region the stored electron energy surface the soft X-ray signal increases with
X-mode percentage.

=== e
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—
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increases by 20% over deposition
outside the region. Approximately
the same ratio of stored energy is
measured between X-mode and O-
mode polarization injection cases
during central deposition (see Figure
7.

In the poorest coupling case with
essentially 100% O-mode coupling
little difference is observed when
heating inside or outside this region.
This implies low first pass absorp-
tion, with the majority of the beam Figure 7. Total stored energy of the plasma
eventually being either absorbed in for sweeps at various X-mode coupling per-
the carbon tiles of the tokamak, °"t2ges ranging from 0 to 100%.
absorbed in the plasma after multiple reflections, or lost through vacuum
windows. The total power absorbed in the plasma is represented by the
following:

Normalized We [a.u.]

Ny =1, +(1= 7, )7, (1)

where T is the percentage of total absorbed power in the plasma, T is
the percentage of power absorbed on the first pass, and n,, is the percent-
age of power absorbed after multiple reflections in the torus chamber. The
percentage of first pass absorption, Mg, is taken from TORAY calcula-
tions. To estimate the percentage of power absorbed after multiple reflec-
tions, Ny, the tokamak is modeled as a black box with holes. Radiation
incident on a ‘hole’ escapes the black box. In this case the ‘holes’ are vac-
uum windows and the resonant surface. The amount of power ‘escaping’
(or absorbing) through the resonant surface can be represented by a sum of
an infinite series:

a

Rwall —
77 = A!otal
" 1 R” (1 ares + awindows J ’ (2)
-R,.- — _Tes  “windows
Aotal

Where a is the area of the absorbing resonant surface (both LFS and
HFS), Ry, a1 is the average reflection coefficient of the vessel wall, ay;indows
18 the sum of the surfaces of the ‘holes’ or vacuum windows on the torus,
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and A,y is the sum of the areas of areg, ayindows and the inside surface of
the tokamak. In the case of randomly scattered radiation the beam is
assumed to be 50% in X-mode and 50% in O-mode. Full absorption is
assumed for X-mode incidence while only 12% for O-mode incidence,
based on TORAY calculations for these plasmas. The non-full absorption
in O-mode can be compensated by shrinking the size of the absorption
surface area based on the average absorption of the two modes, thus the
effective area is 0.56-a,, an average between the 100% absorption of X-
mode and 12% in the case of O-mode.

Applying the above model to the TCV vacuum vessel, assuming a
95% wall reflectance, the absorbed power in the plasma is computed to be
65% of the injected ECH power. Assuming 20% of the absorbed power is
inside the q=1 surface (based on ratio of the areas of the resonant surface
inside the g=1 versus outside the g=1) from the results of the polarization
scan, the total stored energy of the plasma should increase by 24% over
the ohmic level. For O-mode injection (shot #14920) the average stored
energy increased by 21+7%. This estimation of the absorbed power is use-
ful for determining the power delivered to the plasma when first pass
absorption is low because of coupling, strong refraction in the case of
large injection angles, and when density cutoff is exceeded (in the later
case, the region of the absorption surface inside the density cutoff region
is excluded from the total a,). This model should be valid when

ares<<Atotal.

Confinement studies

Studies of the energy confinement time in ECH discharges have been per-
formed as a function of plasma shape in TCV [12]; to extend previous
studies of confinement in Ohmic plasmas [13,14]. Steps of ECH power
were used from 0 to 1.5 MW which typically represented a power ratio of
Pgcu/Pon between 0 and 10 during ECH, with the power deposited within
the g=1 surface. The shape scans were performed at two different values
of the engineering safety factor en,=1.7 and 3 (e = 5abB/RI, where
23<q,<6;0.2 <L, <0.7MA). A fixed g, implies a nearly constant
normalized radius of the q = 1 surface while changing the plasma shape
based on analysis of the ohmic database [15]. The stored electron energy
is measured during stationary periods from repetitive Thomson scattering
measurements (60 Hz), typically averaged over 10 time-slices.

A general power scaling law has been obtained over the full data set
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describing the dependence of the electron energy confinement time Tg,
(ms) on the average line density n, (10'19 m‘3), total power P (MW), edge
elongation x, edge triangularity 3, and plasma current L, (kA) using a
multi-variable regression fit. The dependences on k and L, cannot be sepa-
rately determined, owing to the strong correlation between these quantities
in the present data base. The power law must therefore contain a free
parameter, and takes the following form [12]:

T lms] =20 P* (61,)" k" (1+8)™ . ©)

with 0,=0.4610.2, ap=-0.710.1, ais=-0.3510.3, o, =1.4(1-0)£0.4, where
oy remains undetermined. The uncertainties have been estimated assuming
a25% error on Tg.. Good fits are obtained with oy in the range 0 < o <
0.7, an example at 0;=0.5 is shown in Figure 8.

In spite of the unresolved confinement dependence on current and
elongation, the trend toward increasing elongation for improved confine-
ment is present. The main motivation for creating elongated discharges is
indeed to increase the plasma current with the aim of increasing the
energy confinement and pressure limits.

Further experiments are needed to separate the contributions of
plasma current and elongation. Higher ECH power levels will be possible
when the second cluster becomes available so that the ratio of additional
power to the total power can be large even at high plasma current.

The general scaling obtained above can be compared with the recent
scaling laws found using a

multi-tokamak database, such 16

as the ITER-98-L mode scaling, 14

where  0,=0.40, 0p=-0.73, 12

0=0.96, a,=0.64 [16], as —10

shown in Figure 9. Within the 2 .

uncertainties, the exponents, o, -

and op found in TCV are in & °|

agreement with those of the 4

ITER-98-L scaling; however, 2

0, and o are not both compati- % 2 2 & 3 1 1 14 16

ble with the ITER-98-L scaling. e fit [ms]
An improvement in con- °

ﬁn?{nen{ with negative triangu- Figure 8. Empirical scaling law for TCV ECRH
larities is responsible for the dataset, in the representative case ;=05 [12].
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spread in the comparison with the
ITER-98-L modes scaling (ITER-
98-L does not include a triangu-
larity dependence). The improve-
ment, however, becomes less
pronounced at higher powers
(lower Tg, on Figure 9).

L-H mode transition

Ohmic H-mode plasmas are regu-
larly obtained in TCV (limited or
diverted, single or double null,
3<n,<9x10” m3, 1.1<B<LST,
1.055x<2.05, -0.2<0<0.7,
2.055g9s<4). Since L-H transi-

. 3<0
v
14 v ‘/8"0
5 ¥ 50
_n vy stv 2
w 10 8 vvv LA &’
E 8 g LA 4
& (24
e 6 (]
4
2

o

o 2 4 6 & 10 12 14 16
ITER-98-L [ms]

Figure 9. Fit to ITER-98-L mode scaling
law. Since triangularity does not appear in
ITER-98-L, it is explicitly indicated by the
symbols: negative & appear favourable (red
squares: 8<0, green triangles: 0<§<0.3, blue
hexagons: 6>0.3) [12].

tions are rarely observed in low density plasmas (n,<4x10'° m3), the goal
of this experiment was to find out if H-mode could be accessible with a

low density ECH target plasma.

Central deposition with 1.5 MW tends to result in a disruption. This
was avoided by spreading out the deposition region along the plasma

minor radius (vertically).

The low density limit of H-mode accessibility was lowered with the
addition of ECH power [17]. An example of such a discharge is shown in
Figure 10. The transitions were obtained in 3 successive ramps of the ECH

#16435

Figure 10. Time evolution of a discharge with L-H transition induced by ECH. The Two
L-H transitions which occur during this particular discharge are identified by the vertical
lines. The plasma poloidal cross section at the time of the first L-H transition is shown at

right [17].
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power. The occurrence of the

L-H tansition varied with ., EI%H;“,:” -
ECH power depending on the E - 1
plasma  parameters. The § £ 1
absorbed ECH power was cal- 3 ° 5
culated from the sum of first §°- g e g
pass absorption from TORAY =o. iy By g
and multi-pass absorption from 2, 1ogvy.v. | g
the modified black-box model L s
25 3 35 4 4.5 5

described previously. Line average density [10°m”]

A clear demonstration of Figure 11. L-H transition threshold power in
the improved range of H-mode ohmic (triangles) and ECH (squares) plasmas
accessibility is shown in [17]-

Figure 11: whereas, previous
Q-H transitions were limited to line average densities above 3.5x10'° m3,
the density threshold is lowered by 28% to 2.5x10'? m™ with the addition
of the ECH power. Within this extended regime the power required to ini-
tiate a transition increases with decreasing density in contradiction of
ITER power scaling laws [16]. This inverse dependence was also observed
on COMPASS in ECH assisted L-H transition [18]. These independent
observations tend to confirm the discrepancy between heating schemes
acting on ions and those acting on electrons in terms of H mode accessi-
bility.

The limited data base of L-H transitions showed no noticeable change
Of Prreshold With the plasma shaping.

3. ECCD EXPERIMENTS
Toroidal Launch Angle Scan

A scan of the launcher’s toroidal injection angle has been performed over
a range from -35° (counter-ECCD) to +35° (co-ECCD) with ECH power
of 1.5 MW (n=1.4-1.9x10"” m, [,=173 kA, k=1.3, 8=0.3). At each tor-
oidal angle the plasma was displaced in vertical position during the shot so
that there were two periods of on-axis deposition and one intermediate
period of off-axis. Typically, the on-axis heating produced centrally
peaked T, profiles throughout the scan while off-axis heating yielded
broader profiles with lower central temperatures as shown in Figure 12
[19]. The highest central electron temperatures of ~10 keV were achieved
with counter-ECCD at -14°.
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Figure 12. Electron temperature profiles from Thomson scattering for on- and off-axis
ECCD and ECH discharges. Highest observed temperatures (10 keV) have occured at -
14° counter-ECCD. On-axis heating yields centrally peaked profiles while off-axis heat-
ing results in broader, lower temperature profiles [19].

The product of the loop voltage and the volume average of the Te>?
dependency on the toroidal injection angle is plotted in Figure 13 for on-
axis deposition. During co-ECCD V{ continues to decrease with increas-
ing injection angle. This differs from initial calculations which predicted
optimization of the co-ECCD between 25 and 30° using non-linear Fok-
ker-Planck calculations [20]. At large toroidal angles the beam undergoes

30 7 9 10
; H ' RN 5% T E
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S 200 %N . Jew g
d L -
K - : 5
§ s Jast
T [ R
N ]
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> 8 ] 2
5 b : 11510
] O]
05 e L d010°
45 30 -15 0 15 30 45

Toroidal launch angle [°]

Figure 13. Plasma loop voltage for on-axis deposition and photon counts (between 40-
50 keV, on axis deposition) [6] dependence on the toroidal launch angle.
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strong refraction and first pass absorption becomes less than 100%,
TORAY results calculate =70% for the case of $=35° at these densities.
Since the electron temperature is lower off axis, the driven current can be
expected to decrease as the deposition moves off-axis. This was seen in
the difference of the loop voltage between the on- and off-axis heating
phases of the discharge. The results of this scan imply that the optimum
current drive occurs at larger than predicted toroidal angles, $=35°.

The spectral distribution of the fast-electron bremsstrahlung emission
was measured during the scan of the toroidal angle by the multichannel
hard X-ray diagnostic system on loan from CEA, France [7]. The photon
counts from the bremsstrahlung emission increased at all energy levels as
the toroidal angle increased in both the co- and counter- directions, see
Figure 13. The results from the spectral distribution during the launch at
¢=0° were Maxwellian and agreed with the electron temperatures mea-
sured by Thomson scattering. As a non-zero toroidal angle was intro-
duced, a non-Maxwellian suprathermal tail developed [6]. This is
consistent with theoretical expectations for ECH and ECCD discharges.
During ECH, the lowest energy electrons are in resonance with the full
power of the beam: attenuation of the beam leads to less power being
available to heat the higher energy electrons. During ECCD, conversely,
the higher energy electrons are in resonance first. With a non-zero toroidal
angle the beam preferentially heats electrons on the low field side of the
cold resonance which have a finite parallel velocity, due to the Doppler-
shift. This results in the generation of a suprathermal tail in the electron
velocity distribution.

Up-Down Asymmetry

An up-down asymmetry has been observed during launcher sweeps
similar o thosc shown in Figure 4 [21]. This asymmetry is most pro-
nounced in the behavior of the sawtooth shape and period when the depo-
sition is ncar the g=1 surface. Even though the sweep of the beam was
kept in a poloidal plane (no toroidal injection angle), the asymmetry has
been shown (o be a result of a small current drive component arising from
the non-zcro projection of the wave vector k on the magnetic field for off-
axis hecating - thereby producing Doppler-shifted absorption. This is por-
trayed in Figure 14. The direction (co/counter) and magnitude of ECCD
will depend on the absorption location, launch direction (HFS versus LFS)
and toroidal ficld direction but not on the plasma current direction. The
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poloidal field and the plasma cur-
rent producing it have the same
sign: therefore simply reversing
the plasma current will not change
the relative direction of the ECCD
(e.g. co-ECCD will remain co-
ECCD). Because it is the poloidal
field that creates the asymmetry,
the effects are seen only during
off-axis absorption. This effect is
confirmed by TORAY calculations
which show linear current drive
Figure 14. Sketch of k and B vectors with  CHiiciencies changing sign when
off-axis deposition. There is an inherent heating below or above the plasma
ECCD component due to a non-zero projec- midplane. The ECCD direction
tion of k onto B arising from the poloidal can be reversed by reversing B¢
magnetic field (v, is the electron velocity vec- [11].

tor ). Initial ECCD experiments on
TCV showed a change in the behavior of the sawteeth shape (co- produced
large triangular sawteeth, counter- produced humpbacks) and period
between co- and counter- ECCD which occurs even at low ECCD efficien-
cies at equivalent levels as calculated by TORAY for the off-axis ECH
case described above.

Numerous effects of sweeping the deposition across the g=1 surface
are seen; these include: a) density pump-out, b) rise in central temperature,
¢) increase in line-integrated X-ray emission (as viewed from central
chords), d) the sawtooth period and amplitude increase at the transition
from outside to inside, e) the width of the transition region is larger- when
passing from inside to outside (rather than outside to inside), f) the ampli-
tude of the peak in sawtooth period increases with co-ECCD and
decreases with counter-ECCD (produced by intentionally introducing
small toroidal angles).

The g=1 transition region is of particular interest because it allows the
confirmation that ECCD is responsible for the non-axisymmetric plasma
response. Large roughly triangular sawteeth appear only when heating
near the upper g=1 surface with the upper lateral launcher (L3) and not
with the equatorial launcher (L1). Non-triangular, but nevertheless large,
sawteeth occur when heating near the lower g=1 surface with L1 and not
L3. When Bq, is reversed, these results are reversed as well, with L1 play-
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ing the role of L3 and vice versa.
This leads to the conclusion that the
sawtooth shape strongly depends on
| toroidal angle relative to field line the driven current direction [11]
9.7° ' 1 when the deposition is on or near
T 65 e 1 the g=1.
L2860 . In another experiment, the beam
T 007 deposition on the transition region
N was kept constant while the beam
power was increased, thus varying
the power density. Resulting saw-
teeth do not change shape but
O w0 <4 8 become larger with power density.
Toroidal launch angle [°] The period increases linearly with
Figure 15. The sawtooth period about the power. The large sawteeth can be
q=1 surface with the launching plane rotated eliminated or enhanced with the
18° about the poloidal plane. The co-ECCD intentional addition of a toroidal
componen} has btj,en elinxipated on the g=1 angle of the launched beam. The
surface with the introduction of a counter- . . .
ECCD toroidal angle [11]. resulting peaks in sawtooth period
as well as the sawtooth shapes are
shown in Figure 15. Positive angles decrease (with reversed Bq,) the
ECCD component: +4° corresponds to pure ECH. Large triangular saw-
teeth only occur with a co-ECCD component and when the absorption
occurs over a narrow extent in minor radius. Similarly, large triangular
sawteeth can be created by over-compensating the inherent counter-ECCD
offset leading to co-ECCD. The narrow range in which the large sawteeth
occur allows the determination of the beam absorption region as was per-
formed for the alignment tests mentioned previously. If the location of the
large sawteeth can be proven to be a physical relevant location of interest,
such as the g=1 surface, it could provide a useful tool for testing models
describing the sawtooth instability. Tokamaks with ECH but not equipped
to measure the g-profile could then find this location by sweeping the
heating location and constrain equilibrium reconstruction codes accord-

ingly.

—

Peak Sawtooth Period near Q=1 [ms]
N WA LN N 8 0

1t .

Full current replacement with ECCD

The principal aim of this experiment was to obtain a fully non-inductive
Stationary scenario using three 0.5 MW gyrotrons [22]. From previous
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experiments of scanning the toroidal launch angle the optimum toroidal
angle was found to be 235°. For this study a toroidal injection angle of 35°
was chosen. The deposition profile to maximize the sustainable driven
plasma current.

To obtain the maximum driven current the three launchers were aimed
at near central deposition where highest efficiency occurs owing to highest
temperatures. It was possible to obtain 153 kA of fully non-inductive cur-
rent for 15 ms (ngg=2.0-101° m3, To;=4.5 keV), before the discharge dis-
rupted. The width of the power deposition was small (10-20% of minor
radius) resulting in peaked current and temperature profiles. MHD modes
became unstable and caused the disruption. Neoclassical tearing modes
were also destabilized and degraded the performance of the discharge. To
avoid these modes the power deposition of the three gyrotrons was then
spread out over the minor radius such that the overall power deposition
profile resembled the current density profile, as shown in Figure 16, with
p=0., 0.3, 0.55. This results in a lower central temperature (T,=3.5 keV)
and smaller driven current (I,=123 kA) but achieved a stable fully non-
inductive current for 1.9 s (ng=1.5x10'° m=3), see Figure 17. The current
in the ohmic transformer was held constant which is the most sensitive
measurement of full current replacement. The loop voltage quickly
decreased to zero at the turn on of ECCD, while the equilibrium profile (k
and 1;) evolved over 0.5 s. Once the profile reached equilibrium the dis-
charge was maintained for 1.4 s, approximately three times the period for
achieving equilibrium.

The shots were repeated with I;=112 kA and 127 kKA to demonstrate
the exact control of the driven
current. In the first scenario the
transformer was charging up
during the discharge implying
the current was driven in excess
while in the second case the
transformer discharged imply- ’
ing insufficient current replace- 0.0 0.5
ment. The current drive Figure 16. The power and current density pro-
efficiency is consistent for the files from Toray for the fully non-inductive cur-
three shots (taking into account rent replaf:ed difcharge. ’!’he deposition of the
the change in d ensity between bea'm projected in a poloidal plane is depicted

at right [22].
shots) at Ip=123 kA and Ip-
Icp=11KA for IV(|=0.02 V. TORAY calculations are in agreement with a
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driven current of 120 kA

TCV 16099
140 U KAT : . (T[ECCD=0.08 A/W).
120} % s . ~ The peaked profile of
100 / H 1.5MW.co-ECCD these discharges leads to

' ; ' " a non-negligible boot-
15 \Qem in ohmic ransformer [kA] | strap current of 25 kA as
14} > a { calculated in reference

, " ; ' [23]. Taking the boot-
1.0 1 strap  current  into

\:i/v -\ account TORAY overes-
0.5 . .

, , timates the driven cur-
1.75-/""\\¥ /] rent by about 20%,
150 1 which is within the error
125 L : bars of the injected
1.5 g ~\ { power and the density
1.0 N//w- \_ and temperature profiles
0.5 ) N ) 1  used in the calculation.

0 0.5 1 1.5 2 25 As previously
time [s] stated, the amount of

Figure 17. Steady-state fully non-inductive discharge
for 1.9 s using 1.5 MW of co-ECCD with the power dis-
tribution depicted in Figure 16. Note that the equilibrium
profiles require 0.5 s to settle [22].

current driven decreases
as the beam is moved off
axis. The amount of
driven current from the
beam ‘C’ (Figure 16) is calculated from TORAY as 2.5 kA, near p=0.55.
This beam is important for broadening the pressure and, possibly, the cur-
rent profile: this is tested by keeping the deposition location the same but
removing the toroidal injection angle (ECH rather than co-ECCD). The
feedback plasma current is then decreased until V=0. The difference in
plasma current is 7-9 KA which confirms the results obtained on DIII-D
[24] that more current can be driven off-axis than predicted.

SUMMARY

The first 1.5 MW of the ECH system on TCV has been operated with up to
2.0 s pulse lengths during the latest operational campaign. The second
1.5 MW of ECH power (X2) is planned to be operational by the end of the
Current year bringing the total auxiliary power available in TCV to
3.0 MW. The X3 system implementation is progressing with the delivery
and successful acceptance of the first gyrotron. A preliminary design of
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the X3 launcher has been made and is under test. First planned operation
with the X3 system should occur by the end of the following year.

A variety of experimental programs have been performed during this
period. During the ECH related studies: the launching antenna system
alignment on TCV has been measured to be accurate to within 3 mm
during a poloidal sweep; the dependence of the confinement has been
shown to favor increased elongation and negative triangularities; and suc-
cessful L-H transitions have occurred below the previous ohmic H-mode
density threshold (3.5x10' m™3), down to a density of 2.5x101° m™3,

Results of the ECCD experiments include: demonstration that the
observed up-down asymmetry is due to an inherent ECCD component
when heating off-axis in a nominally ECH scenario; highest TCV central
electron temperatures of =10 keV have been achieved with -14° counter-
ECCD; the presence of a non-Maxwellian suprathermal electron tail dur-
ing ECCD has been measured with the hard X-ray diagnostic system, con-
sistent with preferentially heating electrons at a Doppler-shifted resonance
on the LFS; for maximum driven current the optimum toroidal injection
angle is 235°, higher than initial predicted range of 25-30°; and full non-
inductive current replacement of 123 kA for 1.9 s has been achieved. The
discharge was sustained for over 400°Tg, and four current diffusion times.
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ECRH EXPERIMENTS IN ASDEX Upgrade

F. Ryter, F. Leuterer, R. Wolf, O. Gruber, S. Ginter,
H.-U. Fahrbach, H. Meister, M. Minich, G. Pereverzev,
J. Stober, J. Schweinzer, W. Suttrop, ASDEX Upgrade Team
and ECRH-Group from IPF*

Max-Planck-Institut fiir Plasmaphysik, EURATOM Association,
D-85740 Garching

* Institut fir Plasmaforschung, Universitat Stuttgart, D-70569 Stuttgart

This paper presents transport investigations with ECRH
power modulation and results with ECCD in internal trans-
port barrier where both T; and T, are above 10 keV.

An ECRH system (4 x 0.5 MW / 2s, at 140 GHz, 2" harmonic X-
mode) was built at ASDEX Upgrade (R = 1.65m,a =05 m, K =
1.7). The power is injected into the tokamak with 4 separate narrow-
focused Gaussian beams, permitting localised deposition (Ar < 5
cm). A mirror system allows deflection in the poloidal and toroidal di-
rection for pure heating (ECRH) and current drive (co or ctr ECCD).
So far, three ECRH lines were in operation, providing a maximum of
1.25 MW deposited in the plasma. Experiments with ECRH power
modulation to study electron transport and ECRH or ECCD in NBI-
heated discharges with internal transport barrier are presented.

Transport investigations with power modulation

Complementary to power balance analysis, ECRH modulation is use-
ful to investigate energy transport physics, because the diffusivities
deduced from power balance (x?) and from modulation (xH#F) are
of different nature [1].

The results are based on ECRH on/off power modulation experiments
in Ohmic or NBI heated plasmas (Pygr < 5 MW) at densities around
4 10"®m~3. The working gas was either hydrogen or deuterium.
Amplitude and phase of the T, modulation (from Fourier transform)
allow to determine directly the electron heat diffusivity for heat pulses
(xHF) using a slab model approximation with corrections for geom-
etry and density profile effects [2]. This provides a quick analysis of
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the heat pulse propagation, with acceptable accuracy. In addition we
used the ASTRA transport code [3] for power balance analyses and
for time-dependent modelling including ECRH modulation. Ampli-
tude and phase of the modelled T, are compared with the experimen-
tal ones. This yields a precise comparison with data, confirms y#F
from Fourier analysis and allows to test physics models.

As example, the amplitude and phase of T, in an L-mode shot with
3 MW of total heating power, are shown in Fig. 1.
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Figure 1: Amplitude (natural log) and phase of T, versus pioroidai , at
modulation frequency (45 Hz). Triangles are data, lines models as described
in the text. The ECRH deposition is at pioroidat = 0.47. The crosses in the
left figure indicate the noise, shadow where the sawtooth noise is strong.
Otherwise the signal to noise ratio is good.

A striking feature of this figure is the strong asymmetry between
the regions p < pgcry and p > pgcry of both amplitude and phase
data. The analysis yields x?* =~ 1m?/s in the region p < pgcry and
xHP ~ Tm? /s for 0.6 < p < 0.8. Whereas the former is close to xF'B,
the latter is about 4 x xFB. Other shots indicate that the asymmetry
and the values of P for p > pgcry clearly increase with total heat-
ing power. The propagation of sawteeth exhibits properties similar
to the ECRH cases p > pgcri, With higher values of xf P

To interpret these results we made simulations with different models,
indicated with the lines in Fig. 1. The reference simulation is made
using xPB. The agreement with the data is poor. As physics-based
model we used the IFS/PPPL [4] model based on ITG physics which
is a stiff transport model for ions. The agreement with experimental
time-averaged temperature profiles (not shown here) is satisfactory,
however with a trend to provide flatter T, and T; profiles, the dif-
ference in the central temperatures being 10 % to 30 % , depending
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on the conditions. In the comparison between modulation simula-
tions, it is important to keep the time-averaged x equal to xF'B. For
this model we reduced both x. and x; by 20%. For the phase the
agreement between data and IFS/PPPL model is better than us-
ing xFB, however the asymmetry is not reproduced with the desired
magnitude. This model is expected to describe the ion physics but
probably does not include all properties of the electron transport.
We also investigated the effect of a VT dependence of xe: X =
xFB x (2%;)0, where < VT, > is the time-averaged gradient. This
assumption yields x#? = (14 a)xFB [5]. Adjusting « allows to re-
produce phase and generally amplitude with a good accuracy in the
region p > prcry (Fig. 1.), but the asymmetry is not reproduced.
Note also that the amplitude at the ECRH deposition is well repro-
duced. The ECRH power was not adjusted but taken according to
the experiment. The value of @ must be increased with heating power
from = 1 in the Ohmic case to =~ 5 with 5 MW NBL

15 12 ¥ T L] T

H*® BEH G ST ' ® EcRH 1
D* & ECRH A ST 10..1-) o ST )\A 4
- S, s
g ° A‘/‘A g o /. xe ]
£ 5t Q-’e,o%ﬁ gg_‘—- ‘«7;04- Allg %O@ -
X w8y st o o Yo TG a8
A R S S A
o 1 L 1 IS o 1 1 L L
6o 1 2 3 4 5 o 1 2 3 4 5
P, [MW] P IMW]
Figure 2: xZP versus heat- Figure 3: xZP [xPB versus
ing power for ECRH and sawteeth heating power for ECRH and saw-
(ST) in H* and D*. teeth in H* and D*.

Our results for xZF in the region p > ppory (0.6 < pror < 0.8) for
several shots are summarised in Fig. 2 and 3. They clearly show
the increase of xF for both ECRH modulation and sawteeth with
heating power, as well as that of x7F /xFB. The lines are supposed to
only guide the eye. Some values for sawteeth at high heating power
reaching 30 are outside the frame of the figures. Figures 2 and 3
also show that xZF is lower in hydrogen plasmas than in deuterium
plasmas, in contradiction to the well-known isotope effect and to our

power balance results. Correlated with the lower values of x| the
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asymmetry is weaker in hydrogen than in deuterium. These results
support the indications that heat pulse propagation does not directly
reflect the power balance x.

Internal transport barriers with ECRH and ECCD

Internal transport barriers (ITB) have been observed in various ex-
periments in which current rise and heating were controlled to pro-
duce low or reversed central shear. This has been successful in two
extreme regimes, in which ion temperature gradient driven (ITG)
modes should be either stable, or relatively easy to stabilize by ro-
tation shear, namely with pure electron heating (e.g. [6]) and cold
ions, or with strong ion heating and T; > T [7, 8]. Internal transport
barrier with T; =~ T, were obtained on JET transiently [9].

We report on first experiments in ASDEX Upgrade, in which central
ECRH or ECCD was applied during the ITB phase of NBI heated
plasmas. An ECRH power of 1.25 MW was launched so as to pro-
~ duce, in addition to electron heating, also co or ctr ECCD in L-mode

limiter discharge. Current profile is measured with Motional Stark
Effect on the NBI.

v Eccor

0 . . . N . . -
02 04 06 08 10 1202 04 06 08 10 1202 04 06 08 10 12
Time (s) Time (s) Time (s)

Figure 4: Comparison of the cases: (a) NBI and ctr-ECCD, (b) ref-
erence case with NBI only, (c) NBI and co-ECCD. Above: evolution of
central and minimum q, the difference of which reflects the amount of shear
reversal. Below central T; (CXR) and T, at pyor = 0.2.

In these discharges a central reversed shear is attained by applying 5
MW of NBI during the current ramp-up at densities 2—3x 10'%m =3 to
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reduce current diffusion [10] . The resulting shear is strongly reversed
in the plasma center with initial go values exceeding 6 and gn,in =4 .
However, due to the reduced but still continuous current diffusion, q
evolves towards a monotonic profile with go finally approaching one,
if MHD instabilities do not terminate the discharge earlier. Without
ECRH an ITB is formed, which is reflected in central T; values in
excess of 10 keV corresponding to an ion thermal diffusivity x; at
neoclassical level, while T, is a factor of two to three below T; in the
plasma core. When gy, reaches 2 a (2,1) mode develops which tran-
siently deteriorates the confinement properties, resulting in a sharp
drop of T; . MHD Analysis predicts (2,1) double tearing modes to
become unstable, [11].

In our experiments we applied central ECCD (co or ctr) at a time
when gp,in approaches 2, either to support the shear reversal or accel-
erate its decay. For ctr-ECCD (Fig. 4.a ) the electron temperature,
even at 0.12 m from the center, reaches a value of 13 keV (confirmed
by Thomson scattering) and is higher than the central value of the
ions. The large drop of T; before ECRH pulse is due to the (2,1) mode
mentioned above. Ray-tracing calculations indicate an ECR deposi-
tion at psr < 0.2. The calculated driven current rises from initially
82 kA to 134 kA due to the strong increase of T,. The corresponding
current density is of the order of the total current density measured
with the MSE diagnostic in the plasma center. The temporal evo-
lution of the central and minimum q slows down when ctr-ECCD is
applied. At 1.06 s the discharge is terminated by a disruption trig-
gered by the accidental tripping of two gyrotrons.

Figure 4.b shows the equivalent traces for a reference discharge with-
out ECRH power, in which T; reaches a similarly high value, but
the maximum 7T, remains at 5 keV. The behaviour of the measured
g-profile is comparable. However, the slope of the central MSE po-
larization angles, which is a measure of ¢g, shows a small but visible
difference suggesting a larger go with counter-current drive.

With co-ECCD (Fig 4.c) the (2,1) mode, which disappeared in the
other two cases, develops into a continuous mode (seen on T.) which
inhibits the recovery of the ITB. T; and T. remain low. 300 ms after
the switch-on of co-ECCD, both go and ¢y, start to drop finally
reaching unity. Two main effects may contribute to the faster decay
of the reversed shear: i) the central current density is increased by
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co-current drive; ii) the boot strap current is reduced because of the
lower pressure gradient.
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Figure 5: Temperature profiles at 0.97 s for the three discharges with
heating in the current ramp-up phase: (a) NBI+ctr-ECCD, (b) reference
with NBI only, (c) NBI+co-ECCD. The strong electron temperature gradi-
ent is only seen in case of ctr-ECCD.

The temperature profiles of the three cases are shown in Fig. 5,
evidencing the strong electron temperature gradient with ctr-ECCD.
Without ECRH the electrons are mainly heated through the ions and
do not follow the increase of T; at this low density.

The toroidal rotation velocities of ctr-ECCD and NBI only cases do
not exhibit marked differences
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The stabilisation of B-limiting neoclassical tearing modes by injection
of ECRH and ECCD into the magnetic islands associated with this
instability is discussed. Experiments in the ASDEX Upgrade tokamak
show that complete stabilisation can be obtained using ECCD at the
resonant surface at a power level of typically 10 % of the total heating
power, corresponding to a driven current of 1-2 % of the total plasma
current. The stabilisation efficiency sensitively depends on the
deposition radius of the EC waves, thus indicating the need for an on-
line control of the deposition radius. Theoretical modelling of the
stabilisation well describes the experimental results obtained in
ASDEX Upgrade.

Introduction

The economic use of fusion energy generated by a reactor based on
magnetic confinement requires operation at sufficient B = 2u,(p) / B,
where (p) is the averaged plasma pressure and B the confining magnetic
field. In tokamaks, the limit to the achievable values is usually set by
MHD instabilities. Ideal MHD predicts a S-limit of 8 < I/ (aB), where I
is the plasma current and a the minor radius [1]. Therefore, the achieved
B-values are often expressed in terms of ‘normalised beta’, By =
B/A1/(aB). This ideal B-limit is observed in experiments which aim for a
transient high value of § [2].

However, in stationary discharges at fB-values significantly below
those predicted by ideal MHD, a different type of MHD instability often
occurs: with finite resistivity, magnetic islands due to tearing modes can
occur [3], [4], [5], [6]. These islands lead to a local flattening of the
temperature profile due to a largely enhanced heat conductivity across
the island and thus result in a degradation of confinement. Although
can usually still be increased in the presence of these islands by
increasing the heating power, the loss in confinement is generally too
high to be acceptable for a future reactor. An example is shown in Fig. 1:
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Fig. 1: The occurrence of B-limiting magnetic islands in ASDEX
Upgrade. The value of follows the increase of the heating power until
magnetic islands, indicated by the occurrence of a magnetic
perturbation, occur. The islands result in a degradation of confinement
as expressed by the normalised confinement time.

Magnetic islands as shown in the poloidal cross-section of the
ASDEX Upgrade tokamak in Fig. 1 occur on magnetic surfaces where
the value of the safety factor g, i.e. the number of toroidal turns that a
fieldline completes until it completes a poloidal turn, has a rational value.
In this case, force free perturbation currents can flow along the field lines
and produce the island. The island is characterised by its width W, which
is the maximum radial expansion of the island structure. The point where
this maximum expansion occurs is also referred to as the island O-point,
whereas the point of minimum (zero) expansion is referred to as X-point.
The mechanism that drives the currents in the cases considered here can
be understood as follows: consider a magnetic island opened up at a
rational surface. This will lead to a flattening of the pressure profile due
to the enhanced heat conductivity across the island, where different radii
are connected by fieldlines and the heat and particles are transported
from one radius to the other parallel to B. This flattening will in turn
locally reduce the bootstrap current due to the pressure gradient.
Therefore, a helical defect current within the island develops that will
lead to an even bigger island. Thus, an unstable situation may develop if
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the loss of bootstrap current overcomes other helical currents that tend to
resist tearing. A special feature of these modes is that they are usually
triggered by other MHD events that produce the initial island, the so-
called ‘seed-island’ [7]. Due to its origin from the bootstrap current,
which is an effect of neoclassical transport, this type of tearing mode has
been called ‘neoclassical tearing mode’ [3].

Amongst the possible remedies against neoclassical tearing modes,
the control of their amplitude or even the complete stabilisation by local
current drive at the resonant surface has been identified as a very
promising approach [8], [9]. With this scheme, several stabilisation
mechanisms exist: the current developing due to the local change in
resistivity or directly driven by ECCD can change the equilibrium current
profile and thus change the stability against tearing. In addition, a helical
current in the island O-point will tend to replace the lost bootstrap
current and thus reduce the island size. The latter effect should be best
accessible by phased ECCD that only generates a co-current in the island
O-point (AC-scheme). Contrary, the generation of a co-current (with
respect to the total plasma current) in the X-point should lead to a
destabilisation, so that one may expect that DC injection should, on
average, not lead to a stabilisation. However, at finite deposition width,
even DC injection will be stabilising, because near the island X-point, a
large fraction of current is deposited outside the island and rapidly
equilibrates on the open field lines, thus not contributing to
destabilisation.

In the remainder of the paper, we will first discuss the description of
the dynamics of the neoclassical tearing mode by analytical theory. Then,
experiments on the stabilisation by ECCD in the ASDEX Upgrade
tokamak [10], [11] are reviewed. Finally, numerical modelling of these
experiments is presented.

Theoretical Considerations

The growth of a magnetic island can be described by the balance of
the helical currents on the resonant surface at radius r;. If we perturb the
flux surfaces outside the island with the helicity of the island, we can
calculate the poloidal magnetic field on the left and right borders of the
island by use of the force-free condition. This can be done integrating the
so-called tearing mode equation
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where m and n are the poloidal and toroidal mode numbers, j(r) is the
equilibrium current density profile and W is the helical magnetic
perturbation flux. From , the components of the perturbed helical field
can be calculated by By = dy/dr and B, = -my/r. From Ampéere’s law,
the difference between the poloidal components of the helical field
across the island can be related to O/, the helical perturbation current
inside the island:

Bo(r,")=Bg(r,") o< O = Iy + 1 + 1 pecp, (2

where r; is the radius of the resonant surface and we have assumed that
the helical current consists of three relevant contributions, namely the
ohmic current /on, related to the resistive generation or dissipation of
helical flux, /,,, the helical component of the perturbed bootstrap current
and /gccp, the helical component of the current driven by EC waves. The
ohmic current is given by

Lomm > jormW > O'EWxad%W <odW/ W2, (3

where E is the helical electric field, o the conductivity and we have made
use of the relation y < W, The bootstrap current is

I,

x“]b.wW“_VPBGW“_BpW’ (4)
where the poloidal beta, B,, has been introduced and the minus sign is
due to the fact that it is a defect current.

We must take into account that only the helical component of the
current driven by ECCD within the island contributes to stabilisation, so
that for d > W, only the fraction Ieccp W/d can be accounted. Inserting
into (2), rearranging the terms and introducing the quantity A’ = (By(r,*)
- Bg(r,’))/ y, we obtain

Tre.\' d%t = aIA'+a2 B%,"G:;f(W) IECC%,2 ’ (5)

where the function
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1 for d<W

f(w)z{W/d for d>W ©

and the resistive timescale T, < 0a’ have been introduced. Eqn. (5) is
the so-called Rutherford equation. From the definition of A’, it can be
seen that it is determined by the perturbation of the flux surfaces outside
the island. It can be shown that A’ determines the stability of the
equilibrium configuration against tearing: for A’ < 0, the plasma resists
tearing at the particular resonant surface whereas for A’ > 0, the
magnetic energy associated with the equilibrium can be lowered by
forming an island. In the latter case, a magnetic island will form
spontaneously (so-called current gradient driven tearing mode).
However, in the case of neoclassical tearing modes, the plasma usually
resists tearing and hence A’ < 0 and the free energy has to come from the
pressure gradient.

The Rutherford equation given above is valid at finite island widths,
but has a deficiency for W — 0: in the absence of an ECCD current, the
equation will always predict instability due to the diverging form of ;.
This is clearly unphysical and has been resolved by introducing two
changes: The finite ratio of parallel to perpendicular heat conductivity
introduces a lower bound W, to the values of W for which the
temperature is completely flattened across the island. For W < W, the
parallel and perpendicular heat fluxes become comparable, the
temperature is not flattened and hence the bootstrap current is not
decreased in the island [12]. In addition, the motion of the island through
the plasma leads to a polarisation current that, in toroidal geometry, tends
to stabilise the mode [13]. This term is again only important for small
island widths, because it enters in the Rutherford equation proportional
to W”. Taking these terms into account, the Rutherford equation reads

dw , W B
T d—=a|A+a2% —[‘3, (7)
t W*+W, 14

res
0

eeep
‘asf(W)W"‘h

This equation can be evaluated for dW/dt = 0 to give the value of
Iecep needed to hold the island of width W stationary. A plot of Igccp
using the ITER reference parameters from [9] as function of W and d is
shown in Fig. 2:
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Fig. 2: The ECCD current (expressed as fraction of total current)
needed to hold a neoclassical tearing mode of island width W
stationary as function of W and deposition width d. The sequence
corresponds to an increase of B,. Atlow f,, the absolute maximum can
be decreased by a decrease in d, whereas for high B, it is independent
ofd.

It can be seen that the required current has in general two local
maxima as function of W and d, one in the region W < d and one in the
region W > d. The B-scaling of these maxima is different, because at d <
W, Irccp / WP has to balance /W (see Eqn. (5)) and’thus Igccp «<Wp o B
(the saturated island width of a neoclassical tearing mode is proportional
to f5). On the other hand, for d > W, Izccp d / W has to balance S/W (see
Eqn. (5)) and thus Igccp o< df. Thus, for low S, the requirement for d > W
sets the absolute maximum, whereas for high B, the requirement for d-<
W determines the absolute maximum. Conversely, for low f, the
maximum can be decreased by decreasing d, whereas at high B, it is
independent of d. From these analytical considerations, it thus follows
that it is beneficial to maximise Igccp / d if d > W holds. For complete
stabilisation, this will always occur for sufficiently small island size.
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Experimental Set-up

The experiments reported here were carried out in the ASDEX
Upgrade tokamak (major radius Ry = 1.65 m, minor radius a = 0.5 m) in
a lower single null X-point configuration with elongated plasma cross-
section and modest triangularity (x = 1.7, § = 0.1). At a line-averaged
density of n, = 5-6 ® 10" m™, we inject 10 MW of NBI heating power to
provoke a neoclassical tearing mode with poloidal mode number m = 3
and toroidal mode number n = 2 at fiy = 2.3-2.5. At lower density, also
(2,1) modes are observed, but stabilisation of this mode was not studied
so far. All discharges are operated in the type I ELMy H-Mode regime.
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Fig. 3: Ray tracing calculation for ASDEX Upgrade stabilisation
experiments. The deposition is at the position of the g = 1.5 surface.

Stabilisation experiments were carried out using 1-3 gyrotrons, each
delivering about 400 kW of absorbed RF power to the plasma at 140
GHz. Injection is done in X-mode and absorption occurs at the 2™
harmonic (2.5 T). For ECCD, the injection is done under a toroidal angle
of 15°. Although this value does not provide the maximum driven
current, it leads to a good localisation at still reasonable current.
Absorption is on the high field side, where the current drive efficiency is
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maximum. Calculations with the TORAY code [14] yield a driven
current of 10-15 kA in this scenario with a deposition width of 4 = 0.04
m, which is small compared to the usual saturated island width of W, =
0.08 m. The result of such a ray-tracing calculation is shown in Fig. 3.

For phased injection, a trigger signal is generated from an n = 2
combination of Mirnov probes. The RF beams from different gyrotrons
are injected from different ports, so that there is a toroidal angular
distance between them. We vary the poloidal injection angle to
compensate this difference. Field line maps of the resonant surface are
used to check if the gyrotrons deposit on the same field line; from ray
tracing calculations, we can find out if the beams are also absorbed on
the same flux surface. This is illustrated in Fig. 4, where a map of field
lines on the ¢ = 1.5 surface is shown together with several rays launched
under different poloidal angles. The poloidal launch angle, Ogcr, is
converted into a geometrical poloidal angle 6, measured with respect to
the plasma centre.
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Fig. 4: Map of the fieldlines on the q = 1.5 surface (left part). It can be
seen that the two gyrotrons deposit on the same field line for heating or
current drive (ECRH 1 and 2 or ECCD 1 and 2). In addition, Mirnov
probes that probe the same field line can be identified (C04-14 or C09-
16). From ray tracing (right figure), two poloidal injection angles under
which absorption is on the same flux surface are identified (Ogcg = 2°
and eECR = 120)

Using this system, it is possible to inject either into the O-point or the
X-point of the magnetic islands. No feedback could be applied to match
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the radial position of the deposition during the shot. Thus, we fine-tuned
B, from'discharge to discharge to find the optimum position. However,
we foundsfrom ECE measurements of the magnetic island, that the
resonant surface moved from shot to shot by 1-3 cm and optimum
deposition could thus not be ensured. Therefore, a B,-ramp was applied,
where we changed B, on a timescale of 1.5 s by 5 %, changing the EC
resonance position by 0.08 m. The typical growth time for a (3,2)
neoclassical tearing mode in ASDEX Upgrade is of the order of 100 ms,
so that the change of the EC resonance was always slow compared to the
growth rate. This technique of ramping B; in a small range has been very
successful in matching the deposition and let to an appreciable reduction
of the time needed to accomplish the experiments.

Experimental Results: O-Point versus X-Point Injection

We first describe the experiments carried out using phased injection

as described before. Fig. 5 shows the behaviour of two discharges, one
with phased injection into the O-point and one with phased injection into
the X-point of the magnetic island. In both cases, 0.8 MW of ECCD was
applied as described above and the current was in the co-direction, i.e.
stabilising for O-point injection and destabilising for X-point injection.
It can be seen that O-point injection results in a decrease in mode
amplitude and in an increase in . However, it is not a smooth decrease
of the mode amplitude, but rather a switch to a different state. Closer
analysis shows that not only the (3,2) amplitude decreases, but also the
sawtooth frequency is prolonged, pointing towards the importance of the
non-linear coupling between (3,2) and (1,1) modes. In the case with X-
point injection, there is hardly any change in mode amplitude visible.
There is indeed a drop in B, as one would expect for a destabilising
current, but its magnitude is of the order of the natural fluctuations of .
We thus conclude that O-point current drive is more effective than X-
point current drive. This can be understood taking into account the fact
that around the X-point, the island is so narrow that for finite deposition
width, we will always deposit a noticeable fraction of the current outside
the island, whereas in the O-point, for our conditions, W > d is fulfilled
at least for the saturated island.
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Fig. 5: Phased injection into the O-point results in a decrease in mode
amplitude and an increase in f. Phased X-point injection hardly shows
an effect.

The situation becomes clearer in discharges where no or only
infrequent sawteeth are present. An example is shown in Fig. 6. Here, a
smooth decrease of the mode amplitude on the resistive timescale is seen.
In addition, we again notice an increase in B. In this discharge, the trigger
failed to produce trigger pulse at reduced mode amplitude, so there is an
effective switch from AC to DC injection after about 50 ms of ECCD. It
can be seen that there are no dramatic changes in the decrease of the
mode amplitude, indicating again that the destabilisation efficiency of X-
point injection is low, so that AC and DC effectively have the same
stabilisation efficiency. This has been found before in the experiments
where current gradient driven modes were stabilised (see [15] and
references therein).
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Fig. 6: Stabilisation experiment in which the trigger unit fails at low
mode amplitude and switches from phased AC injection to DC
injection. There is hardly any difference visible between the
stabilisation efficiency of the two schemes.

Motivated by this experimental result, we carried out further
experiments using DC ECCD. In these experiments, a B, ramp as
described above was used to vary the position of the EC resonance
during the shot. Fig. 7 shows an example of such a discharge, but at a too
high density, so that no mode occurs.

It can be seen here, that during ECCD, the stored energy actually
decreases, inspite of the additional heating power. This can at least partly
be explained by the observation that ECRH tends to decrease the density
(so-called ‘ECRH pump-out’ of particles) and, because the line averaged
density is kept constant by gas puff via feedback control, the gas puff is
increased during ECRH. This leads to a deteriorated confinement that is
probably responsible for the drop in stored energy. In the following, we
will use this discharge as a reference.
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Fig. 7: Reference discharge with 1.2 MW ECCD and a slow B,-ramp
but without a neoclassical tearing mode.

Fig. 8 shows an experiment where 1.2 MW of ECCD power were
injected DC into a discharge where a neoclassical tearing mode occurred
at By = 2.4. As the EC resonance is slowly moved towards the resonant
surface by the B-ramp, the mode amplitude decreases and finally goes to
zero. The timescale for the stabilisation is thus given by the ramp, not by
the resistive timescale, i.e. the island width parametrically follows the
increase of ECCD current driven inside the island. The decrease of mode
amplitude is accompanied by an increase in B. As explained above, due
to the deteriorated confinement in the ECRH phase, 8 does not recover
to the value at the onset of the mode. However, as can be seen from the
B-trace of the reference discharge also shown in Fig. 8, the complete
stabilisation leads to the same value as in the case without mode at all.
This means that at By = 2.4, the mode can be fully stabilised by injection
of an RF power that amounts to only 10 % of the total heating power.
This result can be obtained reproducibly, provided the radial localisation
is correct, as e.g. ensured by the B;-scan.
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Fig. 8: DC stabilisation experiment using ECCD and a slow B,-ramp.
The mode is completely stabilised with 1.2 MW ECCD power.

One should also note that the mode does, in the present experiments,
not come back after ECCD is switched off. Although the complete
stabilisation can be understood by the fact that the mode is nonlinearly
stable if the island width is smaller than the seed island width, one would
expect the next sawtooth to trigger the mode again. However, due to the
confinement degradation mentioned above, f is lower after stabilisation
than at the mode onset. This may explain why the mode is not triggered
again. In addition, there is also a change in sawtooth behaviour and it is
not clear if seed island of sufficient size are produced in the time interval
after stabilisation.

Experimental Results: ECCD versus ECRH

In Fig. 8, we have shown an experiment where complete stabilisation
occurs with 1.2 MW of ECCD. As was pointed out above, there are two
contributions to the helical current generated by ECCD, namely one from
the decreased resistivity due to local heating that will increase the ohmic
component and one due to the current directly driven by the ECCD
effect. In order to separate the two effects, we performed an experiment
where all parameters were kept constant with respect to the co-case, but
the toroidal injection angle was reversed. Now, the ECCD current is
destabilising, whereas the current due to ECRH is still stabilising. The
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result is shown in Fig. 9:
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Fig. 9: DC stabilisation experiment using the same parameters as
shown in Fig. 8, but with the toroidal injection angle reversed. Now,
there is only a small effect on the mode amplitude, indicating the
importance of the ECCD current in the stabilisation process.

There is only a small effect on the mode amplitude, although with co-
ECCD, the mode had been completely destabilised in this case. From the
temporal behaviour of the mode amplitude, it is not clear if a slightly
destabilising effect is first seen. In the later phase of the scan, there is a
small stabilising effect, but it is not comparable to that seen in Fig. 8.
This small stabilisation might actually be due to either a change in 4’,
because in the late phase of the B,-ramp, a counter current is driven at r <
r5, or to a helical component driven so far off the resonance, but still
inside the island separatrix, that it actually corresponds to a ctr-current in
the X-point. We can however clearly conclude that ECCD is at least
important, if not dominant, in the stabilisation process.

Experimental Results: Localisation Requirements

Another important question is the sensitivity on the mismatch
between the ECCD deposition radius 74, and 7;. During the B,-ramp, 74,
starts outside r, and then moves across r; to smaller radii. Thus, one
expects the stabilising effect to increase as r4, approaches r;, have a
maximum somewhere around the point 7., = r, where the island is
eclipsed by the RF beam, and then to decrease again. Experimentally,
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such a behaviour can only be verified when the mode is present, i.e. not
completely stabilised. We therefore carried out a B-ramp at lower ECCD
power (0.4 MW). The result is shown in Fig. 10:

1 - ECRH (MW)
:2-NBU10 (MW) )
H 2 - 12250 Y
‘1 ; :

1 - Beta normalized with NTM ]

:2 - Beta normalized without NTM ’ Y ‘ irs

26 3 34 38 a2 46 5
Time (s)

Fig. 10: DC stabilisation experiment using ECCD and a slow B,-ramp
at lower power (0.4 MW). From the time interval in which a stabilising
effect is seen, the localisation requirement is inferred to be 0.04 m.

Here, we can in fact see the expected behaviour: stabilisation sets in
at a certain value of B,, noticeable by the stop of the B-decrease at still
decreasing mode amplitude (this is in contrast to the global decrease in
amplitude due to the B-drop induced by the mode, which leads to a
smaller saturated island size). At a later time, one can see that P starts to
decrease again, accompanied by an increase in mode amplitude. From the
B:-values at which this occurs, one can deduce that the requirement for
localisation is about 0.04 m. This is close to both the island half width
and the deposition width. It is therefore at the moment not possible to
decide if this is due to the fact that for |rs, - ;| > d, the current is
deposited too far away from the resonant surface, but still within the
island, or that at |rg, - rj| > W/2, too much current is deposited outside the
island.
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Modelling of the Experimental Results

We finally describe the theoretical interpretation of our results. In
order to calculate the current driven by ECCD, a time dependent Fokker-
Planck Code is used [16]. This code takes into account the finite poloidal
localisation when the power is modulated. As a result, a helical current
density is obtained. This can be inserted into the Rutherford equation
[16]. However, if we want to correctly describe also the effect of the
local island heating and the effect of the change in equilibrium when the
mode grows, a 2D non-linear MHD code is better suited. Thus, the
results obtained from the Fokker-Planck code have been inserted into
such a code [17]. In addition, this code correctly models the transport of
heat and particles across the island. It also takes into account the radial
transport of the fast particles that carry the ECCD current. The results are
presented in the following section.

1.0

i .— model (AC)

= 057 —

2 experiment
model (DC)

IECCD /l P =0.01 4

1 1 1 1

0.0
0.0 0.1 0.2 0.3 0.4
Time (s)

Fig. 11: Modelling of the experiment shown in Fig. 6. The curves are
calculated for AC and DC injection.

First, we model the experiment where the stabilisation scheme
changed from AC to DC and a reduction of the mode was observed
(discharge 11080, shown in Fig. 8). The result of the code calculation is
shown in Fig. 11.
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It can be seen that the experimental data are very well modelled by
the code calculations. In particular, the timescale of the stabilisation can
be identified to be the resistive timescale of the mode. Also, the
experimentally observed fact that there is hardly a difference between
AC and DC scheme is found in the modelling. An analysis of the helical
currents shows that the major part of the (3,2) helical current is driven by
ECCD. For large island size, local heating also plays a role, but its effect
diminishes when the island gets smaller.

With this method, we can also analyse a case where the mode was
completely stabilised during the B,-ramp, e.g. discharge 12257 shown in
Fig. 8. The results of a scan which was started 1.5 cm off the resonant
surface and the resonance moved by 2.5 cm / s are shown in Fig. 12:

15 .
w/a l

10 only (0,0) component |

05 (3,2), (6,4) and (0,0)
Component

.0 :
0.0 0.5 1.0
time (s)
Fig. 12: Modelling of the experiments shown in Fig. 8 (co-ECCD with
B,-ramp). In addition to the result obtained using all relevant Fourier

components, the effect of only the (0,0) component of the driven
current is also shown.

It can be seen that again, the main trends of the experimental result
are well reproduced. The mode amplitude now decreases on the
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timescale of the scan, not on the local resistive timescale. In addition, it
is possible to separate the effect of the non-linear A’(W) by decomposing
the driven current into Fourier harmonics and analysing their effect on
the mode. In Fig. 12, we also show the effect of the (0,0) component
alone (by artificially setting the other components to zero in the code).
This corresponds to the pure change in the equilibrium profile and thus to
the change in A’(W). It can be seen that this change indeed is slightly
stabilising, but it has a much smaller effect than the sum of all
components, indicating the importance of the helical currents driven in
the island.

It is interesting to note that in the modelling, one finds a small
destabilising effect when the deposition is not well centred. This occurs
when the current is driven close to, but inside the island separatrix. In
this case, the (3,2) helical current mainly develops as co-current in the X-
point region, i.e. as a destabilising current. Furthermore, a (0,0) co-
current inside the separatrix at r > r, is also destabilising. These effects
are small compared to the stabilising effect at correct deposition, so that
they are difficult to verify in the experiment. They may however offer an
explanation for the small stabilising effect of the ctr-ECCD experiment
as discussed in the context of Fig. 9.

Summary and Conclusions

Experiments in ASDEX Upgrade demonstrate the possibility to
completely stabilise neoclassical tearing modes by ECCD at a power
level of only 10 % of the total heating power. If less power is available,
the mode amplitude can still be reduced substantially. The removal of the
magnetic island is accompanied by a recovery of f to a value comparable
to that reached without the mode present. Although these experiments do
not result in an effective increase of the global S-limit so far, they do
show that the B-limit set to long pulse discharges by resistive MHD can
be increased, thus ensuring safe operation at reasonable 8 and good
confinement. This is especially important for ITER, where operation at
By = 2.4, i.e. well below the ideal limit but close to the resistive limit is
envisaged.

The experiments indicate that the helical current driven by ECCD is
important in the stabilisation process; theory predicts that this will be
even more the case for a reactor [17]. We have shown that with the same
available installed gyrotron power, AC and DC injection have a
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comparable stabilisation efficiency. Although the average power used in
the AC scheme is then only half the power used in the DC scheme, DC
injection is technically much easier since it does not require any phase
feedback and is thus the preferred method in ASDEX Upgrade.

So far, no feedback on the radial position was applied. A B-ramp of
5% was used to ensure correct positioning at some point during the ramp
and provided a method to reliably remove the mode. However, this
method will not be applicable in future devices with superconducting
coils. Alternatively, one can use a scan of the poloidal injection angle if
the antenna provides this flexibility. This method is difficult to apply in
small experiments, because it requires steering of mechanical elements as
e.g. mirrors on the 100 ms timescale. This constraint will be relaxed in a
reactor-scale machine, where the resistive timescale of the mode is in the
region of 10 s of seconds. Finally, one can also consider the use of step-
tuneable gyrotrons, provided their availability. Short pulse experiments
have recently demonstrated the possibility to operate a gyrotron in
frequency steps of about 3.7 GHz between 114 and 166 GHz [18]. These
frequency steps of about 2.5 % will, at an aspect ratio of 3 result in radial
steps of 7.5 % of the minor radius. For typical island widths of 10 to 20
% of the minor radius, this indicates that a finer spacing would be
favourable, but a certain control will be possible even at this value. A
finer spacing can in principle be obtained by operating the gyrotron
cavity at higher volume modes.

In summary, ECCD stabilisation has been proven to be a very
attractive candidate for neoclassical tearing mode stabilisation, but the
fully feedback controlled extension of the tokamak operational space by
this method still has to be demonstrated experimentally. Further
experiments in ASDEX Upgrade will focus on this goal.

Finally, the good agreement between theoretical modelling and
experimental results will allow a reliable extrapolation to future reactor-
scale experiments such as ITER and may be used as a guideline for
designing an ECCD system especially dedicated to the stabilisation of
neoclassical tearing modes.
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EXPERIMENTS ON ECRH POWER MODULATION
IN THE L-2M STELLARATOR

D. Akulina, G. Batanov, M. Berezhetskii,G. Gladkov,
S. Grebenshchikov, L. Kolik, N. Larionova, A. Meshcheryakov,
K. Sarksyan, I. Sbitnikova,O. Fedyanin, N. Kharchev, Yu. Kholnov;
T. Estrada’, K Likin", Elena de la Luna’, J. Sanchez *

General Physics Instjtute, Russian Academy of Sciences, Moscow
CIEMAT, Spain, Madrid

In ECRH power mogdulation experiments, the absorption region of the
ECR heating radiation and the thermal diffusion coefficient were
determined by analyzing a change in the amplitude and phase of ECE
and SXR signals. It was shown that the absorption region has a
nonlocal character and depends on the value of the magnetic field. The
estimated value of the electron thermal diffusion coefficient turns out
to be higher than expected.

Introduction

Recently, the interest in heat transport processes in magnetic
confinement systems has increased noticeably [1, 2]; however, much
remains to be done to clear up a nature of processes occurring in plasma.
As an example, the reasons for an increase in heat transport which is
observed with increasing the heating power or decreasing the plasma
density to 10" cm™ as well as a number of other effects have not been
consistently explained up to now. The method of modulation of heating
power at the electron cyclotron resonance frequency with subsequent
analysis of the amplitude and phase of signals measuring the spatial and
temporal distributions of the electron temperature (such as electron
cyclotron emission and multi-chord signals from soft X-ray detectors) is
widely used in the electron heat transport studies. Analysis of the
amplitude and phase of the modulated signals at various ECRH
modulation frequencies allows one to determine both the heating power
absorption region and rates of transport processes in plasma.

The aim of this paper is to report on the first results of the ECRH
modulation experiments in the L2-M stellarator [3] (R=1m, a,= 11 cm,
#(0) = 0.18, and 1 (a,) = 0.8, number of field periods is 14). Figure 1
shows a “standard” cross section with contours of constant field values. A
focussed microwave beam from a gyrotron (the gyrotron frequency was
75 GHz; its power reached 200 kW) was transmitted through a
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quasioptical mirror transmission line and launched through an outer
horizontal port situated in the equatorial plane from the low-field side
(LFS) as X-mode wave. The ECRH power modulation frequency was 1-4
kHz; modulation amplitude was 20%. For the gyrotron frequency ® =
2@, the resonance magnetic field is B,= 1.34 T. The plasma radius
could be varied with a graphite limiter from 11.5 to 8 cm in order to
reduce the plasma-wall interaction. The average electron density was n, =
(1-2)-10" cm’; the electron temperature was 7, =0.7-1.2 keV, the global
energy confinement time measured from diamagnetic signals was 7, =
1.5-2 ms. A multichannel ECE receiver and multichannel soft X-ray
detectors [4, 5] were used to measure the evolution of the electron
temperature. ECE was received from high-field side (HFS) (Fig. 1). One
channel (71 GHz) was positioned in the “non-standard” cross section in
which a resonance region for this frequency lied almost at the plasma
boundary; this channel was used to observe the emission from
“suprathermal” electrons which present at any operating conditions of the
L-2M [6]. The array of SXR detectors was positioned in the vertical port
and allowed measurements in the plasma core up to »/a = 0.6.
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Fig. 1. Magnetic field contours (B = const) and magnetic surfaces in the
“standard” cross section of the L-2M stellarator.
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Experimental Results

Power deposition profiles in the L-2M are obtained so far from a
ray-tracing code [7], based on the assumption of Maxwellian electron
energy distribution function, having regard of the shape of radial profiles
T,(r) and n.r) and actual geometry of the magnetic field and beam.
Along with these calculations, the analysis of the ECRH power
modulation experiments is to estimate the absorption region from the
time-dependent electron temperature measurements. It is well known that
in a free-absorption region the amplitude of modulated temperature falls
exponentially with radius, and the temperature perturbation damping
length (1) depends on the thermal diffusion coefficient (%) and the
modulation frequency of the ECRH power f,,4:

A= (2x/3nfmod)1/2 4Y)
As the modulation frequency increases, the damping length decreases and
becomes of the order of the size of the absorption region [8], [1].

Figure 2 shows the temporal behavior of some signals for a
ECRH power modulation frequency of 1 kHz. The modulation is clearly
seen in the ECE signals, the derivative of diamagnetic signal (P;), Pix
and others. Figure 3 illustrates typical signals from the alternating
components of P;, and ECE at various frequencies from 76.5 to 81 and
71 GHz for a modulation frequency of 1 kHz. It is seen from this figure
that the signal amplitude decreases substantially as the distance from the
heating point (corresponding to 75 GHz) increases. It should be noted
that the 71 GHz signal represents emission from the “suprathermal”
electron component.

The experiments were carried out at various ECRH power
modulation frequencies (1, 2, and 4 kHz) and various values of the
magnetic field on the axis R = 1 m (1.31; 1.34 and 1.36 T). The contours
of constant value of the magnetic field (see Fig. 1) were used to identify
the spatial location of the ECE signals and to refer these signals to the
plasma radius. The resulting profiles are demonstrated in Fig. 4 for B =
1.34 T and Fig. 5 for B = 1.36 T. It is seen from these figures that the
amplitude of the modulated signal AT, decreases nearly by 2-fold at a/r =
0.3 for B=1.34 T and at a/r = 0.2 for B = 1.36 T. It should be noted that
both profiles demonstrate a strong broadening of the absorption region. A
similar broadening of the absorption region was obtained for the W7-AS
stellarator [2]. Theoretical calculations presented in [10] have shown that
appearance of suprathermal “tails” and broadening of the absorption
region can take place in the L-2M as well. Moreover, an intricate
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topology of the magnetic field in the L-2M leads to extended power-
deposition profiles (see, e.g., Fig. 6). It is likely that this factor can also
contribute to broadening of experimental profiles of the absorbed power.
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Fig. 2. Typical waveforms of the discharge: 1 - ECRH power (P;,), 2 -
dW/dt (absorbed power, P,;), 3 - average density, 4 - ECE signals.

Our previous ECRH experiments [4, 9] have shown that
increasing the magnetic field to B = 1.38 T was not accompanied by a
decrease in the central electron temperature as expected for the “off-axis”
heating conditions. This effect has been attributed to the Shafranov shift
of the magnetic surfaces center. The SXR measurements of the profiles
T, r) also show that at B < B, (Fig. 7a), the profile T,( r) flattens,
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and the central temperature decreases as compared to the resonance case
(Fig. 7b). On the contrary, at B > B, (Fig. 7c), no broadening of the
profile T,( r) and no decrease in the central temperature was observed up
to B = 138 T. These experiments conflict with the ray-tracing
calculations of the power deposition profile (Fig. 6) which predict the off-
axis displacement of the absorption region for higher magnetic fields.

ATe, eV

Fig. 3. Amplitude-modulated signals: / - 71 GHz, 2 - 76.5 GHz, 3 - 78
GHz, 4 - 81 GHz, 5 - ECRH.
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Fig. 6. The ray-tracing of absorbed power profile for the two cases at
average density n, = 10" cm™, the center of magnetic surfaces is R, =

100 cm; a - T.(0) = 1 keV, B=1.34 T, Ry, = 100 cm; b - T.(0) = 1,2 keV,
B=136T, Ry, = 102,5 cm.
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Fig. 7. Soft X-ray data on the profile T,() and phases for different
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Phase Shifts of Modulated Signals

The ECRH power modulation causes the periodic heat flux
perturbations due to periodic variations in the gradients. Propagation of
the perturbed temperature signal through the ECRH power absorption
region was investigated in many devices with the time-dependent ECE
and soft X-ray signals and was used to determine the plasma heat
conductivity. However, despite the simplicity of the experiment
statement, the experimental results, not always, can be described by
available theoretical models based on diffusion processes only [1, 2, 11-
13].

In the experiments, we used a conventional Fourier analysis, and
the phase values were obtained from the crosscorrelation function of
ECRH, ECE and SXR signals. As is known, the minimum phase is
observed in the microwave power absorption region. Figure 7 shows the
phase of SXR signals as a function of the mean plasma radius for three
values of the magnetic field. It is seen that, for B = 1.31 T, the absorption
region is shifted from the center (see Fig. 7, a) to the radius »/a ~ 0.5,
whereas for B = 1.34 T, this region lies in the center, which coincides
with the ray-tracing calculations. At the same time, it is evident from
Fig. 7, c that, for B = 1.36 T, the absorption region lies near the center,
contradicting the ray-tracing calculations. Figs. 8, 9 show the phase as a
function of the ECE frequency for two modulation frequencies of 1 and
4 kHz and two magnetic field of 1.34 and 1.36 T. As is seen from these
figures, the minimum phase is observed for the 71 GHz signal, which
indirectly indicates that this emission originates in the heating region (the
gyrotron frequency is 75 GHz). As the modulation frequency increases,
the minimum phase increases and exceeds A@ > /2. In accordance with
[13], this evidence suggests that the plasma thermalization does not occur
instantaneously, in which case the kinetic effects in the process of energy
absorption should be taken into account [12]. Figs. 10, 11 show the phase
as a function of the plasma radius. In this case, the points corresponding
to a ECE frequency of 71 GHz are tentatively referred to the radius of the
resonance region. For B = 1.34 T, the resonance region is situated at R =
100 cm (which is the magnetic axis radius - R,,); for B = 1.36 T, this
radius is R = 102.5 cm.
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The phases ¢ and amplitudes of a harmonic component of the
electron temperature perturbation AT,, observed for the 1 kHz modulation
frequency, were used to estimate the electron heat diffusivity by the
simplified formula [11]

X =30/4¢'(A T,/ AT, +1/2r), @

which gives the value of the electron heat diffusivity outside the beam
absorption region. The values y ~ 2.5-10° cm?s, obtained for r = 3-5 cm,
turn out much higher than the estimates that follow from simple
calculations of electron heat conductivity on a basis of the power balance
or neoclassical calculations for simple types of the power deposition
profiles [14, 15]. The experimentally observed features in plasma heating
and power absorption region should be taken into account in constructing
a more exact model consistent with the experiment.

Conclusion

1) First ECRH power modulation experiments in the L-2M have
been carried out, and data on A T, (r) and ¢(r) have been obtained with
the ECE and SXR diagnostics.

2) The absorption region has determined for various values of the
magnetic field. Comparison with the ray-tracing calculations shows that
the experimentally obtained location of the heating region is consistent
with the calculated ECRH power deposition profiles for B < B,,;, but not
for B > B,.;

3) The observed phases of modulated signals support the
conclusion of [12] that their value can exceed ¢ > /2, which indicates
that in studies of the wave absorption in plasma it is necessary to take
into account kinetic effects.

4) The estimated value of the electron heat diffusivity turns out
be higher than the expected values, in which case it seems reasonable to
modify the available code by including realistic processes occurring in
the region of energy release.
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RECONSTRUCTION OF THE ECRH POWER DEPOSITION
AND ELECTRON HEAT CONDUCTIVITY FROM SXR
INTENSITY EVOLUTION AFTER SHUT-OFF ECRH IN T-10

A.V.Sushkov, V.F.Andreev, Yu.N.Dnestrovskij, K. A. Razumova

RRC ‘Kurchatov Institute’, Moscow, Russia

Introduction

The ECRH system of T-10 tokamak (R=1.5 m, a=0.3 m) consist of
4x0.4 MW gyrotrons at 140 GHz (2-nd harmonic, X-mode). The EC
waves launching to the plasma from the low field side with the angle 21°
to the major radius of the torus. Variation of the toroidal magnetic field
allows to make ECCD experiments with on-axis or off-axis deposition.
Determination of the EC power deposition profile is important for the
analysis of the experimental results.

The power deposition can be determined from the time derivative of
the electron temperature variation after switch-on or switch-off of the
ECRH. However time derivative of the electron temperature can not be
determined for short enough time due to noise of the experimental
signals. Therefore calculated deposition profile are always wider then real
one because of broadening of the electron temperature perturbation with
time due to the heat diffusion [1].

In this paper we determine the ECRH power deposition profile from
the time variation of the electron temperature by solving the inverse
problem for transport equations and reconstructing the transport
coefficients and the heat source. The inverse problem is formulated for
transients process with switch-on or switch-off the additional heating
power. This process is considered on a small temporal interval, thus the
change of integral plasma parameters can be neglected.

Statement of the problem

The dynamic process, which happens during the gyrotrons switch-off
or switch-on, can be described as follows. The heat conductivity equation

for the steady-state electron temperature T'° (7, £) , (with index 's") before
switch-off can be written as :
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30 (sns)_10 sOTS) 10 ( ¢ s s s
——\T" )==—| K" —— |- —=V°T" )+ Py + Q" + Py, 1
261(" ) rar(r or rar(’ )+ Py +Q° 4Py, (1)

oT* s
S r=00=0,T°(=1n=T, 0<r<l =g,

and heat conductivity equation for the electron temperature 71'(r,t),

corresponding to the transient process after the gyrotrons switch-off
(without index) is

30 10 or) 10 :
S nT)= ;E(rKg)—;g(rVTﬁPOH +0, )

%(r=0,t)=0, Tr=L0)=T, T,t=t)=T°(r),0<r<l, t>t.
Here nS(r, t) and n(r,t) are the electron densities, #s is the time instant,
when the gyrotron is switched-off, 7 is the boundary temperature,
K®=n"-y5 and K =n-y, are the heat conductivities, V* =n® -u’
and V =n-u, are the heat pinch velocities, P,,,P,, are the ohmic
heating powers, QS,Q are another heat losses before and after the
gyrotron switch-off, P,. is the additional heating power. During the
transient process the electron temperature 7'(r,f) can be presented as the
sum of its steady state value T5(r,¢) and an increment AT'(r,t), i.e.
T(r,t) =T5(r,t) + AT (r,1).

We subtract Eq. (1) from Eq. (2) and expand the ohmic heating power

Poy and heat loss power Q relatively AT, omitting the second order terms
O(AT). Thus we obtain the following equation:

22022 i) L2 om0 0

o
+{_%§ (n—r* )1“]+%§[r(K—KS)%6_]_% _g_ [ ,(V_Vg)rg]} 3)

We assume that the steady state temperature gradients are much less
than the dynamic temperature gradients, therefore as a first
approximation, we do not take into account the terms describing the
change of transport coefficients. In the report we study shots where the
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ohmic heating power Poy and heat loss Q are considerably less than the
deposited power Pgc, therefore we can also omit the terms describing the
change of Poy and Q. As a result, we obtain the approximate linear
equation for AT :

2 ur) =22k %L)-12 (var)- e

2 ot or

ﬂ(r—Ot) 0, AT(r=1L¢t)=0, AT(r,t =t,) =0.

“4)

Numerical algorithm of the solution
Let we know the experimental values of increments of the electron
temperature ﬁk, measured in N radial points: i = 1,..., N, and in M

temporal points: k£ = 1,..., M, also we know the global parameters: the
total current, ohmic heating power, major and minor radii. The
discrepancy functional can be written as:

ka[AT(pkt) fi ]Z/ZZYk[fz ]2 )

k 1i=1 k=1i=1
where ¥, are the weight factors, which are selected in accordance with

the reliability of measurements in the every channel.
The inverse problem is formulated as follows. We should find the

additional heating power P, heat conductivity K and heat pinch ¥ such

as the solution AT(r,t) of equation (4), provides the minimum of the
functional (5).
We expand the unknown functions X, ¥ and P,. over some given

basis [2,3]:
K(r) = sz Pk (), V(r) = Zv 0" (r),

Padd(r)= A.expli—(rz—l:o) :|a

where (of ,(o;’ = {1, X, x? ,x3,...} are the polynomial, #,w are the
position of the centre and e-fold width of the additional heating profile,

6
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A and « are the constants. Thus the solution of the inverse problem is
reduced to the finding of the unknown  parameters

P={k,j=1.My,v,,j=1...M,, 4,5,,w, a} from the condition

of the functional (5) is minimum.
We use the method of iterational regularization [4] for the solution of
the inverse problem, which is as follows:

1) we set the initial vector of parameters to be found P, s=1, and
solve the equation (4);
2) we calculate the gradient of the discrepancy functional (5), V.J° , and

the vector of depth of descent, K ;

3) we find the new approximation of parameters to be found from the
relation P5*' = P$ + h® -VJS,

The minimum of functional (5) gives the solution of the inverse problem

(4)-(6)-

Results of numerical calculations

As the ECE channels on T-10 not allows measured electron
temperature profile with good enough spatial resolution we use the SXR
intensity measurements for determination of T,(r,f). On T-10 the SXR
intensity Isxz was measured along 40 chords with the spatial resolution
Ar=1-1.5 cm and temporal resolution Az = 40 us. After Abel
reconstruction of local SXR intensity Isxg(r) the electron temperature
variation determines from variation of Isy(7) in accordance with relation:

Iyw < f(Z ) jT— | exp(‘TE }(E)dE. (7)

In (7) the 7(E) is the energy dependence of the SXR-detector
sensitivity and Maxwell distribution of electrons is suggested. We also
assume that the electron density and Z.¢ profiles not changed for the short
time interval which we use for calculations. The electron temperature
profile measured by Thomson scattering diagnostic before the EC power
switch-off is used for calibration of SXR channels.

The results of calculations for T-10 shot #23281 (I=75 kA , B=2.35 T)
with of-axis EC power deposition are presented on figures 1-4.

Figure 1 presents time traces of the SXR intensity for some various
chords after gyrotrons switch-off. Time #=800.5 ms corresponds to
gyrotrons switch-off.
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Fig 1. Time dependence of SXR intensity signals Fig2. Increment of the temperature for some time
for various hords. Time t=800.5 ms correspods instants. Solid lines are the solution of the inverse
to gyrotron switch-off. problem, crosses are experimental temperature.
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Dashed line shows ray tracing calculation.
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Figure 2 presents the increments of the electron temperature AT (7,t)

at different time instants. The crosses correspond to the experimental
values of the temperature, the solid lines show the solution of the inverse
problem (4)-(6).

Figure 3 shows the power deposition profiles versus normalized radius
The solid line shows the obtained profile of deposited EC power with
following parameters:

Ppc=0.65MW, r, =0.113m, w=0.048m, o = 2.
The dashed line shows the results of ray tracing calculations [5].
In Figure 4 the calculated heat diffusivity y,(r) and heat pinch

velocity u,(r) are shown.

Conclusion

A new method of reconstruction of the ECRH power deposition
profile from SXR intensity evolution after shut-off ECRH, based on
solution of inverse problem is proposed. It takes into account a
broadening of the electron temperature perturbation with time due to the
heat diffusion. This allows to use the experimental data from not very
small time interval and to determine the power deposition profile with a
high accuracy. This method allows us to find the heat conductivity and
heat pinch velocity profiles also.

This work was supported by Russian Basic Research Foundation Grant
Ne 98-02-16277.
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MEASUREMENT OF PLASMA TRANSMITTED
EC-WAVE POWER IN MAGNETIC FIELD
MAGNITUDE SCANNING EXPERIMENT IN CHS

Y. Yoshimura, N. Sueoka, H. Idei, S. Kubo, K. Ohkubo,
M. Isobe, T. Minami, S. Nishimura, M. Osakabe,
K. Tanaka, C. Takahashi, S. Okamura, K. Matsuoka

National Institute for Fusion Science, Toki, Japan

Transmitted EC-wave power through plasmas has been measured at
the opposite port to an EC-heating wave injection antenna. Electric
field components in two orthogonal directions are measured through
rectangular waveguides. The property of wave polarization is
changed and the waves are absorbed at resonance layers during their
propagation in plasmas. The results from the transmitted power
measurement as a function of magnetic field magnitude are analyzed
by using numerical calculation. Dependence of the total transmitted
power on the magnetic field magnitude can be roughly explained,
though the components of the total transmitted power in vertical and
toroidal directions have discrepancies with the calculation.

I. Introduction

Absorption of heating EC-wave in plasmas has been investigated
theoretically, for example, by Bornatici er al. [1] Theoretically, the
best absorption for second harmonic EC-wave of normal injection to
magnetic flux surface is obtained when the electric field direction is
perpendicular to the magnetic field direction (second harmonic X-
mode resonance). Evolution of injected EC-wave in plasmas has also
been studied. Both of the X- and O-mode waves vary their electric
field direction according to a change in the magnetic field direction
(magnetic shear) during their propagation. It is also pointed out that
those two modes do not propagate independently, affected by the
magnetic shear [2,3].

For localized heating, study of location-dependent relation
between the directions of the electric field of the wave and the
magnetic field is important. For this purpose, stellarators or torsatrons
which make their rotational transform by external coils are favorable
devices. The vacuum magnetic field is definitely given and plasma
current has no essential effect on plasma confinement. Low plasma
current does not modify the externally given magnetic field structure.

II. Experimental Setup
CHS is a heliotron/torsatron type device with low aspect ratio (R/a
= 1.0/0.2 = 5). Its helical-coil winding is characterized by /=2 / m=8.
The ECH system has two injection ways. One is for horizontal
injection to horizontally elongated plasma cross section, and the other
for vertical injection to vertically elongated plasma. All the data used
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in this paper were obtained with the horizontal injection of EC-wave
power and with the radius of plasma axis, Rax, of 0.92 m. Setting Rax
as 0.92 m is standard for CHS operation so that plasma ignition and
sustentation are most manageable. In Fig. 1, the vacuum magnetic
field direction to the toroidal direction is shown as a function of the
distance from the plasma axis along the horizontally injected wave
path. A distribution of magnetic field magnitude B is also plotted. The
B-distribution in heliotron/torsatron type device varies with two
factors. One is the major radius, like tokamaks. The other is a distance
from helical coils. Because of the pitch modulation of the helical coil
windings, the peak of B-distribution along the wave injection path is
placed at R = 0.85 m. Here, the peak is 7 cm inside from the plasma
axis when Rax = 0.92 m.

In horizontally elongated plasmas with Rax = 0.92 m, the last
closed magnetic flux surface (LCFS) extends from - 27 cm to 23 cm
measured from the plasma axis. Here, minus sign means outside from
the plasma axis. At the outer cross point of the LCFS and the wave
path, the angle between the vacuum magnetic field and the toroidal
direction is 30 degrees, and at the inner cross point - 40 degrees.
Magnetic field component along the wave path is negligibly small in
this configuration, so that the wave feels rotating magnetic field vector
in the plane normal to the wave path. Here, the wave path is supposed
to be linear, which is justified by that the path is almost parallel to
density gradient and that the line-averaged density is less than one
third of the cut-off density of the 53.2 GHz wave at B = 0.95 T.

The EC-wave power is generated by a gyrotron with a frequency
of 53.2 GHz and maximum output power of 300 kW. The wave power
is transmitted through a transmission line which is composed of plane
and focusing mirrors, one polarizer, and waveguides. From an antenna
system at an outer port of the vacuum vessel the power is injected into
plasmas. The injection direction can be changed both toroidally and
poloidally. For this transmitted power measurement experiment, the’
direction is fixed so that the waves propagate through the plasma axis.
The polarizer in the transmission line can change the property of
injected waves such as polarization direction and ellipticity.

At the opposite port to the horizontal injection antenna, two
receivers which are composed of V-band rectangular waveguides,
attenuators and shotkey-barrier diodes are installed to detect
transmitted power through a sapphire vacuum window. Transmitted
power components in vertical and toroidal directions corresponding to
respective electric fields are measured simultaneously.

III. Magnetic Field Magnitude Scanning Experiment
Transmitted power was measured when the magnetic field
magnitude was scanned in CHS. Keeping the basic distribution shown
in Fig. 1, the B-distribution can be varied proportionally by changing
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a parameter so called Bt. One plotted in Fig. | is of the case with Bt =
0.88 T. The EC-wave power comes from the left side of the figure.
With Bt = 0.875 T, one of two positions of the 2nd harmonic resonant
magnetic field magnitude, B = 0.95 T for 53.2 GHz EC-wave, is at the
plasma axis and the other is about 14 cm apart from the plasma axis
inwardly. Increasing Bt up to 1.0 T makes both the B = 0.95 T points
further from the axis. One is 10 cm outside and the other 20 cm
inside from the axis. On the other hand, decreasing Bt makes these
two points nearer and with Bt of 0.845 T they come together at the
peak point of the B-distribution. Decreasing Bt much more, there is
no B = 0.95 T point on the first path of the wave, that means there is
no resonance on the first path.

Figure 2 shows a set of typical waveforms in the experiment.
Figure 2A shows the time sequence of heating powers. An ion
bernstein wave (IBW) power is applied from ¢ = 20 ms to 53 ms for
plasma ignition. From ¢ = 40 ms, a neutral beam injection (NBI) with
500 kW is superposed on the IBW and during the NBI the plasmas are
sustained. Two ECH pulses are injected. One is from ¢ = 11 ms to 14
ms, and the other from 55 ms to 65 ms. The polarizer rotation angle is
chosen so that the injected vertical power component is largest. The
injected wave is approximated to be linearly polarized and its electric
field is oscillating in the vertical direction. The multi-reflected
component is evaluated to be less than 7 % from another
measurement, and its effect is not taken into account here. There is no
plasma when the first ECH pulse is injected so that it represents the
injected EC-wave power. The second pulse is injected into low density,
low temperature plasmas. The transmitted powers of the two pulses are
compared to investigate the absorption and modification of the EC-
waves by plasmas. The stored energy measured with a diamagnetic
loop is presented in Fig. 2B and the line-integrated electron density
on the center chord in Fig. 2C.

Typical examples of the measured transmitted power are shown in
Fig. 3. The ordinate is the power in arbitrary unit but the ranges of the
figures are same to be compared each other. Figure 3A and 3B show
the measured powers of the electric fields oscillating in the vertical
and toroidal directions with Bt = 0.850 T, respectively. Fig. 3C and
3D the powers in the vertical and toroidal directions with Bt of 0.806
T. As noted above, with Bt = 0.850 T EC-waves encounter 2nd-
harmonic resonant areas, while with Bt = 0.806 T there is no resonant
area on their first path. With Bt = 0.850 T, the sum of the transmitted
vertical and toroidal components of the EC-wave power is much
smaller than that of the injected components. The wave power is
considered to be absorbed at the 2nd-harmonic resonances. With Bt =
0.806 T, the transmitted vertical component is smaller than the
injected one (Fig. 3C), however, the transmitted toroidal component is
larger than the injected one (Fig. 3D). Both the decrease in the vertical
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component and the increase in the toroidal component should be
attributed to the modification of the wave characteristics during the
propagation in plasmas.

The experimental results are summarized in Fig. 4. The abscissa is
Bt in tesla. The value of Bt was set to be 0.80 T, 0.835 T, 0.85 T,
0.875 T and 1.0 T. The ordinate is for the measured plasma
transmitted power components in the vertical and toroidal directions,
and they are normalized by the respective total injected powers. The
closed circles depict the transmitted vertical component, transmitted
toroidal component and the sum of these two components. Due to
fluctuations on the raw data, averages during the pulse duration are
plotted.

Each of the transmitted vertical component, toroidal component

through the plasmas and the sum of them has its minimum with Bt =
0.85 T. With Bt = 0.85 T, the B-distribution near the resonant
magnetic field magnitude 0.95 T has very small gradient so that the
wave is under the resonant condition longer along its path. With Bt of
0.875 T, magnetic field at the plasma axis is 0.95 T. Having the EC-
resonance at the plasma axis makes temperature profile peaked and
the peak temperature high. The high temperature results in a good

absorption with Bz = 0.875 T. With Br = 0.80 T, that is, without
resonance along the wave first path, the total transmitted power is
about unity which means there is no absorption of the wave power.

With Bt = 0.835 T, the wave path has no resonance either. However,

the wave power of about 30 % is absorbed. With Bt = 1.0 T, the
resonant areas come to considerably outer region of the plasmas
where the electron density and temperature are lower, so that the
absorption is not good.

IV. Discussion Using Numerical Calculation
The results in B-scanning experiment are qualitatively explained at
the last part of section III. In this section, the results are examined by
using numerical calculation. The framework of the calculation is the
same with recent article by Nagasaki et al. [4] The evolutions of
parallel (O-mode) and perpendicular (X-mode) components of the
electric field to the magnetic field direction, E// and E_j, along the

wave path are calculated by the following coupled equations,

d’E, (a? dE, dn

= *(72”02‘"2)’5' e
dE (& ., dE, dn

e W R
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where No and Nx denote the refractive indices of O- and X-mode
waves, and 1 magnetic shear, respectively. Theoretical power
absorption of X-mode component under the resonance condition is
combined with the equations. All the region where the wave
propagates (vacuum region outside the plasma, thin peripheral plasma
and the core plasma) can be dealt with this procedure.

The total power is calculated as NoE//2 + NxE _LZ and it is
normalized to unity at the beginning of the injection. Electric field
components in the vertical and toroidal directions, Ev and Et are
composed of Ej/and E J using the angle 0 between the magnetic field
direction and the toroidal direction as

Ev = E/sin6 + E j cos06,
Et=E/rcos0 - E Jsin6. 2)

The calculations are carried out for each plasma shots using
respective measured parameters such as Bt, ne and Te. The results are
plotted in Fig. 4 for comparison with the measured powers. In
general, the dependence of the total transmitted power on Bt is
explained by the calculation. Concerning with the vertical and toroidal
components, difference between the calculation and the measurement
is large. Most of this discrepancy might be attributed to the sensitivity
of the calculated results to the magnitudes and profiles of ne and Te.

For example, with Bt = 0.80 T, setting ne for the calculation 20 %
smaller than the measured value can change both the ratios of the
calculated vertical and toroidal components to be about 0.5. The ratio
as a function of position x are modified by the accumulation of phase

difference between the X- and O-modes, 27(:] (N,—N,)dx /A, and

coupling of these two modes due to the magnetic shear. The
accumulation of phase difference causes a largest modification in the
ratio calculated at the outside of the plasma after the transmission,
while the modification in the ratio at the core plasma region is smaller.
Absorption of X-mode component in the core plasma region
diminishes the influence of the sensitivity. As a whole, the calculation
roughly explains the total transmitted power while the discrepancies
are large for the vertical and toroidal components especially with no
or weak absorption cases.
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ECRH is the main heating system for steady state operation of the
stellarator W7-X which is presently under construction at IPP
Greifswald. A brief description of the W7-X Stellarator and
predicted plasma parameters are presented. These predictions are
based on ECRH and ECCD results from W7-AS. Several applica-
tions for the ECRH system are foreseen like: plasma start-up,
electron heating with O-mode and X-mode, transport investigations,
stimulated heat wave propagation, current drive, density and
impurity control by profile shaping, studies of trapped/passing
particle physics by ECCD methods, and diagnostics. To meet these
objectives, a flexible, powerful and reliable electron cyclotron
heating and current drive system is being developed with a total
power of 10 MW CW at 140 GHz. At present, a 1 MW CW gyrotron
with high efficiency due to a single-stage depressed collector is being
developed. The main power for the electron beam is delivered by a
HV switched power supply (< 65 kV); the acceleration voltage is
precisely controlled by differential HV amplifiers. The microwave
transmission from the gyrotrons to the plasma will be performed with
purely optical elements including beam matching and polarising units
and two multiple-beam waveguide systems. 12 individual launchers
allowing a scan of the beam in poloidal and toroidal direction will be
installed at different toroidal positions to provide the required high
experimental flexibility for heating and current drive.

1. Introduction

The stellarator concept is investigated in many laboratories as an attractive
approach in nuclear fusion research with magnetic confinement. In con-
trast to the tokamak, the magnetic field structure, which is required for
equilibrium and stability of the confined plasma is generated by external
coil currents only and stellarators therefore have an inherent steady-state
capability. Electron Cyclotron Resonance Heating (ECRH) plays a key
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role in stellarator research [1], because it provides net current free plasma
start up from the neutral gas and efficient heating of the plasma. The ca-
pability to drive currents in the plasma (electron cyclotron current drive,
ECCD) by oblique launch of the microwaves is an additional interesting
option for physics investigations. The development of ECRH is thus very
closely linked to the development of stellarators and their needs. One of the
key issues for next step stellarators is the demonstration of continuous op-
eration, with the consequence, that ECRH must have CW capability also.
As an RF-heating method, ECRH decouples particle fuelling from energy
transfer, which is of crucial importance for CW operation. In the stellara-
tor line of IPP Garching, which comprises several generations of experi-
ments, a significant progress in both, stellarator and ECRH development
was achieved in a tight mutual interaction. A particular advantage for the
development of the ECRH physics and technology is, that both, the W7-
AS stellarator [2], which is in operation since 1988 and the W7-X stel-
larator, which is presently under construction, operate at the same mag-
netic induction of 2.5 T and consequently the ECRH systems have the
same frequency of 70 (1st harmonic) or 140 GHz (2nd harmonic). At
W7-AS, which is equipped with a strong and flexible ECRH system, the
basic physics phenomena as well as technological concepts could be in-
vestigated and provide the basis for the ECRH system of W7-X. This in-
stallation is presently constructed and will provide a CW power of 10 MW
at 140 GHz, and, at a later stage, additionally 2 MW at 70 GHz. In the
following, the concept and goals of W7-X are described. The underlying
physics will be highlighted with some illustrative results from W7-AS. In
the main part, the ECRH system including gyrotrons, power supplies, mil-
limetre wave transmission and in-vessel components is discussed.

2. The Stellarator W7-X

The physics goals for W7-X can be formulated as follows and have direct

consequences for the design of W7-X and the heating systems:

1. demonstration of quasi steady-state operation in a reactor relevant
plasma parameter regime, with temperatures T, = 2 - 10 keV, T, =

2 -5 keV and densities n, = 0.1 - 21020 m3
2. demonstration of good plasma confinement to improve the data base

for reactor extrapolation
3. demonstration of stable plasma equilibrium at a reactor relevant nor-
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malised plasma pressure § = 5 %
4. investigation and development of a divertor to control plasma density
and impurities

The physics objectives are achieved by a proper architecture of the mag-
netic configuration [3,8,9] introducing the concept of Advanced Stellara-
tors (AS) [4,5,6]. Such advanced magnetic configurations are generally of
3-D nature and can be generated by modular twisted coils, which carry
both, the required helical and toroidal current components [7]. The ad-
vanced stellarator concept with a modular coil system was successfully
inaugurated with the construction of the partially optimized W7-AS stel-
larator, which is working at IPP Garching since 1988 and will remain op-
erational until the year 2001.

W7-X will be housed in a new branch of IPP in Greifswald, Germany, the
mechanical completion is scheduled for 2005. This device is a HELIcal
Advanced Stellarator (HELIAS) [8,9] with strongly varying plasma cross
section, 5 field periods (as was W7-A and W7-AS) and low shear. The
major radius is 5.5 m, the averaged aspect ratio is about 10.

The modular coil system of W7-X is shown in Fig. 1a. 50 non-planar coils
generate the confining magnetic configuration, the flux surfaces show a
variation from a strong intended elongation (bean shape) in the @ = 0°
plane to a triangular shape in the @ = 36° plane. The standard configura-
tion has a ‘built in’ profile of the rotational transform with 1 = 0.86 on
axis and 0.99 at the edge. A separate set of planar coils can be independ-
ently powered and allows a variation of the rotational transform from 0.75
to 1.01 on axis and 0.83 to 1.25 at the edge. Low and high shear configu-
rations can be realised.

The reduction of the Pfirsch-Schliiter-currents is a key issue to reduce the
Shafranov shift, thus the equilibrium becomes robust against high-f3 ef-
fects. This is seen in Fig. 1b,c, which shows the cross sections of the vac-
uum magnetic surfaces at 3, poloidal planes within one half field period,
i.e. at a toroidal angle of @ = 0°, 18° and 36°, respectively, for the vac-
uum configuration (Fig. 1b) and for < B > =5 % (Fig. 1c). The magnetic
surfaces and the magnetic axis show a very small deviation from the vac-
uum configuration in the high-f case.

The modulus of the magnetic field varies along the toroidal direction such,
that maxima occur at @ = 0°, therefore the density of trapped particles is
low at these planes.
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Fig. 1: a) The modular coil system of W7-X comprising 50 nonplanar coils (the
additional 20 planar coils foreseen for experimental flexibility are not
shown).

b,c) Flux surfaces at three positions (® = 0°, @ = 18° and & = 36°) along
one half magnetic field period for <B> = 0 (b) and 5% (c), respectively.

The ghasi steady-state operation of up to 30 min asks for a superconduct-
ing coil system, a divertor capable of high heat loads and a continuously
operating heating system. Details on the design of the coils, the cryostat
and the divertor can be found in [7].

3. ECRH and ECCD for W7-X

ECRH was chosen as the basic heating system for steady-state operation
in the reactor relevant long mean free path (.m.f.p.) transport regime. 10
MW of heating power are required to meet the envisaged plasma parame-
ters, the operation frequency is 140 GHz, which corresponds to a resonant
magnetic induction of 2.5 T at second harmonic. The standard heating
scenario is 2nd harmonic extraordinary-mode (X2), launched perpendicu-
larly to the confining magnetic field from the low field side. This scenario
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always has complete absorption of the irradiated microwaves in a single
transit through the plasma at all relevant plasma parameters
(T,>0.2keV) and provides safe plasma start-up. The plasma density,
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Fig. 2: Electron density n_ (top) and temperature T,
(bottom) as a function of the effective
plasma radius r g for 1.3 MW ECRH power
at 2nd harmonic X-mode with perpendicular
launch obtained in W7-AS. The resonant
magnetic induction is B, = 2.5 T, the ECRH
frequency is 140 GHz.

however, is restricted
with this heating sce-
nario by the cut-off
density of 1.2-1020 m3,
The power is deposited
very localised around
the resonance layer
[10], which was
proven experimentally
at W7-AS [11].

As an example, radial
profiles of the electron
temperature and den-
sity for a constant
ECRH power of
1.3 MW  with X2-
mode launch from the
low field side are
shown in Fig. 2. The
underlying  transport
physics is discussed
in [12]. As can be
seen from Fig. 2, the
electron temperature
ranges from 3 keV at
high  densities of
n.=0.7-102m3 to
5.7 keV at low electron
densities of about

0.15-102° m3, The central narrow power deposition and the resulting high
power density is one reason for the strongly peaked temperature profiles.
Predictive calculations [13] of the electron temperature in W7-X as a
function of the ECRH-power for 3 different densities are shown in Fig. 3.
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Fig. 3: Transport code predictions for the central electron temperature at W7-X as a
function of the ECRH-power for 3 different central densities of 0.1, 0.5 and
1.0-10% m3,

The maximum electron density in the calculations is compatible with the
cut-off restrictions for X2-mode launch. Further extension of the density is
possible using oblique launch at 2nd harmonic O-mode (O2) with a cut-off
density of 2.5-102° m-3. The plasma is, however, not optically thick at the
W7-X parameters for this scenario. The single-pass absorption as calcu-
lated by ray-tracing is shown in Fig. 4 as a function of the density for sev-
eral toroidal launch angles. The electron temperature profile was kept con-
stant with an central electron temperature of 4 keV for the scan.

The single-pass absorption displays a broad maximum in the angular
range 10° < @ < 20° and depends strongly on the electron temperature. As
a consequence the O2-mode is not applicable for plasma start up and sce-
narios have to be developed, were the plasma is started with X2-heating
while changing both the polarisation and the toroidal angle once the
plasma is established and has reached sufficiently high electron tempera-
ture. Due to the incomplete single pass absorption, especially at high den-
sities, one has to rely on multi-pass absorption [14]. Therefore it is neces-
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sary to redirect the beam in a controlled way (e.g. mirrors) from the inner
torus wall and, particularly in CW operation, to install special wall pro-
tections with appropriate heat removal to avoid structural damage.
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Fig. 4: Single pass absorption for 2nd harmonic O-mode in W7-X as a function of
the central density for different toroidal launch angles ¢ assuming a central
electron temperature of 4 keV.

Recently experiments with mode conversion heating via the Ordinary-
Extraordinary-Bernstein (O-X-B) Mode conversion were successfully per-
formed at W7-AS. This scenario works above the O-mode cutoff and has
no density limit [15]. Efficient heating depends on the efficiency of the
conversion process, which is very sensitive on the RF-beam quality and the
density gradients of the plasma. This scenario is nevertheless of high im-
portance, because it would allow to operate ECRH in combination with
Neutral Beam Injection Heating (NBI) for high-f experiments in high den-
sity plasmas and low magnetic fields.

As there is no OH-transformer foreseen for W7-X, ECCD is a valuable
tool to modify the internal current density distribution and operate with
plasma net-current to investigate the physics of the rotational transform
and shear as well as the current drive physics. Intense studies were per-
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formed at W7-AS with ECCD [16], and up to 18 kA are driven at opti-
mum launch angles of typically 20°. The maximum ECCD-efficiency
Mgcep = 15 A/KW corresponds to a normalised efficiency of

Yecep = Mg Igeep R/ Pggy = 0.0075-1020 A/Wm?. Both the absolute

numbers of the driven current and the location of the maxima are well de-
scribed by linear theory taking into account trapped particle effects and the
measured profiles of T, and n,. At experiments with high (flux surface

averaged) power densities of 50 MW/m’, hints for a degradation of the
CD-efficiency have been found. As seen from Fig. 5 (right), fairly good
agreement with linear theory is observed at these extremely high power
densities for launch angles in counter direction; however, for launch angles
in co-direction, some deviation occurs. These results from W7-AS will
influence the launcher design for W7-X such that lower power densities
will be used, at least for the majority of the antenna beams.
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Fig.5: Left: Theoretical (open squares) and data from current balance of the EC-
driven current (dots) together with the bootstrap current (stars) as a function of
the launch angle. Right: EC-driven current from current balance versus linear
prediction.

Further applications foreseen for the EC system are investigation of

trapped particle physics, measurement of electron transport via heat-wave
propagation and collective Thomson scattering diagnostics [17].
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4. The ECRH System for W7-X

4.1 General overview

It is evident, that the physics requirements and the different envisaged

heating scenarios ask for an ECRH system with high flexibility, i.e. the

system must be capable of

- arbitrary toroidal launch  (current drive, O-mode, O-X-B conversion)

- arbitrary poloidal launch (on- and off-axis heating)

- arbitrary wave polarisation (linear for perpendicular launch, elliptical
to circular for oblique launch)

- good power control (variation of temperature and density)

- AM capability (heat waves and switching experiments)

The system is thoroughly modularised and based on the idea, that each
gyrotron can be operated separately from all others and without affecting
the operation of other gyrotrons to increase the reliability of the overall
system. This design also minimises the costs, because series production of
identical modules is possible, and maximises the experimental flexibility.

A principle sketch of the ECRH system consisting of the millimetre-wave
generator with high-voltage power supplies, the optical beam matching and
polarising units, the long distance optical transmission line and the inde-
pendently steerable plug-in launchers is shown in Fig. 6.

Beam Matching optic Multi Beam Waveguide
- _\ _____ A Polarizer unit Plug-in Launcher
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— ' — 5 wewa|H 2 |—
' ' £ ]
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[ ' — o S
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Gyro- ' ' @ L
tron(s) [— BMO |—— PO PILA
[} )

Fig. 6: Block diagram of the ECRH system
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The arrangement of the gyrotrons and the transmission system in the
ECRH building is seen from Fig. 7. The total ECRH power is generated
by 10 gyrotron oscillators at 140 GHz with 1 MW output power in CW
operation each. Two subgroups of 5 gyrotrons are arranged symmetrically
to a central beam duct in the ECRH hall [18]. The ECRH building is pre-
pared to house two additional 70 GHz gyrotrons in a later state of the ex-
periment. These gyrotrons will be installed to ensure reliable start-up for
NBI-heated high-f plasmas at reduced magnetic field of 1.25 T.
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Fig. 7:  Side view and top view of the ECRH system on W7-X.
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4.2 Gyrotrons

The gyrotron for W7-X should be highly efficient, therefore voltage de-
pressed collector techniques will be used. At present, the 140 GHz gyro-
tron are being developed with industries in Europe [19] and United States.
The gyrotrons are equipped with a magnetron injection gun (MIG) of di-
ode type. The european development aims at a gyrotron with an electron
beam having an electron velocity ratio of o = v,/v, = 1.3. The electrodes
of the MIG have been shaped to provide a low dispersion of Ao/o = 1.2 %
required for high efficiency interaction and low probability of mirroring.
The cavity mode is TE,g with a nominal quality factor of 1100
(calculated by self-consistent codes), the expected peak wall loading of the
cavity is < 2kW/cm®. A careful optimisation of the cavity was performed
to keep the influence of possible deformations during heat-up reasonably
low, i.e. to minimise the resulting frequency chirp, the increase of quality
factor and the reduction of output power. Mode conversion is reduced by
use of angle roundings and of a non-linear output taper. The resulting
mode purity is calculated to be 99.9 % (instead of 98.5 % with no round-
ings and linear uptaper).

The RF beam is separated from the electron beam by a highly efficient
quasi-optical mode converter, consisting of a rippled-wall waveguide
launcher [20] followed by a quasi-elliptical mirror and two toroidal fo-
cusing mirrors which match the beam to the window size. The waist of the
Gaussian beam (waist radius of wyo = 22 mm) lies 220 mm outside the
window. The launcher employs an improved perturbation structure leading
to optimum phasing of the mode mixture and suppression of spurious 0s-
cillations. The calculated ohmic losses in the launcher and on the three
mirrors are around 3.2%, the theoretical diffraction losses are only 1.1 %.
The output vacuum window unit uses a single, edge-cooled CVD diamond
disc with an outer diameter of 106 mm, a thickness of 1.8 mm (4-A/2) and
a clear aperture of 88 mm. Thermal finite element calculations show, that
for a power of 1 MW at 140 GHz and a loss tangent of 4-107, the tem-
perature rise of the window centre will be about 60 °C, the absorbed
power will be only 700 W. Thus the total internal losses of the tube are
expected to be about 8 %.

The tube will have a single stage depressed collector for electron beam
energy. The collector body together with the mirror box and the window
unit are at ground potential. At a depression voltage of 30 kV, the cathode
runs at -50 kV and the cavity at + 30 kV. To reduce the peak loading of
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the collector, DC and AC axial magnetic fields are employed for beam
sweeping. 1 MW output power at an overall efficiency of 47 % and a re-
tarding voltage of 26 kV is expected. A preliminary prototype gyrotron has
been constructed now and tests will start in September 1999.

The gyrotrons are operated in a super-conducting magnet with an induc-
tion of 5.56 T and a warm bore of 220 mm. In the final gyrotron genera-
tor, liquid helium is supplied via transport dewars from the liquefier of the
stellarator. The liquid Nitrogen is refilled automatically from a storage
tank. Each gyrotron is equipped with an individual cooling circuit includ-
ing heat exchanger and pumping unit.

4.3 High-voltage Power Supplies

The main power supply for the gyrotrons will be a pulse step modulated

(PSM) power supply with modular units, each module will be capable of

-65 kV/50 A in continuous operation. The power supply is designed as a
multiple-user supply
and meets also the

b Gun requirements of the
l(c"‘“‘“‘e) other heating sys-
tems NBI and ICRH

— Pot 2

(which need inverse

_E :' Body  polarity). In combi-

<> C oot nation with a low
t — power body supply

U Too of up to +45 kV /
’ 3 ollector 0.3 A [21] an accel-

Tube 2 eration voltage in the

_ = — range of 80-90 kV

as needed for the

Fig. 8: Principle sketch of the HV power supplies g}frOtron 1S avallal?le
and the differential control for the Gyrotrons Wlt,h some ’T‘argln'
on W7-X. Up = main power supply, Upoay = body This  combination
power supply. minimises the cost

of power supplies
and allows to ground
both supplies together with the collector. For modulation of the gyrotron
power (e.g. for heat wave excitation), in principle only the voltage of the
body supply is varied (For strong reduction of the output power, where the
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efficiency drops, also the cathode voltage must be reduced to limit the
power dissipation of the collector). However, to control this voltage, the
sum of the voltages of the main power supply and the body supply is used.
The HV circuit to feed the gyrotron together with this differential control
scheme is shown in Fig. 8. Operational experience of a body supply with
differential control [21] was obtained together with a prototype gyrotron
from Russia (GYCOM-NN) with depressed collector which is installed at
W7-AS. This tube delivers an output power of 0.8 MW at 140 GHz for a
pulse duration of 1 s and has an efficiency of 51 %.

The body supply is located in close vicinity of each gyrotron in the gyro-
tron hall (Fig. 7). Furthermore, the heater supply, which is on cathode po-
tential and the crowbar circuit (thyratrons) are installed here on an air in-
sulated floating deck device to ease maintenance.

The individual modules of the main power supply are located in a separate
building and are connected with the ECRH hall via triaxial HV lines hav-
ing an approximate length of 30 m. Snubber circuits assist in handling the
stored energy in the long HV cable in case of a breakdown. In the event of
tube breakdown the current through the gyrotron is limited by the snubber
circuits. A second snubber which normally provides a residual resistance
in parallel of the crowbar, which is needed for triggering the thyratron can
be omitted due to a new design of the thyratron system.

4.4 Transmission System

The W7-AS ECRH installation (5 gyrotrons) was used as a test bed to
investigate several options for the transmission of high power microwaves
[22]. Long distance transmission was done in oversized HE11 waveguides
(140 GHz, 0.5 MW per line, 3 lines) [23], in mixed HE11 waveguide and
mirror systems including dual beam transmission in an optical line as well
as two frequency dual beam optical transmission (70 GHz and 140 GHz,
0.5 MW each). Based on the excellent experience with a 35 m long fully
optical transmission line at W7-AS (140 GHz/0.9 MW) [24] an optical
transmission line for W7-X was chosen. It turned out to be the most
simple, reliable and cost effective solution. In contrast to waveguide
transmission matching sections between the gyrotron output beam and the
waveguide and back to the optical launcher in the plasma vessel are
avoided. The beam waveguide is especially characterised by a low power
density and inherent mode filtering properties due to out-scattering
(diffraction loss) of unwanted higher-order free-space modes, which leads
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to a very high power capability and low risk of arcing. Additional features
are broadband transmission, simple polarizers [25], no need for special
sections for compensation of thermal expansion of the line and movements
of the plasma vessel. The transmission efficiency is high owing to the low
Ohmic losses of the optical elements and the low diffraction loss of high-
power designs. Major alignment and stability problems were not found in
the W7-AS installations. For W7-X, the long-distance transmission will be
performed via two multiple-beam waveguides, which further reduces the
complexity of the system essentially.

The principle elements are sketched in Fig. 6, the arrangement in the
building is shown in Fig. 7. All optical elements are installed in a concrete
duct leading from the gyrotron building to the experimental hall. This duct
is used simultaneously as a stable support for the optics, screening of the
microwaves and basis for installation of dummy loads, calorimeters,
absorbers for stray radiation for cooling pipes etc.

In order to match the gyrotron output beam to a stigmatic Gaussian beam
with appropriate beam waist two phase correcting mirrors are located in
the beam duct close to the gyrotron window. These mirrors are the only
elements which have to be adapted to the individual gyrotron output and
can be designed and built at a late stage of the installation without
affecting the layout of the overall system. The polarisation of each beam
can be chosen individually by using two polarising grooved mirrors close
to the entrance of the beam combining optics. The main transmission is
performed by two multi-beam waveguides (MBWG), each combining 5
beams at 140 GHz, 1 beam at 70 GHz and a spare beam channel on
common mirrors. At the input and the output of the MBWG, plane mirror
arrays match the individual beams which are used near the gyrotrons and
near the stellarator.

The MBWG is a confocal system [18, 26] consisting of four focusing mir-
rors (and additional three plane mirrors to straighten the beam path),
which must simultaneously offer a low-loss propagation of all (on-axis and
off-axis) beams and a correct imaging from the input to the output plane.
The principle is illustrated in Fig. 9, where one unit consisting of 2 mirrors
in Z-configuration is sketched.

Mirrors for a single beam waveguide can be designed straightforward, but
for a compact MBWG design the beams overlap on the mirrors, so that no
optimisation of partial mirror surfaces is possible. Additionally, for W7-X,
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the central on-axis beam will have a frequency of 70 GHz, which requires
the full mirror surface due to the larger beam divergence at the longer
wavelengths, To fulfil all requirements, 3-dim. diffraction calculations
with Gaussian beam mode analysis were performed [25]. The codes were
bench-marked by experiments on a small scale which confirm the numeri-
cal results. The investigations showed that simple elliptical paraboloids
lead to minimum mode conversion losses. Furthermore, the studies
showed, that the remaining mode conversion on the curved surfaces can-
cels after four mirrors, if these mirrors are installed in the proper orienta-
tion [25]. This is shown in Fig. 10, where the power distribution and the
mode analysis with respect to the

ideal beam is plotted for a representa-

tive beam at different positions. At

| the input plane of the MBWG, the
| 140 GHz beams are closely packed
and parallel, a pure gaussian beam is
assumed. In the focal plane after the

f —L first mirror, the beams cross the opti-
cal axis. In the focal plane after the
plane second mirror, the initial beam pattern
} is nearly recovered, the mode analysis
however yields a purity of 96.1 %.
““““ After four mirrors, the spurious
modes have cancelled and the beams
cross the output plane exactly per-

' . f

off-axis
beam

central /

t

input
focal
plane

Fig.9:  Principle sketch of a confocal

2-mirror MBWG system pendicular in the nominal position,
(Z-configuration) which is documented by a mode pu-
rity of 99.8%.

At present, the detailed design of the

transmission system is underway
including the design of water-cooled mirrors.
Measurement systems are built up to measure ohmic loss of mirrors, and
to develop the alignment system based on reflectometry from shallow
diffraction gratings in first- order Littrow-mount [26, 28] machined on the
mirror surfaces. In parallel, a test-facility is constructed at IPF Stuttgart to
investigate the performance of the transmission system and to test
components prior to the series production and installation of the system at
Greifswald.

199



At the starting plane

is a pure fundamental mode:

<300 -200 100 O 100 200 300

Cross-section after 1*' mirror:

Lo 1

-300-200-100 0 100 200 300

Cross-section after 2" mirror: TEMg,-content 96.1%

-300-200-100 0 100 200 300
Cross-section after 4

-300-200-100 0 100 200 300

Fig. 10: Numerical calculation of beam pattern and mode
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At the output plane
of the MBWG, a
plane mirror array
separates the indi-
vidual beams, and

"~ two further mirrors

distribute the beams
to the launchers.

4.5 Launchers

The launchers are
designed as plug-in
units (PILAs) and
include the diamond
vacuum window
with similar design
as the gyrotron
window, a vacuum
valve, a fixed
focusing and a plane
movable mirror as
well as the ne-
cessary  structure
and cooling lines.
Each antenna will be
independently  stee-
rable, thus a wide
variety of deposition
profiles can be
realised. Both on-
and off-axis heating
is achieved by stee-
ring the beams in the
poloidal plane. Elec-
tron cyclotron cur-
rent drive (ECCD)



is possible by directing the beams in toroidal direction.

10 launchers will be installed in the planes where the plasma shows a
bean-shaped cross-section and the modulus of the magnetic induction is
maximum (c.f. Fig. 1b). Thus, heating and current drive are not influenced
remarkably by trapped particles. A cross-section through the vacuum
vessel, a port with three of the launchers and the plasma in the plane
® = (0° are shown in Fig. 11. Two further launchers will be installed at
@ = 22°, where the density of trapped particles is high and thus their
influence can be studied. Switching between the antennas is performed by
movable mirrors in the transmission system.

AN "\\‘—\\\ : -
AN —\

Nyl i
el L

Fig. 11: Cross-section through the vacuum vessel showing the arrangement
of three PILAs in an A-type port and the plasma in the plane ® = 0°.

The antenna beams will be optimized to get a sufficiently narrow power
deposition profile in the plasma with a tolerable power density on the
vessel walls. Inside the vessel reflectors will be installed to redirect the
non-absorbed fraction of the beams back into the plasma. For most areas
exposed to the millimetre waves, cooled graphite tiles with a reflection
coefficient of typically 94 % can be used . This design is appropriate for
X2-mode heating, where the single-pass absorption is nearly total. Heating
of high-density plasmas in O2-mode with lower absorption (c.f. Fig. 4) is
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planned with a fixed geometry (launch angle about 20°). For this case,
metallic mirrors with high reflection will be installed to limit the thermal
load. For an efficient absorption in the second pass, the angle with respect
to the magnetic field as well as the correct (elliptical) polarisation of the
reflected beam must be conserved. To fulfil these requirements, grating
surfaces [28] have to be applied for the design of the internal reflectors.
Pick-up waveguides will be integrated into the in-vessel structures to
monitor the single-pass absorption as well as the beam characteristics.
Additionally, cameras will be installed to diagnose any problems.

5. Conclusions

Stellarators were continuously developed towards optimized magnetic field
configurations, which led to the concept of helically advanced stellarators
with a significant improvement of neoclassical transport properties and
stability. W7-X is a superconducting device, which is based on this con-
cept and is presently being constructed. The physics results obtained with
ECRH at the predecessors of W7-X, i.e. the W7-A and W7-AS stellara-
tors guided the design of a strong ECRH system with 10 MW in CW op-
eration at 140 GHz. Advanced gyrotrons with energy recovery and an effi-
ciency of about 50 % will be used. The RF-transmission from the gyro-
trons towards the stellarator ports is performed by two purely optical
transmission systems, which handle 5 MW each in CW operation.
Launching of the 10 individual microwave-beams is provided by in-vessel
mirrors, which allow to steer each beam towards arbitrary poloidal (for
on-and off-axis heating) and toroidal (for oblique launch, ECCD) launch
angles. The power of each gyrotron and the polarisation of the emitted mi-
crowave beam can be controlled independently from all others to guarantee
experimental flexibility and optimum absorption for all scenarios. The
W7-X ECRH system combines the most advanced technologies in high
power microwave sources (e.g. depressed collector schemes, diamond
windows etc.), power supplies and microwave transmission and control
techniques.
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Abstract

Electron cyclotron heating system has been designed and is being
installed for the H-1NF heliac device. The main purpose is to produce
and heat currentless plasmas for studying the particle and heat transport
of high temperature plasmas in advanced helical devices. In this paper,
the 28 GHz ECH system is overviewed and the low power measurement
results are presented. A theoretical study on power absorption using a
ray tracing numerical code is also shown.

1. Introduction

Recently many of the new generation of fusion experiments use
- configurations from the stellarator family, which are called variously
advanced stellarators, heliotrons, and heliacs. The experimental devices
under operation or construction are, for example, LHD in Japan, TJ-II in
Spain, Heliotron J in Japan, W7-X in Germany, HSX in USA, and H-1
NF heliac in Australia. The common feature is that they form nested flux
surfaces for plasma confinement without ohmic current. The ECH is
recognized as an important heating tool in these devices, because high
temperature plasmas are produced and heated mainly by ECH.

H-1 NF is a helical axis stellarator in the Plasma Research Laboratory
of the Australian National University, Canberra [1]. Parameters of
magnetic surfaces are major radius, R=1.0 m, mean minor radius, a=0.2
m, rotational transform, £ =0.6-2.0 and low magnetic shear (A¢ /£
=0.03-0.06) [2]. Low temperature plasma experiments have been
performed at low magnetic field. The H-INF device is now being
upgraded to increase the magnetic field from its present operating value
of 0.2 T to its design value of 1 T. An ECH system has been designed and
is being constructed as a part of the device upgrade.

Physics advantage of the ECH application to H-1 NF plasma is to
localize the power absorption in the desired region by scanning the beam

! Permanent address: Institute of Advanced Energy, Kyoto University, Uji, Kyoto 611-
0011, Japan
e-mail address: nagasaki @iae.kyoto-u.ac.jp
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direction and the magnetic field strength. The main purposes of physics
studies in ECH plasmas are 1) transport physics study related to the radial
electric field, which may be controlled by ECH, 2) electron temperature
profile shaping, probably also electron density profile shaping, and 3)
heat wave propagation experiments to measure the local thermal
conductivity. At the first stage, ECH experiment in H-1 NF will be
performed at the second harmonic at B=0.5 T with an X-mode launched
from a low magnetic field side. Then the fundamental O-mode ECH will
be carried out when increasing the magnetic field to 1.0 T.

In this paper, we overview the 28 GHz ECH system for H-1 NF, and
show low power measurement results on the waveguide transmission line
and quasi-optical antenna system. A ray tracing numerical code has also
been developed for heliac configurations. The calculation results on the
power absorption are shown.

2.28GHz ECH System for H-1NF

Figure 1 illustrates a schematic view of the 28 GHz ECH system. The
system mainly consists of a gyrotron microwave source, in-waveguide
converter, waveguide transmission line, ceramic window and quasi-
optical launching mirrors. High power microwaves are generated by a

mode converter .
(TEO2—TEO01—>TM11—HE11)
miter bend/
\ miter bend grating polarizer
uptaper P
SN window
downtaper
mode filter corrugated waveguides focusing mirrors

28GHz gyrotron

magnet

oil tank

Fig. 1 Schematic view of 28GHz ECH system on H-INF
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gyrotron that was manufactured by Varian (CPI). The gyrotron and its
power supply are loaned from Institute of Advanced Energy, Kyoto
University / National Institute for Fusion Science. The maximum output
power is 230 kW, and the output mode is TE, axisymmetric mode. The
pulse length is up to 40 msec, which is long enough to obtain quasi-
stationary plasmas. The beam voltage and current are 80 kV and 8 A,
respectively, corresponding to the efficiency of 36 %. The gyrotron
system is placed at the downstairs of the H-INF room, which is 5 m
below and 10 m away horizontally from the H-1NF device.

Since the TE,, mode is not suitable from the viewpoint of localized
plasma heating and effective power transmission, it is converted into a
linearly polarized mode through an in-waveguide converter that has been
designed and manufactured by General Atomics. The waveguide of 2.5
inch is tapered down into the one of 1 inch, then the TEj; mode is
converted into the HE,;;, waveguide mode through the following process;
TE,,—TE;—»TM,,—HE,,. After the conversion into the HE;; mode, the
waveguide is up-tapered, and then it is connected to a corrugated
waveguide of 63.5 mm. The groove depth is determined to minimize the
ohmic attenuation loss, that is, the slot depth and pitch of grooves are 2
mm, and 4.2 mm, respectively. The ratio of width to pitch is 0.33.

The corrugated waveguides are totally about 10m long. Two 90deg
miter bends are used to change the waveguide direction. The corrugation
is continued up to the reflecting mirror, which reduces the mode
conversion loss by one-half compared to the case without corrugations.
The Gaussian beam is launched from the outside horizontal port of H-
INF vacuum chamber through a silicon nitride, single-disk window of
2.5-inch diameter. Two mirrors are set up in the vacuum chamber to
focus the Gaussian beam and to control the beam direction. The focused
beam is launched from the bottom of the plasma.

A waveguide with a relatively large diameter has the advantage of
low transmission loss and broad frequency range [3]. The loss is caused
by ohmic attenuation, mode conversion and some imperfections in the
waveguide line. The calculated losses are as follows; ohmic attenuation in
waveguides, 4.6x10“dB, radius offset, 6.9x10* dB, radius change,
7.5x107 dB, elliptical offset, 2.3x10" dB, tilt, 4.9x10* dB, unintentional
curvature, 1.1x10dB, ohmic attenuation in miter bends, 8.0x10" dB, and
mode conversion in miter bends, 0.17 dB. These indicate that the main
transmission loss occurs at the miter bends due to the diffraction.
Including the power loss at the in-waveguide converter, window and
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modes the distance from the mirror.

launching antenna, the total transmission efficiency is estimated about
80 %. The waveguide system will be operational without evacuation,
because the transmitted power, 200 kW, is lower than the upper limit of 1
MW, and the pulse length is short.

The transmission line has been bench-tested using equipment of a low
power TEg, mode source. Figure 2 shows the radial profile of TEy, and
HE,, modes radiating from the waveguide. The TEj, mode is well
converted into the HE,, mode, and the HE,, mode is effectively
transmitted in the waveguide line. No strong deformation due to higher
harmonics is visible within the measurement accuracy. The beam pattern
after the last focusing mirror is also measured. The beam is circular, and
the beam waist is 4 cm as shown in Fig. 3.

Two polarizers with sinusoidal grooves, which are assembled on the
miter bends, control the polarization of launched waves. A wide range of
polarization from a linear to a circular polarization is available by
choosing the groove depth and controlling the rotation angle of grooved
mirrors. The measured polarization parameters are in good agreements
with numerical calculation results in which the groove shape are taken
into account [4].

3. Ray Tracing Calculation

A new ray tracing code for H-1NF configuration, ‘H-Ray’, has been
developed, based on a ray tracing code for Heliotron E [5]. The
conventional ray equations using geometrical optics approximation are
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solved to trace a bundle of rays. The number of rays is determined to
obtain the numerical accuracy to simulate the Gaussian beam profile. The
number of rays are taken as 16x16 in the azimuthal and radial directions,
respectively. The flux surfaces are assumed to be helically symmetric,
that is, to have the same beam shape at any toroidal cross-section, which
is a good approximation for H-1NF configuration. Multi-reflection is not
considered in this code, because the vacuum chamber is located so far
from the plasma that the reflected waves hardly return back to the plasma
confinement region. Two cases are considered as starting points of the
rays according to the experimental set up; (a) bottom launch from the
final mirror and (b) horizontal launch directly from the corrugated
waveguide.

Figure 4 shows an example of the ray trajectory. The calculation
results show that the 28 GHz ECH is promising for heating plasmas
although the electron density is rather low due to the low cut-off density.
The bottom launching is more advantageous for single pass absorption
and controlling the power deposition profile. The single pass absorption
rate reaches 90 % at the second harmonic X-mode heating if the
launching angle is properly adjusted. As shown in Fig. 5, the absorbed
power profile can be shifted from on-axis to off-axis by scanning the
magnetic field strength with keeping the total absorption rate more than
70 %. This suggests that the plasma profile shaping experiment would be
possible at the second harmonic ECH. Accessible plasma parameters

2nd harmonic X-mode
perpendicular to resonant magnetic field
T,(0)=500eV, n,(0)=0 2x10"’m"®

—o—B=0.49T
—x— B=0 50T
—a—B=0 52T
—v—B=054T |
—o— B=0.56T

Pose (W/cm?)
SH

R (m)

rla

Fig. 4 Ray trajectory of second harmonic  Fig. 5 Single pass absorption profile of
X-mode at n(0)=0.2x10" m?, B=0.5 T. second harmonic X-mode
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predicted in combination with ISS95 energy confinement scaling law [6]
are n,(0)<0.4x10" m?, T,(0)<500 eV and 7;<3 msec. On the other hand,
the total absorption rate is low ~ 20 % for the fundamental O-mode ECH
due to low absorption coefficient, although the accessible density is
doubled. Some schemes are required to improve the absorption, such as
installation of a reflecting mirror and mode conversion to the electron
Bernstein wave.

4. Conclusion

The 28 GHz ECH system has been designed and fabricated as a part
of the upgrade of H-1NF heliac. Microwaves generated from a gyrotron
are transmitted in the waveguide line and launched by the quasi-optical
antenna system. Low power measurement showed that the transmission
components had a good performance as designed, and the microwave
beam was well focused in the desired region of core plasma. A ray
tracing code for H-INF three-dimensional configurations has been
developed using geometrical optics approximation. The calculation
results indicate that the second harmonic X-mode ECH at B=0.5 T is
promising even at low density. A high power test and application to H-
INF for plasma production and heating will be done in the middle of
1999 after the magnet field power supply for H-1NF is operational.
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Abstract: A LHCD System for Next Step Tokamaks like ITER
will rely on many high power sources located between 50 and 100
m to the Tokamak. Standard transmission lines cannot be used
since their power density is limited and their loss is too high. A new
design based on oversized circular transmission lines has been
studied for ITER which recombines power from several sources.
The design of the Splitting and Recombining Network has been
investigated. Several concepts of circular bends have been
considered. Two types of mode filters have been studied in order to
avoid spurious resonance in the transmission line. The analysis of
all RF components in the transmission line shows that a good
efficiency is achieved as the diffraction loss does not exceed 10 %
for a 70 m long line with 6 bends and 3 mode filters.

Introduction

The successful experiments carried out in large Tokamaks in recent
years have demonstrated perspectives for Lower Hybrid Heating Current
Drive (LHH&CD) on Next Step devices like ITER. A LHH&CD system
has been designed and integrated in the ITER EDA [1]. The LHH&CD
system operates at 5 GHz and couples a minimum of 50 MW using two
ITER ports. Each antenna is fed by 8 Main Transmission Lines, each
composed of a splitting network to feed 6 mode converters, one
oversized size C7 Circular Transmission Line operating in the
axisymmetrical TE(p] mode and a Recombining Network to mix power
produced by 4 klystrons (upgradable to 6). This kind of transmission is
attractive due to low-loss attenuation as well as breakdown safety.
Taking into account technical constrains, the transmission line has to
include 4-6 bends as well as mode filters. All these components are
analysed in this paper.
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Transmission Line Bends
Bends Based on Curved Waveguides

The simplest way to bend a circular transmission line is to use a
waveguide of circular cross-section, uniformly curved in one plane [2].
The mode behaviour in curved waveguides are accurately described by
means of coupling mode formalism [3, 4]. In this case 11 most important
modes are taken into account. The choice of the bending radius is
dictated by the angle of the bend (90° in our case). For a bending radius
a between 106 and 108 mm, an efficiency of 99 % is reached for very
large bends only (total length ~10 m).

In order to reduce the total length of the waveguide bend, an
optimisation, based on varying the bending radius along the distance,
was carried out. Sinusoidal profile for the curvature was used and the
best achieved efficiency is of 98.3 % for a bending radius varying from
Ryax=4.83 m to Ry,,=3.91 m and a total length of 6.6 m.

Waveguides with elliptic cross-section have also been studied as they
reduce the degeneration between TE(] and TM1] modes, thus, reaching
a higher efficiency for the same bending radius. Such waveguides with
an ellipticity amplitude of 3 mm are found to have a rather high
efficiency (98.1 %) for a compact geometry: =102 mm; Ry;,x=2.8 m;
Rypin=2.2 m and a total length=3.8 m.

Mitre Bends

Mitre bends are also frequently used in oversized transmission lines
[5]. Their efficiency increases for large waveguide diameter and for
a=300 mm, the efficiency is =70 % only. However, using an improved
mitre bend based on so-called quasi-optical principles can increase this
efficiency [6].

The incident TE(] mode is converted into a wavebeam which could
propagate through the free space section without losses. An
axisymmetrical mode converter, forming a converging wavebeam with
the waist, being precisely in the middle of the free space section (Fig.1)
produces this wavebeam. The second part of the converter has to be the
exact symmetry of the first part, in order to reconvert the wavebeam into
the initial operating TE()] mode.

Calculations are done in two steps. At first, the field distribution at
the open end of the pre-converter is calculated. The next step, based on
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Kirchhoff approach, is the calculation of the wavebeam propagation
through the free space. The best efficiency is 99 % (including losses into

free space and mismatching between field structures); the power
reflection is ~0.1 %.

THOL — I
e N

lear lin

N N

Figure 1: Quasi Optical mitre bend model

The mode behaviour calculated with this model as a function of the
distance is indicated in Fig. 2 for modes TE() and TE(3. The final mode
content for the given wavebeam at the input of the free space section is
77.7% for TEq1, 20.8% for TE(p and 1.4% for TE(3. The efficiency
remains above 99% for a frequency range of 5 GHz + 10 MHz.
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Figure 2: Mode behaviour in the Quasi Optical mitre bend
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Splitting/Recombining Network

In order to combine the powers of several coherent RF sources the
standard rectangular waveguides are transformed adiabatically into
sectorial waveguides, feeding a common circular waveguide. A section
of coaxial waveguide before the final circular cross-section waveguide is
also used to complete the assembly (Fig. 3). The central metallic rod
should suppress the possible excitation of other higher axisymmetrical
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modes like TEq, (wWhere n>1, note that TEg] mode is also evanescent for
this geometry).

The excited TE(] mode in the coaxial waveguide has to be launched
into the transmission line through a special up-taper. It provides a low-
loss transition from a small enough input diameter, used for pure TE()
mode excitation, to a large operating diameter in the transmission line

(C7). .

2RE vy
— 2Rw
lcoax
cooling areas
Itap

Figure 3:Splitting Network model

Interface zone

The losses caused by the excitation of spurious modes are
approximately proportional to the surface of cooling.

The desired TE(); mode can be excited purely (a section of coaxial
waveguide has to be used before an up-taper), but it is necessary to take
into account reflection back from the open end. The estimated power
reflection is less than 3% if the angle describing the cooling area does

not exceed G, = 15°.

Table 1
Input Amplitudes (a.u.) Input Phases (deg) TE,, mode content
1,1,1,1,1,1 0,0,0,10,10,10 99.26%
1,1,1,1,1,1 0,10,0,10,0,10 99.24%
0.95,0.95,0.95,1,1,1 0,0,0,0,0,0 99.92%
0,1,1,1,1,1 0,0,0,0,0,0 84,1%

A code was written in order to simulate arbitrary configurations of
phases and amplitudes of waves in the sectorial waveguides. This code is
based on the accurate modelling of coaxial mode excitation. It allows, by
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changing the incident field structure, to observe the resulting mode
content in the coaxial waveguide. Some typical «non-ideal» cases,

calculated for the proposed design are given for g,=15° in Table 1.
In conclusion, it is shown that the splitter sensibility to phase variation is
rather not critical.

Up-taper

The up-taper starts from a diameter 3140 mm to finish at a diameter
@300 mm. The longer the taper the better is the efficiency, because the
scattering into any spurious mode is proportional to the angle of the
conical section. Two possible shapes were tested numerically. The first
profile tested is based on a linear expansion of external radius under
linear narrowing of the rod so that the lengths of the external and linear
parts are strictly identical. An efficiency of 99 % is achieved for
/~1000 mm. For the second profile the lengths of the external and
internal transitions are allowed to be independent. This model was
computed for two values of inner rod length: /.p;x=200 mm and
300 mm. For 200 mm, a rather high efficiency (~99 %) is achievable for
shorter distances ~700 - 800 mm.

Mode filters

Mode filters are needed along the transmission line in order to avoid
spurious resonance, which spoil the VSWR parameter of the line and
increase the electric fields. The mode filters reduce also the power
reflected from the plasma and propagating back to the klystrons as part
of the reflected power is only contained into the TE(p] mode.

One of the classic mode filters is based on corrugated waveguides
filled by absorber [7]. Unfortunately, mode filters, based on absorbing
waveguide with impedance corrugation are insufficient to suppress other
axisymmetrical TE(, modes. Therefore, another type of the filter is also
suggested. The same principle as for the mitre bend is applied in this
case: the operating TE(; mode is converted into a wavebeam
propagating with negligible losses through a free space section, and
behind the free space section, it is reconverted into the incident TE(
mode. All other TE(g, modes propagate with some losses through the
free space, which is filled by absorber. The proposed filter provides
losses of TE(p mode — 12.8 %, TE(p3 mode — 74.0 %, TEg4 mode —
63.5%, while the loss of the operating mode TE( is 0.5 %.
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Summary

The results of the calculations done for each component are
summarised in Table 2, where the diffraction and ohmic losses are given.
This table corresponds to the proposal at S GHz for the LHH&CD
transmission line on ITER. Two concepts of bends are analysed. The
mitre bend design is much more attractive in comparison with the
waveguide bend designs. An efficient splitting/recombining network,
based on coaxial junction in a waveguide of reduced cross-section, has
been suggested and calculated. Two versions of mode filters are
suggested. The first one is designed for nonsymmetrical modes
suppression; while the second one is designed to suppress higher
axisymmetrical modes. An analysis of all RF components shows that a
satisfactory efficiency of LH transmission line is achieved for both
«ideal» and «non-ideal» cases.

Table 2

Component Number | Diffraction losses | Ohmic losses
Recombiner 1 1.5% 0.5%
Main Waveguide 50 m 0 0.2%
Mitre bend 6 1% 0.01%
Corrugated mode filter 2 <0.01% 0.3%
Quasi-optical mode filter 1 0.5% 0.01%
Splitter 1 1.5% 0.5%
Total 9.5% 1.8%
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Abstract

In the frame of a collaboration between CEA-Cadarache and ENEA-
Frascati, a conventional Multijunction (MJ) and a Multijunction with
passive waveguides (PAM) are under construction to be used on the
Lower Hybrid (LH) system for FTU. The aims are to overcome the
severe limitations on power handling capability deriving, on the actual
FTU LH grills, from the maximum allowable electric field on the
"multiwindows" and to test in a real scenario the PAM conceptual
studies. In a successive step all the technologic solutions of the PAM
will be tested in a full rated experiment on Tore Supra.

Introduction

In the LH system for FTU the "multiwindow", a titanium alloy
frame incorporating 48 alumina (Al,O3) bricks (cross section 28x3.6

mm?2 and thickness 12 mm) put about 20 cm far from the plasma,
separates the pressurized grill from the vacuum vessel.

It is the most critical component in the RF transmission lines bemg
able to withstand a maximum E-field of only 5 kV/cm.

This is a severe limitation in experiments with intrinsically transient
phenomena such as "advanced tokamak scenarios", where the MHD
activity affects the plasma density in the scrape-off layer modulating the
reflected LH power beyond the threshold level of the on line protections
(40% of the maximum available incident power) that in turn switch off
the RF pulse.

Moreover during the last few years has became compelling the need
for robust coupling structures able to withstand the strong thermal loads
foreseen for the new generation of tokamaks (heat load = 0.5 MW/m?2,
neutron flux = 10 MW/m3). In this respect the PAM, proposed by CEA-
Cadarache [1], seems a good solution combining optimum coupling
properties with the possibility of an effective cooling thruogh holes
drilled in the thick vertical walls between active waveguides.

The CEA-ENEA Collaboration

To test a conventional MJ and a PAM on FTU a collaboration has
been undertaken between CEA-Cadarache and ENEA-Frascati.
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The main objective is the first experiment of a PAM on plasma [2]
to measure the coupling properties and the power directivity of this
launcher for a direct comparison between theory and experiment.

The collaboration consists of two steps:

o 15t step: design, assembling and test of a 8 GHz PAM on FTU to

validate the theory.

« 2nd step: design, assembling and test on Tore Supra of a 3.7 GHz

PAM to asseverate all the related technological solution.

The test on FTU permits to abridge costs and times of the set up due
to the compactness of this machine; on the other hand, the high plasma
density and high magnetic field of FTU make this test significant for the
development of PAM for ITER-like machines.

The collaboration has been extended to the design, assembling and
test of a conventional MJ on FTU to evaluate an alternative solution to
the actual LH grills that eliminates the multiwindows.

Preliminary Design

To introduce only minor changes in the RF power distribution
section of the existent LH modules, both the new launchers will have
the same overall configuration of the actual grill: 48 rectangular
waveguides arranged in four poloidal rows and twelve toroidal columns.

Therefore the actual lay-out of the LH module [3] will remain
unchanged up to the RF power primary division. The twelve output WR
137 waveguides will be arranged in a 4 rows by three columns array;
each one of them will feed one out of the twelve elementary MJ/PAM
module.

Three different set of constraints influence the design of these new
coupling structures.

From the mechanical point of view the cross section of the FTU port
(420x80 mm) defines their maximum overall dimensions.

The maximum admissible E-field in the waveguides gives the
maximum power density at the mouth; extrapolation of data available
from the existing LH systems for FTU and for Tore Supra indicates Emax
= 6 kV/cm as a safe value to limit arching probability. According to this
constraint the diagram in Fig. 1, specific for the FTU new coupling
structures at 8 GHz, indicates a maximum power density of about 8

kW/cm?2 at a maximum reflected power of 20%.
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The diagram in Fig. 2 defines the pitch between active waveguides
at the antenna mouth for a given value of Njg at f = 8 GHz; the curves
are obtained at a built-in phase shift of 90° for the MJ and 270° for the
PAM.

The available experimental data indicate Njj peak = 1.6+2.4 as the
optimum range according to the FTU plasma characteristics; from the
diagram, a pitch of 5 mm for the MJ and 5.8 mm for the PAM gives
respectively Njjo = 1.9 and Njjo = 2.4, well in agreement with the desired
values allowing a comparison at the same N|| value (2.2) when the phase
shift between module is changed.

To assure a good mechanical stiffness of the whole structure, a
vertical wall thickness of 0.8 mm at the mouth has been chosen.

By fixing the waveguides heigth to 28 mm as for the extant grill, the

5.00
jgg S —MJ (A2 = 90°)
3.50 ™ . \
350 S PAM (AQ = 270°)

2.50 F‘++

2.00 -
1.50
1.00

0.50
0.00

» N//0

I
3.0 34 38 42 46 5.0 54 58 62 66 7.0
Active wg. pitch [mm]

Fig. 2. MJ/PAM for FTU: N//0 vs. wg pitch
219



conclusive dimensions of the elementary waveguides for the two
structures are therefore:

e MJ 28x4.2 mm * PAM 28x5 mm.

The MJ/PAM module lay-out

To properly fit the new coupling structures, the WR 137 waveguide
cross section is tapered to 28x22.2 mm.

A first E-plane bijunction (Fig. 3/a) splits the resulting waveguide in
two 28x10.6 mm waveguides with an output phase shift between them
fixed to 90°; the vertical wall thickness is set to I mm.

This component, in common to both MJ and PAM, is made by
copper to reduce the rf insertion losses.

In the case of the MJ, two E-plane bijunctions follow (Fig. 3/b) with
inner phase shift 0°, 90°, 90°, 180° in the four output waveguides to have
a phase periodicity of 90° at the module mouth.

The cross section of the waveguides at the mouth is reduced to
28x4.2 mm and the vertical wall thickness to 0.8 mm. The total active
cross section of the MJ is therefore about 56.5 cm? and the maximum
allowable incident power is about 450 kW.

For the PAM each waveguide resulting from the first bijunction is
followed by an E-plane down-taper to thick the vertical wall up to 5.8
mm (Fig. 3/c); passive waveguides (optimum depth = 0.25 Ag) are dug
in the thick walls at the PAM mouth. A 180° phase shift is achieved in
one of the two active waveguides to have a total phase shift at the
module output of 270°. The total active cross section of the PAM is 33.6
em? and then the maximum allowable incident power at the mouth is
about 270 kW.

The two terminal pieces are made by stainless steel, endowed of
good mechanical stiffness, gold plated on the inner surfaces to reduce
the RF losses; this material is more efficiently machined and less
expensive than glidcop; moreover its electrical resistivity is forthy times
the copper resistivity.

Multijunction

3l

PAM
Fig. 3. MIJ/PAM for FTU: Schematic layout of a module
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This lay-out gives the possibility to test both the structures on FTU
by simply changing this second piece and, in addition, to test in the
future different launchers, e.g. the hyperguide.

The above analysis shows the need of reduced level of RF power,
also for the initial conditioning of both the structures; according to the
experience earned in the LH system exploitation, the gyrotron assembled
in the module no. 6 has been chosen as the more versatile rf source to
use in this test.

The numerical analysis

The two structures have been verified by numerical codes based on
the "Method of Moments" (MoM) to calculate their scattering matrix,
while the interaction with the plasma has been ascertained by "SWAN"
(Slow Wave ANtenna), a specific and experimentally validated code
developed in Cadarache.

In this code the plasma is modeled as an electron density step in the
radial direction plus a density gradient; a reference plasma density ne =
1.6x1012 cm3 (two times the FTU cut-off density) and a gradient density
Vne = 1.6x10!2 cm have been chosen for the preliminary computation.

In these hypotesis the mechanical dimensions of the two structures
have been first optimised for the best power directivity at a working
frequency of 8.015 GHz.

The successive analysis, achieved for variation of phase shift
between modules in the range -135° + 180°, have investigated the
performances of both MJ and PAM with respect to frequency, plasma
density and density gradient.
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The results confirm the optimum directivity of these launchers at low
plasma density (Fig. 4) and their excellent coupling property due to the
multijunction effect, furtherly improved by the passive waveguides in
the PAM (Fig. 5); the density gradient has instead a limited influence on
the performances.

Time shedule

The final design of both MJ and PAM have been achieved; the MJ
construction has started by the beginning of last June and its delivery is
foreseen by the end of January 2000.

In the meanwhile the design of the RF measurement facilities and of
the connection between the extant RF distribution system and the new
coupling structures are in progress. These items are in common with the
PAM.

The final assembly of the MJ on FTU is foreseen for the next year
summer shut-down.
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Introduction

The success of tokamak research program during the last decade,
resulted in demonstration of controlled fusion reaction and significant
fusion power production, had confirmed the leading role of tokamaks in
magnetic fusion approach development. Recently international thermonu-
clear experimental reactor (ITER) detailed design was completed and that
if built, it will operate successfully and produce necessary conditions for
ignition and burning of D-T plasma.

To improve performance and minimize cost of future reactors it is
necessary to continue tokamak physics research program. Among princi-
pal problems to be solved on this way the problem of plasma global and
local stability seems to be one of the main. The existing scaling for D-T
reactor operation requires to operate at maximum possible plasma current
(minimum safety factor) to increase confinement time (zg). Also it’s favor-
able to maximize plasma density to increase plasma f=2pu,<p>/B* and
fusion gain respectively, here: <p> - volume averaged plasma pressure, B -
toroidal magnetic field. This leads to minimizing of auxiliary heating
power (~1/75) and maximizing of fusion power (~/).

The marginal stability of plasma column in such regimes is limited by
ideal magnetohydrodynamics (MHD) stability limit and is the principal
limit for plasma current and pressure increase. Troyon scaling predicts the
ideal f - limit at the experimental value of B (%)< fv ([,/aBr), where:
P~ 3.5 for conventional tokamaks, 7, - plasma current in MA, @ - minor
plasma radius in m, Br - toroidal magnetic field in T. Recently neoclassical
beta limits was discovered. The uncontrolled growth of magnetic islands
width at rational magnetic surfaces leads to loss of confinement and sta-
bility, decreasing the effective S limit well below the ideal MHD limit.
ITER will operate at the value of Ay ~ 2.2 only, to provide 90% disruption
free discharges.

There are other significant confinement, stability and current drive
problems to be solved for high performance, safe and low cost reactor

223



operation, among which important are: (i) disruption physics investigation,
as the stored plasma column energy in reactor is very large, (ii) investiga-
tion of novel class of reactor instabilities (e.g. produced by superalfvenic
particles), (iii) internal and external transport barriers creation and control,
(iiii) controlled and safe heat and particle exhaust and plasma fueling,
erated currents, etc.

It is clear, that physics of high B plasma in marginally stable regimes,
with emphasis on conditions for nearly steady-state operation achievement
will be at the focus of tokamak investigation program in the near future.

Among high £ systems under attention now spherical tokamaks play a
significant role. The idea was pioneered by Peng and Strickler in the 80’th.
As it was pointed out in [1], when the aspect ratio A=R, / a of the plasma
column (here R, is the major radius) is substantially reduces with respect
to conventional tokamak range of A~3+4, there is a significant increase of
plasma column stability properties. Fig.1 illustrates such a reduction of
aspect ratio, by depicting the path of a magnetic filed line on the plasma
periphery. In conventional tokamak, - left side of the figure, - magnetic

Magnetic Surface

\

Magnetic Field Line

Fig.1 Magnetic field lines structure in the cases of conventional tokamaks (left,
q.~4) and small aspect ratio tokamaks (right, g,=12)

field line has comparable lengths in the regions of favorable (inner stable
region) and unfavorable curvature of magnetic field (outer unstable re-
gion). Variation of magnetic field across the plasma is small or moderate.
In the case of spherical or small aspect ratio tokamak, - right side of the
figure, - the field line path in the inner, stable region is significantly higher
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than in the outer, unstable region and the field line is mostly spines around
central bore of plasma column, where toroidal magnetic field is high and
curvature is favorable. The magnetic field gradients in the plasma column
are high. The most straightforward result of aspect ratio decrease is the
increase in plasma column MHD stability, which permits either to increase
significantly the plasma current, or to decrease magnetic field strength
without global and local stability deterioration. Lower magnetic field
operation reduces reactor cost (~B*).

Spherical tokamak parameters domain

High toroidal plasma current in low magnetic field is the key feature of
spherical tokamak (ST) parameters domain. The edge safety factor against
global kink mode instability could be approximately represented as fol-
lows:

qa ~{5a’Br/L,R} x { [1+K7( 1+ 28 - 1282 } x /(1 - 1/AH** , (1)
where: k - vertical elongation of plasma column, ¢ - triangularity. The first
term in braces is so called cylindrical g for circular column shape (g% ;).
The second term is shaping correction and the third one is toroidicity
correction factors. The minimum value of g, , corresponding to maximum
possible plasma current, is g, = 2+3 for conventional (high aspect ratio,
A>3) tokamaks. For the case of conventional tokamak significant are first

two terms. Equa-

' tion 1 can be
In(MA/mT k=2, =0 .

G ,-.".'-3-_ rewritten for the
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Dotted line represents conventional tokamak approximation. The values of
4. =3,4,5 are used as parameters for ){4) dependence. The simple plasma
shape with elliptical cross section (6=0) and elongation #=2 was chosen.
Significant increase of Iy with respect to conventional tokamaks approxi-
mation is the characteristic of ST domain 1.2<4<1.5 . High normalized
current leads to significant increase in plasma f= fyly, according to
Troyon scaling.

Dense and hot, high beta plasma to be obtained in new ST with strong
plasma current in low magnetic field. Theory predicts that at such condi-
tions plasma will have some properties different from conventional aspect
ratio plasmas. Among main are: high edge magnetic shear, very high
pressure gradients, low value of Alfven velocity and high dielectric con-
stant (0’,/@°,. ~ 10%). Some favorable predictions for this new parameter
range could be made already. Well known is the role of high magnetic
shear at the plasma edge in stabilization of peripherial MHD instabilities,
which could help in beta limit increase. Very high pressure gradients are
the drivers for self generated plasma currents and for ExB strongly
sheared plasma flows, stabilizing microturbulence by creating transport
barriers. High fraction of superalfvenic particles is expected to be gener-
ated during neutral beam injection or ICRH in moderate temperature, low
magnetic field plasma, which could be very helpful in experimental mod-
eling of reactor instability conditions (e.g. studying of TAE modes). High
dielectric plasma constant resulted in low phase velocity of electromag-
netic waves makes possible effective electron heating in the ion cyclotron
waves frequency range by use of high harmonic fast wave heating
(HHFW) scenario [2]. Strong poloidal inhomogenety of plasma provides
necessary conditions for externally launched lower hybrid waves absorp-
tion in the range of w~ 10 @y [3]. Other methods of auxiliary plasma
heating and current drive (CD) currently used in spheromaks and field
reverse configuration devices could be tested in ST (e.g. helicity injection,
rotation of magnetic field, etc.) [4,5].

Should be mentioned that other plasma dimensionless parameters used
in tokamak physics study change significantly in ST’s, i.e. particle trap-
ping edge fraction and normalized ion gyroradius are increased, normal-
ized connection length and normalized radius of field line curvature are
decreased. This gives opportunity to verify existent theory and computa-
tional models to new parameters range.
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Equilibrium and stability issues of spherical tokamaks

In addition to ST plasma properties described above there are many
poorly investigated phenomena which should be studied in the frames of
ST research program. Among main are other strong toroidicity effects, low
disruptivity, “natural” divertor configuration and unusual plasma behavior
in scrape of layer, new types of particle orbits, high normalized Larmour
radius effects, high density limits and other, which makes research pro-
gram of ST very existing and helpful for deeper insight into magnetic
confinement physics [6]. Many of these phenomena are the consequence of
ST equilibrium properties. High curvature of the field lines, high plasma
current and strong gradient of toroidal magnetic field, resulting in high
magnetic shear, have a strong influence on plasma column stability also.
This allows considering some issues of equilibrium and stability in ST
jointly.

In ST configuration one can not more use conventional tokamak
approximation Br /B,,;>> 1, as at the outer plasma column boarder (see
Fig.1) the poloidal magnetic field is dominating. Result is high outboard
pitch angle of the field line. When moving into the plasma core the field
line pitch angle is quickly decreases, producing high magnetic shear
{rlq}x{dq/dr} >> 1 , which has strong stabilizing effect. At the inner
plasma column boarder, contrary, the toroidal magnetic field is much
higher than poloidal one, and the field line has mostly toroidal direction.

Several important consequences arise from equilibrium properties of
ST. First - the vertical elongation of plasma column increases in uniform
vertical field [1]. Increased vertical elongation enhances plasma column
kink stability, by increasing the poloidal circumference of column (de-
creasing edge B,). In accordance with formula 1, edge safety factor in-
creases with elongation, g, ~ (1+4°)/2 .

Second - high I,,; component of plasma current is responsible for
paramagnetic effect, as the magnetic field produced by this component
adds the vacuum toroidal field enhancing it. As it was pointed out in [7]
the diamagnetic effect of high £ plasma counters the paramagnetic effect
of high plasma current and an absolute magnetic well can appear. The
example of magnetic surfaces reconstruction indicating magnetic well
existence in NBI heated START discharge is shown in Fig.3. The mag-
netic well appearance inside plasma column improves stability, modify
particle orbits reducing trapping and therefore increase current drive
efficiency.

8+ 227



Z(m)

0.4

0.2

0.0

«0,2 4

-0.44

Ligerfeaatsesifonnny
e

lines represent

010

0.30

0.40
Fig.3. START magnetic surfaces
reconstruction in high beta shot. Solid

surfaces

0s0 R @y

of IB‘

Magnetic well at ~ a/2 position appears.

Third consequence of ST
equilibrium is weaker influence of
current density profile shape on
safety factor spatial distribution.
Field lines at the plasma periphery
at the inboard surface of plasma
column have mostly toroidal
direction, as toroidal field is much
higher than poloidal one in this
region. Overall kink stability of
plasma column is provided by big
number of toroidal field line tran-
sits at the plasma periphery (in the
region of high magnetic field) and
doesn’t. dependent so much on
current density distribution as in
conventional tokamaks. This effect
results in “decoupling” of ¢(r) and
J(r) profile shapes [6], which is not
the case in conventional tokamaks,
and gives rise to new class of
stationary current density distribu-
tions, including hollow current

density profiles, stable for kink and double tearing modes. The example of
such equilibrium simulations for Pegasus spherical tokamak [8] is shown
on Fig.4. Stationary equilibrium current density profiles variety means that
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for the same total plasma current the internal inductance of plasma column
I; , which is the measure of profile peakedness, could change in wider
range than that appropriate for conventional aspect ratio tokamaks. As the
equilibrium vertical field, providing an inward force to balance the out-
ward hoop force of the plasma current, is linearly dependent on /; [9], it
must be taken into account in the design of plasma column control system.

In addition to equilibrium simulations MHD stability analysis is
desired to ensure the obtained p(r), j(r) profiles are stable with respect to
pressure gradient and current gradient driven modes. This becomes more
actual in ST case, as the class of equilibrium profiles is much broader
including flat and hollow profiles, producing very strong peripherial
gradients Vj(r), Vp(r). Such analysis was performed in [10] for the case of
NSTX geometry and high S, high £, conditions. It was found that, (i)
broader pressure profiles are better for stability and that, (ii) stable equi-
librium with very high fraction of pressure gradient driven currents exists.
The spatial distribution of current density is strongly influenced by high
components of locally generated peripheral Phirsch-Schluter and diamag-
netic currents. Overall net contribution of these components averaged over
the flux surface is zero. Main component of toroidal current is bootstrap
current (Zyo0151) and the current density distribution is hollow. High £, high
P, regimes are of great importance for future tokamak-reactor, providing
high gain, steady state, and low auxiliary power operating scenario, which
is impossible to realize in conventional tokamak geometry. As fusion gain
is limited by finite value of p ~ <p>/B’r , whereas bootstrap current value
is proportional to B, ~<p>/B,> ~ <p>/I,> . Combining S, we have
BB, ~ <p>*I(BF'L?) ~ FB/L,} . If Troyon scaling holds in reactor
(8= B /aBr), we have ff, ~ By , and the only way to increase fusion
gain and bootstrap current simultaneously is to increase fy. It’s impossible
to do in conventional tokamaks due to trade off between £ and f,: Their
product is limited by Troyon coefficient fy < 3.5 (ideal beta limit), or
lower value, due to soft beta limit. As it was shown in [11], there are
stable equilibrium conditions for ST with By < 10 and Jysoest. # 0.99 I, . The
description of such a scenario in ST reactor is a question, which is out of
the scope of this paper, and one could look into [12].

Different issue is nonideal MHD modes. Principal limitation of toka-
mak reactor performance is so called soft beta limit, caused by uncon-
trolled growth of neoclassical tearing modes (NTM). Flattering of in-
island pressure profiles lead to vanishing of bootstrap current inside
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magnetic islands and nonlinear increase of islands widths. This destroys
magnetic surfaces and deteriorates magnetic thermoizolation of entire
plasma column. To saturate the island width growth at the finite value, the
missed in-island current could be substituted by ECD externally driven one
[13]. Theoretical analysis applied for ST conditions showed that unstable
NTM’s could be avoided due to unique features of ST equilibrium. Large
Phirsch-Schluter currents in such equilibrium, represented by stabilizing
“Glasser” term prevent island width growth [14], providing conditions for
NTM’s stabilization.

There are favorable predictions for microturbulence suppression in
ST. In conditions of high beta, low aspect ratio plasma, losses caused by
ion microturbulence activity could be effectively reduced, or even sup-
pressed by sheared flow in crossed E, x Br fields. Radial electric field
value in tokamak can be estimated from the expression [15]:

E,=Vplezn;+ ViB, - V,Br , )
where: € - unit electric charge, z - effective plasma charge, »; - ion density,
V1, V, - toroidal and poloidal flow velocities. In the case of spherical
tokamak the pressure gradient could reach extremely high value, making
the first term dominating in equation 2 and an extreme high value of
electrical field could be reached. Corresponding shearing flow rate,
wgxs ~ (RBy/Br) x d{E,/RB,}/dr could be as high as wg.s ~10° 1/sec,
which is approximately one order of magnitude higher than microinstabil-
ity growth rate increment [12]. Fig.5 illustrates the result of simulations
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for NSTX conditions. Plasma energy losses are minimized down to classi-
cal ion transport losses across big region of plasma column.

Status of research

There are few comprehensive review papers summarizing experimental
and theoretical results of ST’s research during the last years, for more
details one could look in [6,7,16].

Few selected results, experimentally observed and theoretically ex-
plained, seem to be underlined once more, in spite of analysis made in the
papers referred above. First is the confirmation of spherical tokamak
equilibrium properties, basically predicted in [1]. Experiments on START
(Culham 1lab.), CDX-U (PPPL), Medusa (Wisconsin university) had
confirmed that high plasma current could be achieved in week magnetic
field and this is typical for spherical tokamaks. Other details of the ST
equilibrium were demonstrated. It was shown that experimental configura-
tions of plasma column with flat or hollow, low internal inductance j(r)
profiles exist with monotone, high shear g(r) profiles ensuring ballooning,
and kink stability of the column. It was shown also, that vertical stability
of plasma column is conserved up to significantly higher vertical elonga-
tions of plasma column than that appropriate for conventional tokamaks.
Very small values of dangerous halo currents, accompanying vertical
displacement events were demonstrated. The paramagnetic effect caused
by big poloidal component of plasma current was recorded.

In addition few novel features of ST equilibrium and stability were
observed. High beta shots, obtained in START machine, were character-
ized by very low edge safety factor value, which initially were regarded as
unstable. Successful were double null configuration discharges with
qos ~ 2.3. The enhanced, low g stability of plasma column couldn’t be
explained by existent theoretical models developed for conventional toka-
maks, especially taking into account kink modes coupling due to high
toroidicity effects. New method of plasma MHD stability analysis, based
on the principal role of separatrix current in providing enhanced stability
of ST plasma column, predicts even lower limit of kink stability (gos~ 1.1)
[17]. As the toroidal field in START was order of magnitude lower than in
conventional tokamaks, the normalized current, Iy = I,/aBr could reach
high values (about 7 in START) before the edge g decreases below 2.
Another reason for high beta regimes achievement in START was over-
coming of conventional tokamaks soft (v~ 2) and ideal (Gy = 3.5) beta
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One more example of unexpected phenomenon observation was dis-
ruption resilience demonstration. In early START experiments (until
1995) there was no hard plasma current disruption event recorded for
plasma with 4<1.8. Instead of disruptions, at the conditions close to
stability limit, the MHD activity event, called internal reconnection (IRE)
of magnetic field lines was registered. Such event, characterized by MHD
precursor and thermal energy quench, has much in common with hard
disruption event, except current quench phase. The phenomenology of this
event is discussed in [7] and declared that the main reason for current
disruption immunity was the existence of free space beyond the plasma
column in START. This allows plasma column to expand freely in vertical
direction after current profile flattering and drop of /, increasing the edge
safety factor with column elongation, in accordance with formula 1.
Plasma survives, conserving significant part of thermal and current en-
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ergy. Such picture was confirmed by recording IRE’s also in CDX-U and
Medusa [8,18], but no disruption immunity was registered due to the
vertical space limit. Later on, after divertor coils installation, limiting the
vertical plasma size, START plasma also lost disruption immunity.

Important are other experimental data, described elsewhere, confirm-
ing other features of ST. High density limits, in accordance with Green-
wald scaling were achieved (n ~</>,). Superalfvenic particles driven
instabilities were recorded. The favorable features of HHFW heating in the
ion cyclotron range of frequency and NBI assistant current drive were
observed.

Significant part of the work performed in the previous time interval
was connected with theoretical and computational analysis of experimental
data and making prospects for the new machines parameter range. One of
the principal tasks of next step machines program is how to realize favor-
able configurations of plasma column predicted theoretically and simulated
numerically? In other words, how to create necessary j(r) and p(r) pro-
files? In ohmically driven ST’s toroidal current density profile will be
peaked on-axis and monotonic, once the current profile relaxed. To
achieve distributions described in [8,10,11] the externally driven current is
necessary.

Auxiliary heating, current drive and profile control methods are the
key instruments for this task solution. Spherical tokamaks parameter range
makes possible the application of unusual current drive and auxiliary
heating schemes and more effective usage of well known schemes. Inter-
esting possibility of high frequency current drive will be tested at Globus-
M. Severe accessibility criteria make the usage of conventional lower
hybrid frequency range current drive ineffective for high density, low
magnetic field plasma, as the electromagnetic waves only with high N;>8
could penetrate into plasma. But, as it was firstly pointed out in [3], the
accessibility for the higher frequency waves, with the frequency ~10 @y
simplifies, if the waves are launched from plasma periphery with slowing
down in the poloidal direction. Note, that conventional tokamak scenario
for lower hybrid CD implies the toroidal direction slowing down of the
waves. In scenario proposed for spherical tokamak, grill must be rotated
90° around the axis of symmetry (Ng# 0, where 8 is poloidal angle). The
simulated efficiency of the waves absorption is dependent on the plasma
current amplitude and current drive efficiency could reach the value of
n~4-10" A/W-m’. Fig.7a shows the power deposition as the function of
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plasma minor radius for different plasma current amplitudes. Fig.7b
represents the driven current dependence with respect to total plasma

current.

204 p, W/cm®

I, = 300 kA

T 1
o8 1.0

r/a
Simulation results of
power deposition at the frequency
2.45 GHz for different plasma cur-
rents. The slowing down is in poloidal
direction (Np =0, No= 0)

Fig.7a.
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Fig.7b. The dependence of RF

driven current from total plasma

current amplitude for the Fig.7a

scenario. The central election density
is 5-10" cm™

Mentioned above was HHFW heating and current drive scenario in the
ion cyclotron frequency range, which is the main method for the NSTX
tokamak [19]. Ion cyclotron heating at fundamental frequency in light

atomic mass minority scenario, as
well as HHFW heating are planned
to be used at Globus-M spherical
tokamak as the main methods.
Simulations performed in the condi-
tions of high toroidicity, high mag-
netic shear and paramagnetic effect,
showed high single pass absorption
and narrow central power deposition
zone [20], which makes the heating
more effective than in conditions of
conventional tokamaks of compara-
ble size. Fig.8 illustrates the energy
flux variation and absorbed power
distribution inside plasma column.

In spite of variety of experiments
and simulations performed, there is
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still a big deficit of data to provide complete theoretical analysis and to
establish selfconsisting database for all phenomena observed. Another
reason sophisticating theoretical and computational data analysis is that all
experimental data were obtained in rather cool, collisional plasma in
conditions of typically pulsed machines with an extreme influence of
transient processes. The more significant is the success of experimental
and theoretical work performed, which demonstrated the spherical toka-
maks remarkable features and more intriguing is the expectations for the
results from bigger scale, higher performance machines.

Program and plans for spherical tokamaks research

Features and advantages of ST approach, i.e. high current in low
magnetic field and high plasma column stability resulted in record S
values, woke up the interest among the world fusion community for
spherical tokamak investigation program. There are few old and several
new experiments around the world (totally more than 10) continue and
start operation now. They can be tentatively divided into two groups with
respect to machine performance and expected plasma parameters, as proof
of principal and concept exploration devices. The map with spherical
tokamaks distribution around the world is shown on Fig.9, parameters of
several spherical tokamaks are summarized in the Table.

Research programs of new spherical tokamaks will be concentrated

@ Conczpt Expictaticn

Fig.9. Existing and retired ST experiments in the world.

around investigation of novel physical phenomena caused by ST plasma
properties and existing tokamak data base extension to the new parameters
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Table. Parameters of spherical tokamaks

Device |START|CDX-U| ETE [Pegasus|Globus-| NSTX | MAST
M

Country | UK USA | Brazil | USA |Russia| USA | UK
Location [Culham| PPPL | INPE | Wisc. | loffe | PPPL |Culham
Univ. |Institute
R, (m) 0.3 0.34 0.3 0.45 0.36 | <0.85 | <0.85
a (m) 0.25 0.22 0.2 0.4 024 | <0.68 | <0.65
A >12 | >1.5 1.5 1.1-2 15 [>125] >13
k <4 <16 [16-1.8]15-3.7]15-22|1.5-25]|1.5-2.5
I, MA) | 0.31 0.15 [0.22/0.4f 0.3 0.5 1 2
Br (T) 0.3 02 [04/0.8| 0.15 0.65 [03/0.6| 0.63
Additional|0.8 MW|[0.3 MW| Awaits | 2 MW | 2 MW | 6 MW | 5 MW
heating | NBI |HHFW | funds | ICRH | ICRH |HHFW | NBI
0.2 MW IMW | 5 MW {1.5 MW
ECRH HHFW| NBI | ECRH
1 MW
LHCD
1MW
NBI
Pulse | <0.04 | <0.05 | <0.2 | 0.05 <1 <5 <5

length (s)

range. It should be noted, that spherical tokamaks can operate in two
distinct regimes, one being similar to conventional tokamaks (high aspect
ratio regime) and another (low aspect ratio regime), which is completely
different from conventional tokamaks data domain, allowing generalization
of existent scaling laws and the development of new ones.

Investigation programs of different spherical tokamaks, as well as their
experimental possibilities allow crosschecking of results from one hand
and complementary from another. There are different auxiliary heating
methods planned for use in MAST, NSTX and Globus-M machines,
referred as proof of principal devices. As it could be seen, NBI and
HHFW heating methods could be checked in conditions of different ma-
chines. Another example is the complementary design principals, which
could help to make the proper choice for future big scale and costly ST
machines. MAST is constructed, as the big tank, with all poloidal coils
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placed inside and have big ballast volume, but more space beyond plasma.
NSTX and Globus-M has more close fitting vessels with lower ballast
volumes and lower space beyond plasma. MAST and NSTX have bigger
plasma sizes and higher plasma currents, but Globus-M has higher current
density and B/R ratio, both favorable for operation at higher plasma
density [21]. These machines capabilities variety will help to scan scaling
laws in maximum possible parameter range and extend significantly
existing tokamak data base. Now these machines are at the very beginning
of the research programs. First plasma results were reported. First plasma
traces in Globus-M tokamak are shown at Fig.10. Experimental possibili-
ties of the proof of principal machines and their research programs are
described in [22,23,24].

Ip, kA Hy- intercity, arb, urits
14 (ke
1] o
10 -
8
Q15
6]
Q101
4
21 Q5]
0 T T T T T T T T T ' 000 T T T T T T T
10 1 12 13 4 15 16 17 18 19 X 10 11 12 13 14 15 16 17 18 19 2
tns tms

Fig.10. First plasma in Globus-M tokamak. The left trace — the plasma current,
the right trace — the intensity of hydrogen Balmer alpha line

Physics investigation of marginally stable regimes with high Iy and £y
values, study of disruption physics and physics of new classes of plasma
instabilities, creation of stable transport barriers, physics research of
divertor and scrape of layer, development of CD and auxiliary heating
methods for j(r) and p(r) profile control, achievement of low auxiliary
power regimes with high selfgenerated plasma currents, technology and
engineering development - are the key tasks of new spherical tokamaks
research programs.
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Conclusions

Spherical tokamaks, combining properties of tokamaks, such as high
stability and confinement, with compactness of spheromaks and high betas
appropriate for field reversed configurations, many of which were experi-
mentally demonstrated, should be regarded now as very important branch
of magnetic confinement research which could contribute a lot into fusion
science and development of neutron sources and power plants.

Unusual plasma parameters domain, expected in spherical tokamaks,
with high pressure and current density spatial gradients, high magnetic
shear, severe toroidicity effects gives impetus for modification of existing
tokamak theoretical models, computational tools and creation of new.
Experimental verification of such models must help in: (i) understanding of
basic physical processes in high performance (hot, low collisionality) ST
plasma with contributions into the development of selfconsistent theory of
tokamak plasma and in (i) making a significant step in approaching to
advanced tokamak concept regime characterized by high confinement, low
auxiliary power, steady state operation.
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PROPAGATION OF WEAKLY DIVERGENT
MICROWAVE BEAMS IN TOKAMAK PLASMAS

A.D.Piliya, A.N.Saveliev

A F.Ioffe Physico-Technical Institute, St.Petersburg, Russia

An approach which treats microwave beam as a superposition of wide
“virtual” beams unaffected by diffraction is proposed. A code based on
this method is developed.

Calculation of the microwave fields radiated by a wave-guide antenna
in tokamak plasmas is a difficult problem not fully solved up to now.
Since equilibrium plasma parameters vary little over a wavelength in the
microwave frequency region, the multidimensional WKB theory seems
to be a suitable tool for treating the beam propagation. However, the
WKB method ignores effect of diffraction, and, for this reason, breaks
down in the wave zone at a distance L>(w/)D?, from the antenna,
where D, is the antenna diameter. In large tokamaks, the wave zone may
occupy a noticeable part of the plasma volume. Then direct application
of the WKB method is inadequate. Since these limitations are related to
the beam diameter value D,, we could avoid them by representing the
actual narrow beam as a superposition of much wider beams whose
diameter D satisfies (w/)D2>>a, where a is the minor radius. These
virtual beams are unaffected by diffraction within the plasma and may be
treated using the WKB theory. Their initial phases and amplitudes must
be adjusted in such a way that the superposition as a whole satisfies the
boundary conditions. The actual beam is a result of interference of the
virtual beams. The interference pattern changes as these beams travel
through the plasma, describing evolution of the real beam.

Assume that the electric field on the plasma boundary at p=1/ is given in
the form. :

E©6,p)=E"* =2(0,0)U(0~05,0 ~ 0, )expfic [n,(6 ~6,)+n,(p - 0,)1} ()
Here (p, 6@ are flux surface related co-ordinates, £ is a unity
polarisation vector, o =(wa/)>>1, ny and n3 are constants of the order

of unity and (6p ¢p) are co-ordinates of the amplitude U maximum.
Now, Fourier transforming the amplitude U, present the field on the
boundary surface as
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E* = [E}(0.9)d7 )
where y is a vector with covariant components {0, ¥, ¥3}. The amplitude

spectral width Ay) is related to the beam angular size 46~D,/a by

Ay2A6~1/c. For certainty we assume the ordering Af~Ayr~c1/2<<].
We present the beam electric field everywhere in the plasma in the form

E= [E,(7)dz 3)
The virtual beams E z (?) are the solutions of the wave equation

satisfying E Y (;:)Ip=l = E’lb (8,9). According to the above consideration
they can be found using the WKB approximation. In the simplest case
with no wave reflection or mode conversion

E, =¢e, (r)A,(F)explicS,(F)} , 4)
where é'z, A, and oS, are the unity polarisation vector, the amplitude
and the eikonal, respectively. Further we ignore weak y-dependence of
e .- The ray approach is used to find the virtual beams. In the phase

space {p, 6Ny} rays map the line Ny=n)y+y) given at the surface p=1
into a continuous curve M, (p,6) at any surface p=const they reach.
Suppose that the value @,(p) of the function S, is known at the point
P{p,09")+50,p9()+5¢p}, which is the map of the point
Po{p=1,60,<p0}. Then

)

$,F)=0,(p)+ [M,(p.0)d6 +(n, + 2,)lp -0 - 50) (5)
oir)vo0

Equation (5) implies that M, is an unambiguous function of the poloidal

angle. This is the case only close enough to the antenna, at larger

distances it typically has an S-like form. This means that three different

rays come to the same spatial point here. The points &*, where J M,
/08—»co, form continuous curves in the (p, § plane which are known as

caustics for given mode y (Fig.1,2). The caustics are similar to the mode
conversion surface in the 1D WKB theory. In their neighbourhood Eq.(4)
is modified to give in the propagation region

El =g [A; exp(iaS,) — i Ay exp(icS, )] , (6)
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and E,=0 in the evanescent region. Here superscripts / and R denotes
incident and reflected waves and S:,'R are given by Eq.(5) with the

integration limit & belonging to the different brunches of M, ().
To find the y-dependence of M, note that displacement of the phase
trajectory resulting from small perturbations of the initial conditions

n;j—n;+y; depends on the perturbations linearly:

o0(p, 0)=a.x:» 6p(p,X)=PBxi» M(p, %)= (7)
The coefficients «;, f;, 1, are slowly varying functions of the initial
poloidal angle and can be considered constant over the beam. Then,
M ,(0)=M,(0-50)+0M at small y and reference phase @,(p) at

the point P{p, 89(")+66,pg(P)+ 6} is given by
1
©,(p) = Po(p)+ Mo(p: 6”05 ") 80 + 1 8p+ = Iy 1 s » (®)

where A, (p), (i,k =2,3) are quantities of the order of unity. The

amplitude 4, of the virtual beam can be obtained from the Poynting
theorem applied to a bundle of rays. Its variation is due to change in the
group velocity, the effect of convergence or divergence of the bundle and
the wave damping. Ignoring, for lack of place the last factor, the
amplitude can be presented similarly to the function M, in the following
form:

AR (F)=U,Gy*(p,6 - 56) )

-1/4

Close to the caustics, GZ oc‘e—é?‘ at 0 >80 i the allowed

region and equal zero in evanescent region. Substituting obtained
expressions for the eikonals and amplitudes into Egs.(6,4,3) and
assuming the Gaussian boundary conditions with
U, =Cexp(-b; x; x:), one integration in Eq.(3) can be performed
analytically with the use of a proper change of variables. This reduces
calculation of the beam electric field to evaluation of a 1D integral
whose integrand involves the “fundamental” virtual beam Ep and
elementary functions. -

Using the above approach a numerical code calculating microwave beam
electric field in tokamak plasma has been developed. In this code all
necessary functions entering Eqs.(6,7,8,9) are calculated directly from
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the ray data without using the perturbation theory. Numerical examples
(Fig.3,4) and illustrations (Fig.1,2) are given for a TEXTOR-like
tokamak with the parameters: Rp=1.75m, a=0.48m, B1p=2.2T,
neo=1.5'101 Im-3, T, e0=1KeV, @/27=60GHz. The temperature and
density profiles are parabolic and the antenna is on the high-field side of
the tokamak off the equatorial plane (Fig.2).

Fundamental mode caustics TEXTOR-like tokamak
< o2n=60 GHz
60 60
\\.40 40
§ 2 g. 20
§ -20 B 20
-g 40 g 40
] -£0 ECR
120 180 200 240 ‘ 120 160 200 240
Major radius, cm Major radius, cm
Fig.1 Fig.2
——— High-field side, p=0.5 — High-field side, p=0.3
........ Low-field side, p=0.5 -~ Low-field side, p=0.3
20 14
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16
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12 . 08
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Fig.3 Fig.4
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MODELING OF THE COULOMB COLLISIONS
FOR KINETIC DESCRIPTION OF ECR PLASMA HEATING

A.G. Shalashov, E.V. Suvorov
Institute of Applied Physics, Nizhny Novgorod, Russia

ECR plasma heating is analyzed basing on 2D kinetic equation for
electron distribution function with Landau collision integral and an
operator of quasilinear diffusion being taken into account. Two ap-
proaches for simplified account of a collision term are tested for a
model problem. Numerical solutions obtained indicate the similar dy-
namics of the total electron energy for both types of collision integral
under consideration. For the regime of quasistationary ECR heating
the qualitative analytical approximation is developed.

Under cyclotron resonant plasma heating distribution function of the reso-
nant electrons can deviate from the Maxwellian. This is significantly more
pronounced in low-density high power ECRH condition where kinetic ef-
fects modify rf-power absorption rate. Combined action of resonant rf-
field and Coulomb collisions with non-résonant particles results in the
change of the whole electron distribution function displaying as heating of
bulk electron component in the long run. Such a situation is usually de-
scribed by a kinetic equation in which there is a collision term as well as
quasilinear diffusion term representing an interaction with EC waves

L LI+ L0 0

The well-known representation of a collision term I:c is Landau colli-

sion 1ntegral (or its modifications). However, in a case of ECR plasma
heating, when the distribution function can be distorted in the region of
thermal energies, including of full Landau collision integral in a kinetic
model is related to substantial numerical difficulties and requires a lot of
computational time for complex multidimensional situations. Thus, differ-
ent approaches for simplified account of a Landau collision term are of
interest. Two widely spread possibilities of such a simplification adopted
- for the description of heating in the main body of a distribution function
are considered below.

That is, first, the linearized collision term obtained from Landau colli-
sion integral assuming that deviations of electron distribution function in-
teract with “background” distribution specified as being Maxwellian:
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LI1=L e N+ LA A1, @
where f,, and f,;, — Maxwellian distributions of electrons and ions. The

problem is, however, that within this approximation, the electron-clectron
collisions do not satisfy the energy conservation law in general. For exam-
ple, assuming that energy losses are absent and the temperature of the
background electron distribution f,, is constant, one can obtain a steady-

state solution of a kinetic equation in which absorption of rf-power is
nonzero. To model cyclotron heating of bulk electrons we suggest in our
simulations that all the absorbed rf-power is immediately transmitted to
the background electron distribution, more exactly, that the background
temperature 7,(¢) is increasing in time according to the “balance” equation

3d r
EEN‘n:Pabszj%mcszﬂ[ﬂ dv, 3)

where P, (¢) is total rf-power absorbed by resonant electrons.

The second approach analyzed is based on a "truncated" nonlinear in-
tegral, corresponding to the zero-order Legendre harmonic of a pitch-
angular expansion of Landau collision kernel. The operator can be ob-
tained if isotropic function appropriate to pitch-angle averaging of a real
electron distribution function is used as a background distribution:

r [ ee reir i 1

LIN=LkNAN+LLL N, (D=] fopau, @
with 2 being a cosine of an electron pitch-angle. In this case, e-¢ collisions
conserve the total energy automatically (to satisfy the momentum conser-
vation one should include the next-order Legendre harmonic). This ap-
proximation becomes exact in the limited case of strong isotropization of a
distribution function, for example, due to the strong collisions with multi-

charged ions.
Both approaches (2), (3) lead to the same form of collision operator:
; 19 2( o ) 0 2\9f
L [fl1=—=—Vv|D,,—+F,f |+\WVL+v}) —l-u")—. 5
¢m 02 av ee av ecf (ee ez) aﬂ( ﬂ )aﬂ ( )
Diffusion coefficients D,,, v, , v4 and collision friction force F,, are
given in explicit form in Appendix. Note that electron-ion energy exchange
is neglected, so the ion part results in a pitch-angle scattering only.
To test the collision operators under ECRH conditions a model situa-
tion has been considered when spectrum of a heating radiation is given and
has noise nature in a finite frequency bandwidth

245



1, if w € (0, @,) ©
270 ifoe(@,0,)
This can describe monochromatic heating on a single magnetic surface in a
toroidal geometry, when effective broadening of a heating spectrum corre-
sponds to cyclotron frequency variation on a magnetic surface. Heating by
EC mode propagating transverse to the magnetic field is analyzed. In this
case quasilinear diffusion occurs over transverse velocities and results in
the following expression (see €.g. Ref.[1]):

A 1 0 %)
qu[f]z-———(leq,-L) , U =oAl-p?, y=ovu. (7
v, aD.L o L qlzconst

This term is nonzero in the limited resonant region vo— Av< vV < Uy, + Av
in a velocity space where cyclotron resonance condition is fulfilled:

Wy = SO N1-0%/c% € (@, @,)=> D, #0 if p-vy < Av. ®)
To be definite we investigate ECR heating at the second harmonic by ex-
traordinary mode (D, ~v, v}). The evolutions of initial Maxwellian

distribution with natural boundary conditions ( f],_, and f] |, are limited,
oo =0, O /6,u|”=0 =0) will be compared for both collision models.

Numerical simulations demonstrate that there are two different stages
in the evolution of a distribution function within kinetic equation (1). First
stage is characterized by fast quasilinear plateau formation without sig-
nificant variation of the total electron energy. The next more slow stage is
a stage of quasi-stationary heating when substantial growth of the bulk
electron temperature occurs.

The first stage is illustrated in fig.1 in the most interesting case when

quasilinear plateau formation time f,, ~ Av’D;; is smaller than e-e colli-

sion time in a resonant region v,'(v,). Linearized collision integral is
used; it should be noted, however, that using “truncated” nonlinear colli-
sion integral yields quite the same results. Initially distortions arise in the
localised resonant region in a velocity space (see curves 1-2). Than, colli-
sions with non-resonant particles result in a slight modification of the
whole electron distribution function when quasilinear operator acting in a
narrow resonant region pumps electrons from low to high energies (curves
3-4). After all, this effect results in the growth of total electron energy in
the next stage of quasi-stationary heating (curves 5-7).
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Fig.1. Formation of distorted distribution Fig.2. Evolution of total electron energy

function (linearized collision term). (1D model)

Here v and v.=v..(v.0) — initial

thermal velocity and initial ther-

mal e-e collision frequency

To check the validity of presented technique for the description of

heating process we consider first the 1D kinetic equation obtained by pitch
angular averaging in the presence of strong isotropization mechanism

1.2
7 2.+ o)L+ Earl. (D)= [ Dyt mau. O

For isotropic distribution function, nonlinear collision operator (4) is ex-
act. In 1D case, we performed direct comparison of solutions obtained
with the exact nonlinear collision integral (4) and with linearized collision
integral (2).
As an example, two curves for evolution of total electron energy
W)= 20" fdv (10)
obtained from strict nonlinear and linearized 1D models are pesented in
fig.2; the background electron energy obtained from balance equation (3)
for linearized model is also presented. One can see that the linearized mo-
del is rather accurate. However, there is a slight difference between total
and background energies, but their time derivatives are equal in the quasi-
stationary stage. It means that linearized model for e-¢ collisions conserve
a total energy asymptotically. For 2D case, we have approximate solutions
only, but the figures obtained are quite similar to the 1D case — asymptotic
conservation of energy is established in quasi-stationary stage for line-
arized model, and this provides self-consistent description of heating both
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for linearized and “truncated”
nonlinear collision operators.

The dynamics of the total
energy and the power absorption
for different heating intensities is
presented in fig.3. Absorption
drops in time due to the quasiline-

N
(3]
J

W1 W©)

-
L

35 ar plateau formation, and this ef-
& fect becomes stronger with input
9;5 power increase. On the other
0- hand, total energy evolution tends

[ Ll I T ' L] I T ' . . .
o 5 10 15 x| t© universal one with the heating

time axis V.t intensity increase, i.c. absorbed

linearized coll. term, i=v., AU=0.30,0| RF power is independent of the
input power at high values of

input power.

The latter effect came under-
stood in a following way. Absorption of rf-power (3) is proportional to the
input power multiplied by velocity derivative of the distribution function in
the resonant region: P, ~ D, df/ Ov . Starting, for simplicity, from the
stationary 1D kinetic equation and assuming that the distribution function
remains close to the Maxwellian:

of co Y o F
(Dee+<Dql>)a+F;ef~0=>au D +<D > fM’ (ll)

one can obtain the total rf-power absorbed by resonant electrons:
Pab _PM /< > ’ Pag'sm Nsmcvg AU F;e(vo)fM(Uo), (12)
ql

where P;” depends on the temperature of bulk electrons, but not on the
input power explicitly. Hence, no dependence on input power is expected
when input power is high (D,,)/D,, >>1. Substituting P,;(7,) into the

energy balance equation (3) yields the universal temperature evolution in-
dicated in fig.3:

Fig.3. Heating process depending on
O =va/v.

1,0)=" G (1 + %) (13
where t,,, =0, v;}(U,)/ Av is the characteristic time of quasi-stationary
evolution; u,=v, /«/ 2T, m," defines the initial electron temperature; uni-
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versal function G(@) is obtained using Eq. (A2) for collision friction F,
an (¢ 3/2 1y o, e N
GO)== e L s‘eds| dy; (14)

and G™'(x) - inverse function to G(). Approximation (12) is valid when
variation of the distribution function in a resonant region is small
Af << £,,(,) (e. Av<<v}/v, ), and the time t,,, is much greater than

the plateau formation time t,, ~ Av’D,; and the collision time v, (u,).

Presented results demonstrate that quasilinear modification of electron
distribution function and related to it variation of energy deposition profile
can be described using approximate linearized collision integral with elec-
tron temperature of the background Maxwellian distribution varying ac-
cording to the calculated absorption of rf-power obtained, in general, using
an energy transport model. The work is supported by Russian Foundation
for Basic Research Grant #98-02-17204.

Appendix

For electron velocities significantly greater than ion velocities the collision frequency of
electron-ion pitch-angle scattering is (Z is ion charge number)
viL)=3Z v, W), v.(v)=47"N, InA,/m}v*. (A1)

Electron-electron part of a collision term (2) linearized with f;, = N,z %0 exp(-w*),
w=u/,, v,(t) — thermal velocity of bulk electrons, is defined by the coefficients:

F, (v)=v, (v)v Ie"z s*ds ,D (v)—— -F,(@), (A2)

()= —— | we™ +@-w?)[e*s%s |, A3
VL) =v,.(v) v (we +2-w )‘[e s s] , (A3)
Coefficients for "truncated" nonlinear Landau collision term (4) are

F,,(v)=v,,(v);/ }u’(f)du D, (v)= v,,(v)—( j S du +v Iu(j)du) (A4)

€0

vE)=v, () 47 ( j 2(/’)du —— |u*{(fydu+= Iu(f)du) (AS5)
These expressions have been obtained, for example, in Ref. [1].
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ABOUT THE GEOMETRICAL OPTICS OF EC-WAVES
IN SUBRELATIVISTIC PLASMA

M.D.Tokman, E.Westerhof " MA.Gavrilova

Institute of Applied Physics of the Russian Academy of Sciences, Nizhny Novgorod,
Russia

* FOM-Instituut voor Plasmafysica, ‘Rijnhuizen’, Trilateral Euregio Cluster,
Associatie EURATOM-FOM, Postbus 1207, 3430 BE Nieuwegein, The Netherlands

A modified expression of the wave energy flux and a new expression
for the ray Hamiltonian in anisotropic dissipative media are proposed.

As is well known, there are no general phenomenological expressions for
such characteristics as the wave energy density and flux or the group
velocity in case of media with dissipation [1]. The situation becomes far
more complicated if apart from absorption one also has to take into
account the spatial dispersion. Exactly such a situation is characteristic
for electromagnetic wave propagation in plasma near the zone of
electron-cyclotron resonance (i.e. for the so-called EC-waves). In the
latter case this problem is closely connected to the problem of the correct
development of ray-tracing in the ECR zone. The problem is that near the
ECR the Hermitian and anti-Hermitian parts of the dielectric permitivity

tensor (&l and €() are of the same order of magnitude. Though the
dispersion equation

2
D(o,k)=det[D,, | = det||5,,,k* ~ k &, - ‘;’—zsm =0

pm H =

has solutions for real @ with weak dissipation (i.e.[Rek|>>|Imk|),
nevertheless, the real and imaginary parts of derivatives
[Re(D!,D;, ) o [Im(D?, D}, )] are of the same order of magnitude.in the center
of the electron-cyclotron absorption lines which appears to require the
determination of ray traces in complex space. Moreover, also the standard
expression for the wave energy flux

¢ .. 0D,

S=S +8§, = EE,
1670 ok

2
(where S, =8c—Re [E[kE]] is the pure electromagnetic component (the
10]

. o 08, . o
Poynting vector) and S =- %EPEm ﬁ is the kinetic component (the
T
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energy carried with plasma particles, i.e. the so-called «sloshing»flux)
becomes complex in this zone. Note, that the quasi-standard expression
for the energy flux (with the substitution €, =¢% ) remains true in some
special case (see, e.g. [2]).

In the present work these problems are solved by the determination of
a modified expression for the wave energy flux (for stationary wave
field e™") in anisotropic dissipative media and by the development of the
corresponding expression for the ray Hamiltonian that determines the ray
traces along this modified flux.

In accordance with the routine procedure let us start from the
Poynting theorem in general media:

divSe=—%Re(jE') (1)
(where j=oE is the current generated in plasma by the wave field E.)
For wave fields E=E_(r)exp (— iot+i J'ko dr) with «slowly varying»

complex amplitude (E % <<k, ) it sometimes is possible to separate
r

from the right hand side of (1) a term in the form of a divergence of a
vector and then add this vector to the Poynting flux in left hand side of
(1). The resulting vector may be regarded as the full wave energy flux
including both the electromagnetic component and the sloshing flux.

Now let us, for simplicity, carry out this procedure for anisotropic
media without spatial dispersion:

divS=-Q )
Q=i D@EE
8no M PT

(where S is the standard expression for the wave energy flux with

D,, =D$)). Due to the fact that in anisotropic media wave polarization
depends upon the wave propagation, i.e. the RF-field amplitude may be
represented in the form [2]:

E (r)= [eA(r)- iALe, -,
where |A| is the scalar wave amplitude (the square root of the intensity),
arg|A| is the wave phase and e(k) is the polarization vector which is also
the eigenvector of the tensor D, corresponding to its zero eigenvalue.

The source term Q in (2) depends correspondingly on the width of the
spatial Fourier-spectrum of the wave field, so, Qoo |A|2 /6 r . The
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account boths of the spatial dispersion and dissipation [2] adds in (2) the

2 0 argA

or
of divergence terms in Q and q in the quasi-optical limit after some

cumbersome mathematical manipulation (taking into account the relation
D® e, =-D&%, ) one can rewrite the Poynting theorem (2) with the
additional term q again in standard form divS, =-Q, with a modified
source term (just the change of the central wave vector k, to the current
+Varg A) and a modified wave energy flux

A 8 w
"= leno 5k S0PR)

. As a result, due to the presence

o g
additional term q o a';'(“ |A|

wave vector

D}(,:,H) (it is obvious that in case

D& =0 this expression is equivalent to the standard one). In dissipative

media both expressions differ from each other only by the presence in
the modified flux of the derivatives of wave polarization vector along the
wave vector k. So, one may draw the conclusion that this difference
becomes most significant for situations with strong dependence of the
wave polarization on the wave vector. Exactly this situation is
characteristic of EC-waves. This is illustrated in the next figure [3]:

where the polarization vector depends on

. [y o
.

201 S

O-mode
00=2.29° 7

15

X-mode
00=10°

propagation angle [degrees]
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[}
[}
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Propagation angle depending on frequency for T.=1 keV, (u),,/co)2= 0.7

In the picture the angle of wave propagation with respect to the normal of
the magnetic field is given (the straight thin dotted lines correspond to the
«cold plasma» approximation; the dotted lines the standard wave energy
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flux; dashed lines the modified energy flux and full lines are the wave
traces calculated on the basis of the «group trajectory» method [2,3])

It is clearly seen that the differences between the direction of the
standard flux and the direction of the modified flux or the actual wave
beam trajectory is most significant in the vicinity of the ECR zone where
wave polarization vectors are most sensitive to wave vector variations.
Note, that the expression for the modified wave energy flux includes

e, D =Re) (where A is

p m™ pm

the eigenvalue of the tensor D, , ep(}») is the eigenvector of D,,
corresponding to the A =0 which satisfies the dispersion relation). Thus,
this Re A (k,r) may be regarded as the ray Hamiltonian for EC-wave ray-
tracing. Determined in such a way ray traces are automatically consistent
with both the «group trajectories» and modified wave energy flux as the
previous picture shows.

The small remaining difference between the modified flux and the
group trajectory for the O-mode case is due to the assumption of small
absorption (|Rek|>>|Imk|) which is only marginally satisfied for this
case. Almost exact agreement between the two curves would be obtained
when the imaginary part of wave vector is taken into account The
imaginary part may be determined, for instance, by some auxiliary
relation.

The work has been performed under support of the Russian
Foundation of Basic Research (the grant No. 98-02-17204).

*

under the derivative along k the expression e
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MODIFICATION OF ECE SPECTRA DUE TO
THE QUASILINEAR EFFECTS AT ECR HEATING
IN TOROIDAL PLASMA

A.G. Shalashov, E.V. Suvorov
Institute of Applied Physics, Nizhny Novgorod, Russia

We consider an opportunity of diagnostics for ECRH driven qua-
silinear modification of electron distribution function in the case of
transverse low-field side injection of heating rf beam. The diagnostics
is based on measurements of ECE spectra of toroidal plasma in the
vicinity of a heating frequency. As an example, numerical simulations
for quasilinear disturbances of ECE spectra are performed for low-
density high power ECRH regime of W7-AS stellarator.

Modification of electron distribution function under cyclotron resonant
condition in toroidal plasma is well pronounced for HFS injection or
oblique launch typical of ECCD experiments, when EC waves interact
with energetic electron populations. In the opposite case of a transverse
LFS injection in ECRH experiment in optically thick plasma, cyclotron
waves are absorbed presumably by low energetic electrons, so ECRH
driven quasilinear effects are strongly suppressed by Coulomb collisions.
Under these circumstances quasilinear effects result only in small shift and
expansion of rf-power absorption region. However, this may be of impor-
tance in suppression of MHD instabilities when fine localization of energy
deposition profile is needed.

In the present communication, we discuss a possibility of ECE diag-
nostic of quasilinear effects when rf-power is deposited to low energetic
electrons and no substantial tail formation is expected in the electron dis-
tribution function. The diagnostic is based on the increase of ECE level
around the resonant frequencies due to effect of quasilinear degradation of
EC absorption coefficient.

Specific feature of ECR heating in toroidal geometry is that even for
monochromatic radiation heating process is of stochastic nature due to
rotational transform — every electron moving over the magnetic surface
crosses rf field region with randomly different detuning between the fre-
quency of heating radiation and local gyrofrequency. This results in effec-
tive broadening of heating radiation spectrum from the point of view of
electron distribution function modification.
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Following [1] we model this situation by slab geometry in which mag-
netic field is monotonously varying in the direction transverse to it, all
other plasma parameters being constant and heating radiation with noise 8-
correlated frequency spectrum is launched transverse to the magnetic field
from the low-field side. To be definite we take linear dependence of mag-
netic field B on z-coordinate

B=B,-(1+z/L;), B, Lz,, 1)
which is applicable in the localized rf-power absorption zone. With the
heating radiation propagating in z-direction ECR condition is also z-
dependent due to magnetic field inhomogeneity:

@, =50,(2) 1}1 - (v/c)2 , @ (z)=eB(z)/mc. )
Evolution of the electron distribution function f(v U2 t) is governed

by a kinetic equation in which a collision term and a quasilinear diffusion
term are included:

_aa—;fzf‘c[f]-'-l:ql[f]' (3)

Quasilinear operator I:q, for a fixed z depends on effective spectral den-

sity of rf-energy, which satisfies the radiation transfer equation
0
il I«ﬁ' — —EC Ieﬁ" , 4
5l = L C)

where 1% (,2,t) is the effective intensity of the heating radiation. Cyclo-
tron absorption coefficient 4™ is calculated with taking into account the
quasilinear modification of electron distribution function, so there are two
coupled equations — the initial problem (3) for the electron distribution
function and the boundary problem (4) for the spatial distribution of the
heating radiation spectrum.

A steady-state plasma condition is investigated, so linearized Landau
collision term with the “background” Maxwellian electron distribution and
constant electron temperature 7, is used for simulations [2]. Numerical
calculations are continued until stationary solution has been established.

The solutions obtained are used for the calculation of disturbed ECE
spectra using the radiation transfer equation for the effective radiation

temperature 7, of EC emission:
0
ST = A - u™T,, ©)
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where both the emissivity 4° and the absorption coefficient 4 are

defined by the calculated electron distribution function (3).

Note that normal waves and ray trajectories for heating radiation (4)
and emission radiation (5) are different in general. However, maximum
disturbances are expected for ECE spectra at the same harmonic as the
heating radiation when the ray-trajectories of the detected emission coin-
cide with those of the heating rf beam. In this case, at each z-point ECR
conditions for ECE and for the heating radiation are the same, so devia-
tions from thermal ECE are located exactly in the frequency band corre-
sponding to the effective heating spectrum. For the emission at other har-
monics these deviations are less pronounced, so they are of minor interest.
To be definite we consider X-mode heating at the second harmonic and EC
emission in the same mode. A full dimensionless formulation of the prob-
lem one can see in Appendix. There are three parameters in the problem:

1) the effective ratio of quasilinear to collision terms g ~ I:q, / I:c which is

proportional to the injected rf-power, 2) the optical depth 7 of initial
thermal plasma layer, and 3) the normalized spectral width of the heating
radiation (see Eq. (A9) for more details).

Before going to the results of numerical calculations, we make a few
evident remarks clarifying the dependence of the level of ECE distortions
on the parameters. If ECRH power is so high that Coulomb collisions can
be neglected with respect to quasilinear diffusion (i.e. g— ), than plateau
formation results in zero EC absorption when resonant condition agrees
with resonant heating condition, and the value of EC emission escaping
from the whole plasma layer may be estimated as

T, = [AFdI~g, T, ©)

This is obtained under assumption that emissivity is close to the thermal
one (number of resonant electrons does not vary substantially) and defined
by Kirhgoff’s law: 42° = 4,;° -T, . The same is true for optically thin plas-
ma layer (7, 1) independently of all other conditions. For LFS injection
into optically thick plasma layer (z71) the main part of rf-power is depo-
sited into low-energetic particles being subjected to strong Coulomb colli-
sions (v~ ). This results in thermal EC emission just as for collision
dominated case. For intermediate case 0<7,<co there should be optimal va-
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lue of optical depth at which the deviation T /T, radiation temperature, ECE

of ECE from the thermal level is maximal. no:Collisions: 7,~ 1T, |
The summarizing results of numerical ,| '.-' P
calculations are shown in fig.1. Higher op- / \to HFS

tical depths correspond to ECRH driven 3f
“transparent” regions, which are more shi-
fted to the low-field side. This causes diff-

to LFS \

erent dependencies of emissionto highand 1}/, .-z-oooooven-nn- -
low ﬁelg directions on optical depth: the ’ th?rma' RS
maximum possible distortion is for emis- i) 5 10 15
sion to HFS, but in optically thick plasma Optical depth (thermal) 7
emission to LFS prevails (see the figure). Fig.1. Solid line — EC emission

Example of simulation corresponding  to LFS, dashed line — to HFS
to ECR heating in low-density discharges of W7-AS (when ray trajectories
may be approximated by strait lines) is presented below. The heating rf-
power is injected into the plasma cross-section with tokamak-like magnetic
geometry. In order to increase the width of effective noise spectrum the
direction of rf beam launch is assumed to be inclined with respect to the
equatorial plane (see fig.2). The effective spectrum of heating radiation is
obtained from geometrical considerations (see [1] for more details) under
assumption of step-like distribution of rf-power over the beam cross-
section. ECE spectra are calculated for the radiation escaping from the
plasma in two opposite directions: (I) in the direction of the heating rf
beam propagation' and (II)
backward direction. Gener-
ECE ()) ally, both quasi-linear per-
..--"'I' turbations of ECE signal
th and its variation within the
- i beam cross-section are of
‘Iﬂ/ - 1 Jr the same order, so the ob-
ECE (I) T i served antenna response
! should be obtained by inte-
grating over set of rays
modelling the antenna ra-
9 diation pattern. We present
Fig.2. W7-AS ECRH experiment (X2 140 GHz)  below results of calculation

Second radiating zone
Absorption zone

LH=120 cm

Scm] )

25 cm

-

' It should be kept in mind that due to rotational transform the system of ECE registra-
tion can be shifted toroidally to avoid the direct light of heating rf-power.
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of ECE radiation temperature along the central ray, having in mind that
effect of finite receiving antenna radiation pattern results in some broad-
ening of registered spectrum without its significant modification near the
central line.

The maximum perturbations are expected for EC emission from the
power absorption region, but they are localized in the vicinity of the heat-
ing frequency, where its registration is complicated due to a strong back-
ground of stray-radiation. So, calculation of shifted ECE spectra, which
are formed at the same magnetic surfaces for other values of a toroidal
magnetic field (see fig.2), is included also.

Calculated stationary ECE spectra are presented in fig.3a for more or
less standard experimental conditions. In this case about 50% increase of
ECE level in the main peak may be achieved for emission to the backward
direction, and emission to HFS direction (i.c. along the heating beam
propagation) is suppressed. The minor peak at f~1.5 GHz is formed by
radiation from the zone, which is “opposite” to the power absorption zone.

To demonstrate the most pronounced influence of quasilinear effects
we simulate the case close to the optimal point in fig.1, which corresponds
to enhanced level of ECRH power and low-density operational regime (see
figs. 3b, 3c).

LIT, (a3 LIT,  (b) LIT, (o
1.6

Pp=IMW 4| PBp=1MW

14 T,=1.5keV L T,=1.5keV
: N,=2:10%cm> 3} N,=210"cm>
zp=-1.5cm L zp=lcm

1.2 ¢=9° 2 q)=9°

. | 2 1 : ) Llad o, d 00, 1,1,.)
1 2 3-76-5-4-3-2-10 1
[g=03 7,=105 AQ=0.5] f,GHZ [4=06 r,=57 AQ=07] f, GHZ [q=04 7,=57 AQ=13] f, GHz

Fig.3. ECE spectra (X2) for W7-AS. Solid line — emission to LFS direction, dashed
line - emission to HFS direction. Zero f corresponds to the heating frequency. Plots
(a) and (b) correspond to the case shown in fig.2, plot (c) corresponds to the case in
which “absorption zone” and “second radiating zone” mutually change their positions.

Going to conclusion we note again that discussed mechanism of ECE
modification does not rely on generation of energetic electron tail, but it is
sensitive to deformations in the main (thermal) body of the electron distri-
bution function. The results obtained for the realistic plasma parameters
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show that registration of such distortions requires well enough spectral
resolution of the detection system and is possible in principle for some
specific operational regimes of W7-AS for example.

The work is supported by RFBR grant #98-02-17204.

Appendix. Formulation for X2-mode, transverse LFS injection

Using variables u=cosf, u=v/v,, Q=(@-a,)/ 0,8, Z=(z- 2,)/L, B} , where
v and @ - electron velocity modulus and pitch-angle, v, - electron thermal velocity,
B, =v,/c, w,~ frequency of monochromatic heating, one can perform Eq. (1)-(5) as

0 ~ A 0

— = +L.f, —J(t,Z,Q)=-u*J, Al

3 f@Zup)=L,f+L f oz (: )=—u (Al)
f©,Z,u,u) = exp(—u?), J0,Q)=1, 0<Q<AQ, (A2)

Lo R)-albeg)slief) 5ol @

0=u*(-u?YJQ,) if 0<Q, =Z-u*/2<AQ (Ad)
=0 outside the resonant region ’
. 10 1 0f )} ) of
L f= B + 1- AS
St b (L s e st-m)L *3)
B= ﬁ;je"zs’ds , C= i,(, Z, +ﬂ;(u e’ +(2 —u").fe"zszds)) " (A6)
0 u 0
° wl af
B =t [ [ut- ) ( ,u—) 5(Q,,, - Qdudu, (A7)
00
=2T7, 4 j J' 1- 12 f 6(Q,, -Q)dudu, (A8)
where
2,2 2
_Zen B, o 1_(’giz_na.7I,L,,r 8, AQ= Ao (A9)

om S-Aw ¢ 2 co, YA

~ parameters of the system, P, — injected rf-power distributed over the magnetic surface
with area S, Aw =2Aw, - spectral width of the heating radiation defined by variation
Aw, of gyrofrequency in power absorption zone, v, =4me*N, InA,, /m}v] — thermal e-e
collision frequency, » - refraction index, @,— Lengmuir frequency, Z - effective ion
charge.
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DETERMINATION OF ABSOLUTE H-ION LOCAL DENSITY
FROM CTS MEASURED CHARACTERISTICS
OF LH TURBULENCE

E.V. Suvorov
Institute of Applied Physics, Nizhny Novgorod, Russia

In some operation regimes of W7-AS stellarator injecting into the
plasma of diagnostic hydrogen neutral beam is accompanied by essen-
tial increase in the level of small-scale lower-hybrid turbulence. Under
these conditions Collective Thomson Scattering (CTS) technique pro-
vides unique possibility of determination the local concentration of hy-
drogen ions.

Electron density distribution in toroidal plasma is one of the most re-
liably measurable quantities. Essentially more difficult task is a direct
measurement of plasma ion composition which is formed due to com-
bined action of great variety of not well enough investigated processes. In
particular hydrogen isotope content in fusion toroidal plasma is formed in
a rather complicated manner due to such processes as hydrogen or deute-
rium gas-puff combined with the injection into the plasma of neutral hy-
drogen or deuterium neutral beams used for NBI heating, recycling etc.

We would like to draw attention to a rather unique possibility of the
local absolute hydrogen ion density determination practically independent
of all impurity and deuterium ion concentrations from CTS measurements
of LH turbulence characteristics. This opportunity may be realized in
some specific operation regimes of W7-AS stellarator.

It was discovered [1]
that injecting into the
plasma with electron tem-
perature considerably above
the ion temperature of weak
diagnostic hydrogen neutral
beam results in the trigger-
ing of enhanced level of
small scale (around 1 mm)
narrow-band electron den-
sity  fluctuations. These
fluctuations were detected
in CTS experiment using

Fig.1. CTS geometry for measurements of LH
140 GHz gyrotron as a & 8 t.tirybulence
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Fig.2. CTS signal from LH turbulence vs.  Fig.3. Typical LH turbulence spectrum
toroidal angular scan in equatorial plane measured with enhanced resolution

source of probing radiation in practically back-scattering geometry shown
schematically in Fig.1. This fixed scattering geometry allowed angular
scanning in both horizontal and vertical directions. Density dependence
of the detected signal frequency definitely points that discovered electron
density fluctuations can be specified as being related with LH turbulence.
LH waves are propagating in a very narrow angular range transverse to
the toroidal magnetic field (see Fig.2) and possess an extremely narrow
frequency spectrum (Fig.3) in spite of practically absent spatial resolution
in CTS geometry under consideration. These specific features of ob-
served LH turbulence characteristics are explained in detail within theo-
retical model based on the idea of LH wave instability excited by trans-
verse ion beam (resulting from trapping of diagnostic neutral beam at-
oms) under so called double-resonance condition (see [2] for more de-
tails). An important conclusion from theoretical model (supported also by
experimental evidence) is practically transverse propagation of excited
LH waves with respect to the magnetic field.

This was tested additionally in a special experimental investigation of
LH turbulence distribution in vertical and horizontal directions by corre-
sponding scanning with rigid emitting-receiving antenna block shown in
Fig.1. Distribution over directions from which signal scattered by LH
turbulence comes is presented in Fig.4. Antisymmetric deviation in toroi-
dal direction for up and down shifted positions of antenna block is natu-
rally explained by the influence of poloidal magnetic field component,
while up and down asymmetry of presented plot is due to the fact that the
scattering geometry is not exactly back-scattering (6, ~ 160°).
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Let us assume that the local value of LH frequency is measured,
which is possible in principle in 90° scattering geometry provided that
there is an enhanced level of LH waves propagating transverse to the
magnetic field. With taking into account all ion species LH frequency is
determined by the well known relation:

2 2
fL2H=eNe' 12 ,[XH+%+ZX'1£} (1)

mm, | @pe ; M,

where e is electron charge, m, is the mass of proton, N, is electron den-
sity, @, and @,. are electron Lengmuir and gyro- frequencies respec-
tively, X, is the density of a-th ion specie normalized to the electron den-
sity, Z, and M,, are their charge and mass numbers respectively. Correc-
tion to the LH frequency due to finite thermal velocity may be easily
taken into account, but they are negligibly small for W7-AS plasma pa-
rameters under consideration.

Assuming that local values of the magnetic field and of the electron
density are well defined and taking into account natural normalization
condition for the electron and all ion densities:

Xy +Xp+Y.Z,X, =1, Q)
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after eliminating X, from Eqgs. (2) and (3) one can easily yield for the ab-
solute hydrogen density (normalized to the electron density) the follow-

ing:

2 14 -3
X, =0.46(f,,GHz) -(1.46(2;T J 10 Af’” ]-

0 e
Z(Z
1+§X,,Za(l 2Ma}
where LH frequency, magnetic field and electron density are normalized
to the natural values for W7-AS operating regimes and corresponding
numbers are introduced. It should be noted that for fusion plasma with
electron temperature in keV range, plasma density higher than 10" cm™
and life time in tens millisecond range practically all reasonable ions (up
to masses of Fe or even higher) are fully stripped and with high accuracy
satisfy the equality M,=2Z, . Under these conditions Eq.(3) without the
last term defines the absolute value of hydrogen ion density which is
practically independent of all other ion specie content.
Preliminary attempt of absolute H ion density determination was per-
formed basing on CTS results in

€)

the back-scattering geometry. & «+ - + . -

: . 2 1 unrm " 8740 s
The first idea was to localize the % 3 Ar —500-10-3 3
scattering volume by following n_i Az ¥ 000 E

the path of probing beam and to __
find the point on it where k- 7 1
vector of LH turbulence, defined f'éu-‘
by scattering geometry, is strictly ~7

transverse to dc magnetic field in €

- ieemeieiseersdiw I @D ia s

the plasma. Unfortunately the — ™73 E
first attempt to exploit this idea 3 ¥
was not successful with taking o] . :
into account the finite width of -2 0 2
both probing and receiving an- For (m)

tenna radiation patterns (diame- Fig.5. Radial profile of electron density
ters of both quasi-optical beams distribution

in the plasma center about 4 cm).

Nevertheless in some special low density plasma shots with rather flat
density profile (see Fig.5) exact localization of the scattering volume is of
minor importance. Unfortunately for these shots with similar density pro-
files absolute density values obtained from Thomson scattering are regu-
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larly higher than those obtained from multi-channel interferometer by
approximately 25 %. Determination of absolute content of hydrogen ions
was performed for ECR supported plasma shots with deuterium gas-puff
after few tens of more or less identical shots which may be considered as
chamber cleaning. The results of «local» hydrogen density determination
for 3 different vertical positions of emitting-receiving antenna block are
summarized below:

Shot # 43300 fin = 0.64 MHz

(vertical shift -10cm) ~ Np~2310%cm® =Xy~ 0.12

Muar~1810%em® =Xz~ 035

Shot # 43316 Xz (MCI) = 0.40
(vertical shift +10cm) Xy (Th) = 0.12
Shot # 43310 Xz (MCI) ~ 0.36
(no vertical shift) Xy (Th) = 0.08

It should be noted that in spite of rather preliminary and «qualitative»
character of presented estimates data based on the Thomson scattering
diagnostics seem to be more close to expected reality.

Author is greatly indebted to W7-AS team for friendly support and
fruitful discussions.
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3D FOKKER-PLANCK MODELLING OF ECR HEATING
AND CURRENT DRIVE IN RC ITER PLASMA

V. L. Vdovin

RRC “Kurchatov Institute”, Institute of Nuclear Fusion, Moscow

Introduction

We have upgraded our 2D non linear code STIF [1], solving for
electron distribution function in tokamaks in two velocity space coordi-
nates as well as time, to 3D code incorporating radial transport in axi-
symmetric tokamaks and describe it. This 3D code solves 3D electron
non linear Fokker-Planck equation for an arbitrary shaped axisymmetric
tokamak, with the effects of collisions, ECR and Ohmic heating, radial
transport through ad hoc diffusion plus convection term, and electron
banana trapping all included. Electron heating and current drive is treated
through quasilinear operator and gives velocity space diffusion. RF dif-
fusion coefficients are calculated from ray tracing data. The launched RF
spectrum is modelled by a bundle of rays (~ 100) which are followed by
solving the ray tracing equations, and at each step on each ray parameters
such as wave polarization, k-parallel and delta k-parallel are stored. Then
RF diffusion coefficients are constructed in velocity space for each flux
surface radius from these ray data.

The radial diffusivity and pinch speed are input by the user. They are
frequently adjusted to keep a constant in time density profile. As for to-
kamak plasma equilibrium we make use VMEC code equilibrium,
Solov’ev equilibrium or elliptical plasma equilibrium (for debugging).

Our goal is to study the influence of radial transport on kinetic ef-
fects in tokamaks. The preliminary modelling is performed for RC ITER
plasma parameters [2]. Among several interesting scenarios we plan to
investigate the localisation of current drive close to a rational surface
which might be used to suppress tearing activity in ITER. Preliminary
calculations have shown that that driven current profile is broadened sig-
nificantly if a level of radial transport is comparable with the bulk ther-
mal conductivity, while current drive efficiency is not changed signifi-
cantly with or without transport of electrons.

Main code fearures are as follow:

STIFOK - 3D Fokker-Planck code

* non linear relativistic Fokker-Planck code conserving momentum

and energy with self consistent ray tracing support
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= 2D velocity space and 1D real space
* transport and trapping effects in real magnetic geometry (from
MHD code)
We used bundles of rays (half - width 3°) with Gaussian power
distribution Low Field Side O-mode fundamental harmonic ECRF wave
injection.

RC ITER and PLASMA PARAMETERS

The main plasma and machine parameters used in the modelling are
close to the present reduced cost RC-ITER (IAM and LAM) design ref-
erence scenario ones [2] and shown in Table:

IAM LAM
Major radius, R 620 m 6.45m
Minor radius, a 1.90 m 220m
Plasma elongation, k 1.67
Plasma triangularity, & 0.32
Nominal plasma current, I, 13 MA 17 MA
Toroidal field, B, 551T 423T
MHD safety factor, q, 3.0
Nneo(10%°m™) 0.89 1.09

The chosen plasma profiles were as follow:
Te(s) = (Teo - Tea)(1 - 57/2°) + Tea,
Ne(s) = (Neo - Nea)(1 - 5727 + nea,
TeO= 20 keV, Tea= 0.5 keV,
Zes=1.8
So one may attempt to scale basic RF parameters of ECR system to
new reduced size and new magnetic field of the machine. On a first
glance scaling from 170 GHz FDR (ITER Final Design Report, B, =5.74 T,
R,=8.14m,a=2.8m, I,=17 MA) according to change in B, gives:
f ~ 160 - 165 GHzLAM
f ~ 120 - 125 GHzIAM
But this simple approach is not sufficient because:
Higher f — may give higher current drive efficiency,
Lower f — may lower frequency cut — off.
So it is needed to perform detailed Fokker - Planck modelling. Usually
modelling calculates Current Drive (CD) efficiency:
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and power deposition and driven current profiles.

3D F-P code modelling of high aspect ratio IAM ITER option for O-
mode fundamental harmonic EC outside injection gives global CD ECRF
efficiency dependence over toroidal angle radiating beam steering shown
on Fig. 1 for frequencies 150, 170 and 200 GHz. One can see efficiencies

n=0.22-0.25 A/W/m*.

The observed opti-
mal frequency to maxi-
mise CD efficiency is
connected with parasitic
second (2-d) harmonic
absorption at outer ITER
plasma boundary where
driven EC current flows
in opposite direction
(due to Doppler effect).
It is shown in Fig. 2. It
limits possibilities to use
higher frequencies.

3D code modelling
of low aspect ratio
LAM ITER option
gives global CD ECRF
efficiency dependence
over toroidal angle ra-
diating beam steering
shown on Fig. 3 for
frequencies 120, 150
and 170 GHz. The ob-
served efficiencies are
n = 0.22-0.25 A/W/m’.
The upper frequency li-
mit again is due to
second harmonic absorp-
tion as shown in Fig, 4.

IAM: CD efficiency, 20 keV

n,A/W /Tz
02 J, n/1.2
200 GHz
0,1 t 170 GHz
0 : . ) > f= 150 GHz
0 20 40 ¢

Fig. 1

IAM: 2D Harmonic Absorption vs F requency,
T, = 20 keV, injection angle, ¢ = 20°

e

P2wce/ P inj
1,0 4
40°
0.5 20
0
140 160 180 Frequency, GHz

Fig. 2
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LAM, T, =20keV

n, A/W/m? Conclusions

0,34 Preliminary mod-
s elling of EC heat-
02 - 160 GHz ing{CD in RC IT}‘ER
X designs with mid-
01t plane Low Field Side
1 120 GHz power injection shows
0 N . , \ X comparable behaviour
0 20 40 0 and performance pre-

) dicted earlier by ex-

Fig. 3 perts and JCT for

LAM: Second Harmonic Absorption, T, =20keV, FDRITER.
— ANO o o For LAM and
»=40,30 10 HAM designs, higher
P, ocel Pinj frequencies  provide

i higher CD efficien-
1,0 cies in plasma core
but impose reduced
flexibility and in-
creased role of delete-
rious absorption at
I second harmonic.

0 | — With regard to para-
120 140 160 180 Frequency, GHz  gjtic second harmonic
Fig. 4 damping situation for

HAM is better than for FDR and worse in LAM.

Far off-axis EC current drive on the High Field Side with LFS
O-mode launch will be strongly diminished due to second harmonic ab-
sorption in plasma core.

In this preliminary modelling an influence of radial transport effects
on driven current profile was not investigated. These effects can strongly
modify expectations of EC waves in tearing modes stabilisation in ITER.

05 |
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ELECTRODE MICROWAVE DISCHARGES.
PHENOMENOLOGY, PROBE AND OPTICAL MEASUREMENTS

Yu.A. Lebedev, M.V. Mokeev, A.V. Tatarinov
A.V. Topchiev Institute of Petrochemical Synthesis RAS, Moscow, Russia

The paper summarizes results of experimental study of non-equilibrium non-
uniform microwave discharges which can be generated near the antenna
placed in a metal chamber filled up by Hy, N, at pressures 0.5-15 Torr. The
discharge dimensions were much less than the chamber dimensions (chamber
diameters were 8 and 14 cm). Antennas of different shapes and dimensions
were tested. The structure of discharges was studied by the integral plasma
emission with spatial resolution and double probe method. A discharge in
molecular gases has non-uniform structure with pronounced sharp ball shape
periphery and bright thin region surrounding the exciting electrode-antenna.
Slight increase in boundary layer intensity was also observed in H,. Physical
explanations for the part of observed phenomena are discussed. This type of
discharge have been successfully used in the plasma chemistry for diamond
growth and CN; films deposition.

Introduction

It must be noted that the investigations of microwave discharges are now
aimed primarily at studying electrodeless discharges excited in various
devices and even in free space [1]. This line of investigations are also
motivated by multiple applications, e.g., plasma chemistry. The absence
of electrodes is considered to be one of the important advantages of such
discharges, because, in this case, it is possible to avoid the contamination
of a plasma and plasma-treated surfaces by the products of electrode
erosion.

At the same time, electrode discharges have some merits. The
electrode discharges permit the plasma to be created at a low microwave
power. These discharges can be classified as initiated discharges with one
peculiarity: electromagnetic energy is transmitted to the system along the
initiator-antenna. The plasma can be created in a given region, which can
be located close to the treated surface, thus allowing to avoid difficulties
connected with the transport of active particles to this surface. As a rule,
the electrode discharge plasma is inhomogeneous. On the one hand, the
non-homogeneity facilitates the transportation of active particles to the
treated surface, and, on the other hand, it is an additional source of the
plasma non-equilibrium. At present, the latter factor is almost unstudied.

Recent experiments indicate that the risk of contamination might be
overestimated [2]. In experiments on the diamond film deposition on a
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silicon substrate in a microwave electrode-discharge plasma under fairly
severe conditions (the electrode was heated to the red-heat temperature,
and the temperature of the substrate located at a distance of 1 cm from it
was 1000 °C), ESCA analysis showed no traces of the products of
electrode erosion in plasma-treated substrates.

The absence of erosion was related to the fact that the plasma was
produced by microwave electromagnetic waves. This problem has been
studied extensively for RF discharges (see, e.g., [3]). As the field
frequency increases, the thickness of the electrode sheath and the energy
of the ions bombarding the electrode decrease. In the microwave range,
the sheath conductivity is low, and the current continuity is provided by
the displacement current through the sheath. In this case, the role of the
electrode in generation of charged particles is negligible (y-processes
associated with the secondary electron emission from the electrodes can
be neglected), and the discharge exists in the form of an a-discharge, in
which the processes of volume ionization are of importance. Our
experiments indicated the DC voltage of several volts between the
antenna and floating probe placed at distance of 3 mm from it.
Presumably, the electrode only determines the structure of the
electromagnetic field. The lack of data on the parameters of electrode
discharges substantially restricts the possibility of studying the physical-
chemical processes occurring in plasma. Some results of plasma chemical
applications of such discharges are presented in [2,4,5].

The main goal of this paper is to summarize some experimental
results to describe the phenomenology and general properties of electrode
microwave discharges and to attract attention of specialists in different
areas of the plasma and gas discharge physics to this insufficiently
studied gas discharge and revealed unusual features.

Experimental set-up

Two types of similar discharge cameras which differed in the cylinder
diameters of discharge vessels (R,=7 cm and R,=4.2.cm) have been used

for experiments [6-8]. Plasmas in both arrangements revealed similar
features, so the properties of the described plasmas seems to be typical
for the electrode microwave discharge systems.

The discharge chambers were the stainless steel cylinders excited by
an antenna at the butt-end of a chamber (Fig. 1). The antenna was an
element of a coaxial-to-waveguide converter, which could be tuned with
the shorting pistons in the waveguide transmitted lines. The lower end of
one of discharge chambers was a movable shorting piston that provided
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an additional possibility of tuning the system and changing the position of
substrates immersed to plasma (this piston was used as a heated substrate
holder). Another chamber had unchangeable internal dimensions.

Fig.1. Experimental device.

1 — plasma, 2 — discharge chamber,
3 — antenna, 4- waveguide-to-
coaxial converter, 5 — optical
window, 6 — collimator,

7 — optical fiber

LI

A cylindrical tube and solid electrodes with diameters of 0.5-6 mm
manufactured from stainless steel and copper and of different shapes have
been used for studying dependencies of discharge properties on the shape
of the antenna (Fig. 2).

Most of results has been obtained when the discharge was ignited at
the end of exciting electrode (antenna). Plasma dimensions were much
less than that of the discharge camera so these discharge systems can be
attributed to single-electrode systems (the second one is the metal
discharge camera). This is one of fundamental differences from
conventional discharges where the plasma volume is strongly defined by
the discharge vessel. This discharge property defines peculiarity both the
electrodynamics of discharge and correlation of external and internal
plasma parameters. Some information on the electrode microwave
discharge initiated between the electrode and close placed metal plane or
metal lug has been presented in Ref. [6].

The sizes of discharge chambers were not specially chosen. The
system can be considered as a non-regular coaxial line (regularity is
disturbed by a break of the central conductor) loaded on the plasma
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column produced at the end of the central electrode. Since the radii of the
outer electrodes (camera) were high enough to satisfy the inequality
Mr+R)>1 (where r and R are the inner and outer radii of the coaxial line
and A= 12.4 cm is the of the electromagnetic radiation wavelength in
vacuum), not only the transverse TEM mode, but also the upper spatial
modes (e.g., H-modes) could propagate in such systems. The
transformation of the electromagnetic field structure occurred exactly
inside in the region occupied by plasma due to both the presence of
plasma and break up of the electrode. And vice versa plasma is created as
a result of the action of the set of electromagnetic field modes.

=
=4

Fig. 2. Shapes of electrodes and dependencies of discharge shapes on geometry of
electrodes and plasma conditions. 1— thick cylinder electrode at low (1.1) and high
(1.2) pressure, 2 — thin bent electrode, 3 — thin direct electrode, 4 — trident
electrode, 5 — spiral electrode.

The set-up was equipped with the system of optical measurements.
Integrated over the spectrum plasma emission with spatial resolution was
used for studying discharge structure. Spatially integrated or with spatial
resolution signals were used to characterize the emission properties of
plasma in the spectral range 400-800 nm. The spatial resolution of
measurements was provided by a collimator (spatial resolution was not
worst than 1 mm) which could be moved parallel to the antenna axis or in
the perpendicular directions. The optical plasma emission was directed
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through the optical fiber to the photomultiplier or to the input slit of the
monochromator, according to the needs of experiment.

Parameters of electron plasma component were measured with the
help of a double electric probe. The details of these measurements were
described in [9]. The tungsten probes of a diameter of 100 pum in the
quartz capillaries were introduced through the orifice in the lateral
surface of the chamber and could be moved along the radius of the
discharge column. The length of the open part of the probes was of 1 mm,
and the distance between them was 3-4 mm. Each of the probes was
covered by a metal shield. The measurements were performed in the
plane perpendicular to the axis of the antenna and located at distance,
which exceed the thickness of high luminosity of the sheath observed
near electrode. Resistive filters (20 kQ) were used to decrease the
possible influence of a microwave field on the voltage-current
characteristic of the probe.

The charged particle density can be estimated from the ion saturation
current from the well-known relation

1=0,61NeS,, (1)

where N, is the density of charged particles, e is the electron charge,
S,=ndl=4,7- 10"m? is the probe surface, v, ~104(T ]} /A)" is the average ion
velocity (with the ion acceleration in the pre-sheath taken into account),
and A is the ion mass number. The values of the ion saturation current
presented below correspond to the 50 V probe bias and are averaged over
both branches of the double probe characteristic. In some cases, a single-
probe scheme was also used in which the metal discharge chamber served
as a reference probe. The ion current was measured within 10% accuracy.
In calculation of the charged-particle density, it is necessary to know the
ion composition of plasma. In hydrogen plasma, for the degree of
dissociation below 50 %, the most abundant ions are H;* ions, which are
produced as a result of the ion conversion [10]. An order of magnitude of
the charged-particles density can be estimated from the ion saturation
current using the relation N; [cm*]~2-10°/{mA] (here we assumed T,~3
eV) can be used. In nitrogen plasma, assuming N," as the major ion, the
electron  concentration can be  estimated as  follows:
N{fcm®]~6.4-10°I[mA]. The electron temperature was determined from
the current-voltage characteristics of the double probe at the floating
potential.
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Plasma gases were Ar, Ne, Hy, No O, CHi, CH, air, and their
mixtures. Gas flow systems were used. The total gas flow rate was less
than 1000 cm®/min under the normal conditions (sccm). Results for H,
and N, are presented in this paper.

Microwave power (2.45 GHz) was transmitted from the magnetron
generators with output powers of 2.5 kW or 150 W. In last case the
stabilized DC power supply was used to feed the magnetron. The power
absorbed in the system was measured by a directional couplers by
subtracting the reflected power from the incident one. It should be noted
that the absorbed power can not be attributed completely to the plasma
due to power losses in the discharge camera walls, the coaxial-to-
waveguide converter and feeders. The share of these losses is unclear in
general case [11].

The aspects of plasma chemical applications of electrode microwave
discharge for surface processing were studied using the set-up with large
chamber diameter in the Angstrom Laboratory, Uppsala University
(Sweden).This discharge device was used for the diamond growth [2] in
hydrogen and hydrogen-methane mixtures (1-8%) at 1-15 Torr and to
deposit CN, films in N,+C,H, mixtures [5]. The composite of nanotubes
oriented perpendicular to the substrate surface was also obtained [5].

Phenomenology of the discharge

Distinctive feature of the electrode microwave discharges is that they
exist at high levels of reflected power (the standing wave ratio is changed
between 5 and 15). This property of the discharge is probably a result of
peculiar  self-consistence of plasma and discharge system
electrodynamics. This property distinguishes the discharge which possess
the described phenomena from known discharges, e.g. in coaxial line. It
can be used as an indicator of belonging of the discharge to the type of
electrode microwave discharge (see below).

The discharge is spatially non-uniform, and the structure of its
luminosity depends on the microwave power and gas pressure. In the
regimes under study, the discharge with large content of molecular gases
has the following characteristic features (see Fig.2):

1. Tube and rod antennas

o The discharge is ignited at the end of antenna and it partially covers
it.

e The less the antenna diameter the less is the ignition and maintenance
microwave field. The discharge could be ignited at incident powers
of 2 W with 0.5 mm diameter antenna.
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The discharge could appear just at the place, where the antenna is
introduced to the vacuum camera and could be moved to the end of
antenna by adjusting the shorting pistons of the matching system.

As microwave power is increased up to certain threshold level, which
is defined by the pressure and electrode diameter, the discharge runs
away towards the microwave generator along the antenna. It can be
moved back by matching the adjusting elements in microwave
system but this leads to the decrease of absorbed power. Thus in the
particular configuration of the gas discharge system it is impossible
to generate the plasma at the top of antenna with absorbed power,
which exceeds some threshold value. In this case the discharge can
simultaneously exist (depending on the power level, pressure, and
plasma gas) at the end of antenna, along it and at the place of an
antenna input of the discharge chamber. The last one is the "main"
discharge and it strongly reduce the electromagnetic wave penetration
into the camera. The reflected power is decreased in the feeder and
almost all incident power is absorbed. These regimes were not of our
interest because in those cases the pure electrode discharge placed at
the end of antenna is only small supplementary discharge.

At lower incident microwave power the discharge can be ignited by
the use of external initiators, e.g. the Tesla-coil.

The luminosity of the discharges has non-uniform structure. For all
values of power and pressures at which the discharge exists, the end
of the exciting electrode was covered with a thin (< 1 mm) bright
luminous sheath. Its thickness decreases with pressure and the area of
the electrode covered by the discharge weakly increases with power.
Increase in incident power leads to growth up of the sheath along the
antenna. From the butt-end of the antenna the sheath looks like a
ring-shaped bright region along its periphery. The bright near-
electrode sheath was also observed in the electrode-plane system [6].
The bright plasma sheath is surrounded by plasma region with
weaker luminosity having a sharp external boundary. At low
pressures this region has a ball shape with the diameter larger than
that of the antenna. When pressure or incident power are such that the
sizes of plasma region and electrode are comparable, the shape of
plasma follows the shape of the electrode (the case of a thin plasma
region). Slight increase in the plasma emission in periphery regions
was observed at some conditions.

The dumbbell-like structures of the discharge were obtained in H,
and N,: two balls stringed the antenna with one placed at the end of
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antenna and the other placed at distance of A/4 upward the antenna.

Both balls were connected by weak plasma slab which covers the

antenna. The observed structure differed from the conventional

standing-wave shape: balls had the sharp boundary from both the side
of microwave generator and the opposite side. The whole system had
the symmetry plane placed between the balls centers.

The plasma ball exhibits properties of medium with the elastic

boundary: when the probes touch the boundary and move further the

boundary layer was bent inside. At certain moment the plasma covers
the probes and the boundary returns to its initial position. In the
reverse motion of the probes the boundary was bent outside moving
together with the probes. Finally the plasma loses contact with the
probes. Several oscillations in shape and diameter of the plasma
occur before it come to the state of equilibrium with an initial
diameter of the ball.

2. Trident electrode.

Firstly the discharge is ignited near the top of one end of the trident.
The structure of the plasma region is the same as described above. When
the incident power is increased the other ends are covered by the same
plasma. The diameters of plasma balls are increased with increase of the
incident power but the balls never overlap and the dark region exists
between plasma regions at any power. The shapes of the balls are
changed to ellipse with increased power.

3. Spiral electrode.

The ball-shaped plasma formations are generated at several points of
the spiral. Positions of this points are changed with the incident power.
The structure of all discharges is the same as described above: the spiral
surface was partly covered by a bright sheath surrounded by the plasma
ball.

Thus the general feature of electrode microwave discharge is the
presence of bright plasma near the electrode sheath and less luminous
plasma region with sharp external boundary. As usual this region is ball-
shaped.

Results of optical study

Figures 3-8 show distributions of the integrated over the spectrum
intensity of plasma emission along the axis of the rod antenna with
diameter of 6 mm. Absorbed power in the system was ranged between 10
and 30 W in the interval 20-90 W of the incident powers. One can see a
bright near-electrode plasma sheath surrounded by a plasma region with
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weaker emission. As a rule, the total discharge emission is the linear
function of microwave power. The growth of plasma brightness near the
discharge boundary was observed in hydrogen discharge.

One feature can be noted in comparing H, and N, discharges (Fig. 3,
5): the discharge in N, is more symmetric with respect to the end of
antenna, i.e. is more better covered by the plasma ball region for N, than
in H, discharge. This difference can be related to differences in
mechanisms of plasma emission excitation in both gases. It is known that
in the hydrogen discharge the ionization and excitation of heavy particles
occurs due to direct electron impact. As high energy part of the electron
energy distribution function is sensitive to the electric field strength, the
visible structure of discharge is defined by spatial distributions of the
electron density and field.

In the nitrogen discharge these processes go along with a participation
of excited particles and by means of secondary processes. This means
that the plasma can exist in regions with weaker electric field strength.

Thus the structure of external region of the electrode discharge seems
to be related to mechanisms of ionization and excitation.

Figure 8 shows that two regions can exist in the discharge (i.e. the
plasma sheath and plasma ball-sphere) and the ratio of intensities of this
regions depends on microwave power and pressure. It is important that in
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spite of small thickness of the sheath, the major part of plasma emission
is attributed exactly to this region.

The nature of near-electrode plasma sheath can be explained as
follows.

Since the intensity of plasma emission is related to the absorbed
power, the conclusion can be made that the specific absorbed power in
the near-electrode sheath is several orders of magnitude higher than that
of the plasma sphere. Thus the plasma density in the sheath region can be
estimated under the assumption that the whole power is absorbed in the
plasma sheath. Using the results of numerical simulation [10], this
estimation gives ne~10" cm™ for the pressure 1 Torr in hydrogen plasma.
It can be also showed that the volume dissociative recombination is the
main channel for the loss of charged particles. This means that the plasma
density profile should follow the field profile.

There are several reasons for radial change of the microwave field
strength in plasma. The first one is the skin-effect. Other mechanism was
presented in [12], where the change in the component of the electric field
normal to the surface of an electrode have been analyzed in the case when
this component was parallel to the gradient of electron density. Both
mechanisms give the same thickness of the sheath. This thickness
corresponds to the observed one ( about 1 mm). This means that these
mechanisms can not be separated but there are physical reasons, which
can explain the presence of bright near electrode sheath.

The sharp decrease of the electric field should exist in this region
together with the sharp change in plasma emission. As the electron
density decreases towards the plasma boundary, the electromagnetic field
gradient should decrease and parameters of the discharge in this region
(e.g., sphere) slowly changes. All these is agreed with the observed
results (Fig. 3-7).

Results of probe measurements

a) Space outside luminous plasma region.

Figures 9-11 show some characteristics of this region. The space
outside the plasma region is spatially uniform and double probe voltage-
current characteristics pass through zero current at AU,(I,=0)=0.

Estimations have shown that the characteristic length of electron
energy losses in collisions with heavy particles is much less than the
observed length (Fig.10). This means that Fig.10 illustrates the heating
effect of electromagnetic field. Thus the electric field strength
distribution can be determined with the help of the Boltzmann equation
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Fig.11. Electric field strength in the vicinity of the hydrogen electrode discharge.

and measured values of electron temperatures. It is possible to match the
electric field strength in such a way that the solution of the Boltzmann
equation gives the electron energy distribution function with the mean
electron energy corresponding to the measured value.

Results of such calculations are shown in Fig.11. It is seen that the
electric field strength exponentially decays with radius. The only wave
mode with such a structure is a surface wave [13]. This wave spread
along the plasma boundary and can cause the increase of intensity of
plasma emission as it was observed in experiments (Fig. 3,7). The role of
the surface wave in maintenance of the electrode discharge is unclear at
present: is it necessary factor of discharge existence or simply result of
transformation of the wave mode?

b) Internal space of the discharge.

Figures 12-14 show radial distributions of plasma characteristics
measured by a double probe method in the internal region of nitrogen
electrode microwave discharge. Measurements showed that the voltage-
current characteristics of double probe system passes through the zero
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Fig.14. Difference of floating potentials in double probe system in luminous plasma
sphere region in nitrogen. Incident power 200 W, absorbed power 20 W.

current at a certain DC voltage difference between the probes AU,(I,=0).
This means that the internal space of the discharge is non-uniform.

It is seen that the electron temperature monotonously decreases with
radius while the ion saturation current and AU (I,=0) decreases abruptly
at the boundary. The last one falls down to zero in the external region of
the discharge. The estimated electron density exceeds the critical value
inside the plasma sphere.

At present a simple interpretation of these results is hardly possible.
Some comment should be done on the nature of AU(I;=0). There are
several origins of the DC voltage. The first one is the well-known
rectification effect of microwaves on non-linearity of the probe-to-plasma
sheath. In the case of strong non-homogeneous plasma differences in
amplitudes of the microwave field strength in the points where the probes
were placed leads AUL(I,=0)=0.

This reason is very important and it is considered as a
disturbing factor for probe measurements. But if it does really exist,
AUy(I,;=0) can be used as an indicator of non-uniformity of the
microwave field. In this case Fig.14 shows the distribution of microwave
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field in the discharge chamber with plasma. The field outside the plasma
is negligibly small.

The difficulty of probe measurements in plasma with alternating
fields lies in the fact that the probe method does not contain direct
criterion of absence of voltage-current disturbances by the AC field [14].
It is only possible to conclude about bigger or smaller extent of such
influence. Note that we have used the resistive filter to suppress the
influence of ac field, which was successfully used in other plasma
measurements [14]. The indirect evidences should be taken into account.

Experiments showed that the increase of the electron temperature
was accompanied by the decrease in AU,(I;=0). In the recombination
controlled discharge the increase of the electron temperature is caused by
the increase of electric field and the behavior of AUy(I,=0) should be
inverse. Increase of the gas flow rate decreases the AU (I,=0) value. This
effect is accompanied by a small change of electron temperature and
decrease of the electron density. The decrease of the electron density
leads to the increase of the plasma-probe sheath reactance. This should
increase the influence of the microwave field on the probe characteristics.

All these seem to give the evidence that the DC voltage really exists
in the plasma.

Nonlinear interaction of electromagnetic waves with the overcritical
plasma (the critical value of plasma density is reached at the boundary of
the plasma) accompanied by the frequency transformation can be the
origin of appearance of AU,(I,=0). In this case the DC field has the
structure of electrostatic trap (Fig. 14). It can be supposed that the DC
fields play the key role in the electrode discharge physics.

Indirect evidence of the role of the DC fields in the formation of
plasma ball structures can be found in literature. It was experimentally
shown that positively biased electrostatic probe in the RF plasma was
surrounded by a plasma sphere [15]. Spherical structures were obtained in
the DC discharge in the discharge system similar to ours if the internal
electrode was used as anode [16]. Note that the ball structures have been
also observed in the inductively coupled RF discharge [17] and in the
microwave discharge at pressures of 100 Torr [18].

Conclusion

Results of the study of electrode microwave discharges by optical and
double probe methods at pressures 0.5-15 Torr in hydrogen and nitrogen
have been described. This type of discharges can be attributed to the class
of so-called “initiated” discharges but with the initiator used as an
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element of microwave feed system (the coupling antenna). General

features and peculiarities of electrode microwave discharge can be

formulated as follows.

e Electrodes (antennas) having different shapes can be used to ignite
the discharge. In systems with the rod electrode the discharge exists
at the top of it.

e The discharge dimensions are much less than those of the discharge
chamber.

The discharge exists at a high level of reflected power.

e The discharge consists of two regions:

a) Bright thin plasma sheath placed close to the electrode (antenna).

In this region high electron density, large gradients of
electromagnetic field and plasma density exists and main
absorption of electromagnetic energy occurs.

b) Main body of the discharge, which often has the shape of a ball
with sharp boundary. In this region gradients of plasma
parameters are small.

e The discharge is controlled by the volume recombination of charged
particles.

The electrode microwave discharges can be successfully used in the
plasma chemistry, e.g. for surface treatment.

Some advantages of the electrode microwave discharges are:
¢ Generation of plasma at extremely low incident power.

Exact localization of the plasma region.

e Generation of active plasma particles very close to the treated
substrate.

e Absence of the electrode erosion.

Experimental results on physical parameters of the electrode
microwave discharges and the phenomenological picture of discharge
have been presented. Unfortunately the obtained results produce more
questions than answers. And this is not surprising since the study of the
electrode microwave discharges is in its initial stage. Additional efforts
are necessary to understand the physical nature of the observed
phenomena. One of the problems to be solved is the explanation of the
sharp external boundary of the discharge.
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THE PINCH EFFECT
IN MICROWAVE RESONANT STREAMER DISCHARGE
AND ITS POSSIBLE APPLICATIONS

L. P. Grachev, I I. Esakov, K. V. Khodataev

Moscow Radiotechnical Institute RAS, Moscow, Russia

The work is devoted to experimental and theoretic study of a streamer
discharge in the focus of microwave radiation in the open resonator.
The observations show that if a gas pressure more than 0.1 atmosphere
the single streamer discharge appears in the focus. When the resonant
length of the streamer is achieved, the all energy storage of resonator is
adsorbed by the streamer with very high efficiency. The simulations
show that if gas pressure is quite enough the pinch force of the current
inducted in the resonant streamer compress the discharge plasma. The
small scale of phenomena and the device size, very high efficiency of
the energy utilization, absence of electrodes and surfaces contacting
with the hot plasma, direct pumping of energy to the ion heating al-
lows us to hop that forecasted high plasma parameters really can be
achieved and be applied not only for design of a gamma or neutron
sources but for creation of a fusion reactor.

Introduction

The electrodeless microwave discharges in a gas of high pressure
demand appropriately high level of the electromagnetic field. For exam-
ple the normal pressure air breakdown needs the microwave radiation
specific energy flow 1 MW/cm2. The high amplitude microwave field
can be achieved in a focus of a radiation beam. Even in the case when the
focusing system has a short focus so that the area of the focus cross sec-
tion equals approximately wave length squared the needed generator
power for 10 cm wave length is 100 MW with pulse duration more than
few microseconds. It is difficult to provide so high power during some
microsecond in a laboratory. But the field level needed for breakdown of
a gas with high pressure (more than some atmosphere) can be achieved
in a resonator because the resonator quality can be very high.

The open resonator created by two spherical copper mirrors was used
in our experiments [1]. The resonator allows us to create a discharge in
air and other gases with pressure which does exceed one atmosphere. A
high-pressure discharge in the focused traveling-wave radiation beam
represents a net of the thin hot strings (connected among themselves),
consistently appeared one from another (of course if the radiation inten-
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sity in the focus and pulse duration are enough). But the discharge in the
resonator represents the single hot string. The string is a single because
the stored energy in resonator is finite. Usually the all stored energy is
adsorbed by one resonant streamer. The length of developed streamer is
close to half of wave length. It is electrodynamic resonance. Appropri-
ately the high current is inducted in the streamer. The inducted current
heats the streamer plasma up to high temperature because the streamer
diameter is very small. The heating up specific power related to the gas
density is proportional to gas pressure because the breakdown electric
field (and inducted current) is proportional to one. If the gas density is
quite enough the magnetic pressure force of inducted current is able to
compress the plasma in streamer. The pinch instability in central part of
the resonant streamer can cause strong local dissipation of energy in the
pinch region. The attributes of this phenomena are observed in our ex-
periments as a bright core. The courageous estimations clearly show that
very high temperature (up to thermonuclear temperature) can be
achieved in the resonant streamer if the gas pressure is more than some
decades of atmosphere [2]. We will show the key experimental and
simulation results and discuss extrapolating estimations based on simpli-
fied theory of a resonant streamer discharge.

Experimental data

The scheme of experimental installation is shown on Fig. 1.

Fig. 1. The scheme of the experimental installation. 1 — magnetron generator, 2 — circu-
lator, 3 — lens, 4 — spherical mirrors of the open resonator, 5 — quarts retort, 6 — field probe

The open resonator 4 consists from two spherical copper mirrors dis-
placed along common axis z. The curve radius ag, diameter 2ap,, and dis-
tance between them Lg equal 35 cm, 55 cm and 51.7 cm correspond-
ingly. The quarts retort 5 fulfilled by a gas is displaced in the center of
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resonator. The retort represent the quarts long tube with the inner di-
ameter equaled to 8 cm and has the optical windows on the ends. The gas
pressure in the retort can be varied from small value up to several atmos-
phere. The magnetron generator feed the resonator through wave guide
with circulator 2 and reactive attenuator 3 with the feeding coefficient
~1073. The output power of generator is 10 MW with pulse duration
40 ps. Wave length of radiation A is 8.9 cm. The repetition frequency is
less than 1 Hz. The amplitude envelop of field in resonator is monitored
by the probe 6.

The resonant distance between mirrors along the resonator axis z is
defined by the resonance equation [3]

2';“0 7‘£~arcsin[ Lo ]=h, (1)

T 2-a
where h — mode number, odd integer.
The distribution of the electric field amplitude near resonator center
is described by the known rate [4]
2
I
(af)

)
COS| — 2
A
2 2
2.z 2.z
1+ 1+[ J
(k-afzJ k'af2

E=E0 -exp
2-Ly
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where A =

— wave length in resonator, k=27n/A — wave number, z —

distance from the resonator center, af— focus radius

= Lo (28
af—,\/k (Lo ] 3)

The surface current inducted in the mirrors has the Gauss distribution
with dispersion radius a¢

2-a

]

The measurements show that A=9.4 cm, h=11 and af=9 cm.
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The excited mode in the resonator is TEM linear polarized standing
wave with the electric field vector oriented transversally z axis and the
retort axis.

For the feeding of resonator one of the mirrors must be semi-
transparent. The microwave energy from generator, passing through
wave-guide, circulator, horn and focusing lens, penetrates into the reso-
nator from back side of the semi-transparent mirror.

One can see that the transparence coefficient a is optimal if

o= oy =2y -Re(R) , (|1-Re(R)|<<1), )
where ® = k-c — circle frequency, ¢ — light velocity, oy, — electrical con-
ductivity of the mirrors, R — the mirror reflection coefficient taking into
account diffraction losses of the open resonator

. 4-m-op,

I+i-———™ ] 2V
R= o -l—exp—Z-(—ﬂJ . 6)
\/1+i-—4""°m +1 e
®

If the resonator is tuned and (5) is satisfied the field E¢ in the focus of
the tuned resonator rises as
t(l—e-t/t)—1,-(1-e~ V%)

Ef =Em -1 ’ (7)
g

2-h-m
1= s
®-4-,/1-Re(R)

E - 4 JPW _ 1-:-Re(R) ,
a; \ ¢ 2-JI-Re(R)
where 1, — the front time of the generator, T — the resonator constant of
time, E,, — maximum field in resonator in stationary regime, P,., — the
generator power.
The application of the resonator allows to increase the field in the fo-

cus in 7 times

c-T
n= / = (10)

The measurements show that the used resonator has T = 5 ps. It
means that in our case n = 52.
The most part of experiment was performed in air and hydrogen.
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The main results of experimental study of microwave discharge in a
gas of high pressure (p>0.2 atm) in the open resonator can be formulated
by following [5, 6, 7].

The electron avalanche starts from one electron and represents the ex-
panding the immovable in average spherical electron cloud with increasing
electron number and radius. The streamer evolution is shown by Fig. 2.

(a) ) ()

Fig. 2. The streamer development. (a) — the photo of the streamer by the exposed lens,
(b) — the scanned image of the streamer (the total time durance is 70 ns), (c) — the shadow
of the shock wave, generated by the exploded streamer. The vertical size of the plot is
5cm

When the electron number in avalanche is quite enough the electron
cloud starts to transform to a string which is oriented along vector of
electric field. It is streamer (Fig. 2a and Fig. 2b). The speed of the
streamer arising can exceed 108 cm/s if the pressure is quit enough [8].

When the streamer length achieve the resonant value (near half wave
length) the field in resonator breaks down and farther exists on a small
level. The streamer development is stopped.

After breakdown the shock wave runs out from the streamer (see
Fig. 2¢) [9]. The measured shock wave parameters show that the
streamer adsorbs almost all energy stored by resonator and explodes.

If gas pressure equals or more than 0.5 atm the bright core is ob-
served in central part of the resonant streamer (see Fig. 2a and Fig. 3). In
hydrogen some times two bright cores can arise near center of the
streamer. One can suppose that the most part of stored energy is ad-
sorbed in the core. It is important to note that the hard boundary on gas
pressure exists between state with the core and without one.
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Fig. 3. The measured light intensity of the streamer, (a) — distribution along the streamer
axis; (b) — distribution across the streamer, solid line — across the corn (z = 2.7 c¢m at (a)),
dot — aside the corn (z= 3.0 cm at (a))

The simple theoretical model of the discharge

The streamer development is the very complicated nonlinear process.
Its adequate theory description can be performed by modeling only. The
complete model is too complicated for the brief investigation. The sim-
ple model is taking into account the main factors of the process but sev-
eral suppositions allow to describe it by the system of the simple differ-
ential equations.

Let us suppose that the streamer discharge plasma is the conducting
cylinder with the diameter 2a and length 2b, oriented along external mi-
crowave electrical field. It allow to use for calculation of the current in-
ducted in the cylinder the elements of theory developed for a wire an-
tenna. This cylinder can be described as a series contour which consists
from inductance, capacity and resistance. The impedance of the circuit
equals approximately

Z(c,a,b)=Rw(b)+Rom(c,a,b)+i-%-(-‘z‘—-—P—J, (11

where A — logarithmic form-factor, Ry, Rom — Wwave and Ohm resistance,
by — resonant value of the streamer half-length, o — electrical conductiv-
ity of the streamer plasma,

The current inducted in the middle of the cylinder can be defined as
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E-2-b
J(E,c,a,b) = Zoab) ‘ (12)
where E — the microwave field amplitude at the focus of resonator.
The evolution of the cylinder length is defined by the ionization front
velocity [10], that defined by the local values of electric field on the ends
of the streamer and unperturbed gas density and temperature.

2Rl Dy T VGO0 T ., (13)
where v(p, T, Te) = vi(p, T, Te) - va(p, T, Te), D = D(p, T¢) — electron
diffusion coefficient, taking into account the exchange the free diffusion
on ambipolar diffusion [11], v, = v4(p, T, Te) — electron attachment fre-
quency, v; = vi(p, T, T¢) — electron ionization frequency.

The modeling by means of more complicated model allows us to ap-
proximate the electron temperature dependence on electric field by the

rate

T =T0+Tec,~%—“i, (14)

€end
cr

where E; — the critical value of electric field for unperturbed gas. The
field E¢pg on the end of the streamer is defined by the charge continuous
equation

i =
1+ 2 ozl (15)

The radius of the streamer in its middle is defined by the ionization
front velocity from one side and gas dynamics from other side as result
of the streamer heating. The Sedov’s theory of a point explosion in the
gas with a finite pressure is used for simulation of the radial dynamics of
the streamer. The estimations show that at high unperturbed gas pressure
the pinch force of the inducted current can be more than the discharge
plasma pressure gradient thus the pinch force is included in the move-
ment equation (17):

Eeng =E

E=2._D_(MQ+V, (16)
dt a

ﬂzé.[(PO‘P) e ;] a7
dt a Po ca) 8mp
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dp _ 1 Re(2)-JIf a8
dt p'cv(P’T’n’Te) Qstr ’
where p, p — total pressure, total density of plasma mixture, T — tem-
perature of molecules, atoms and theirs ions, n, T¢ — number density and
temperature of the plasma electrons, Qg =2-b-m-a2 — the volume of

the streamer. C, — thermal capacity.
The electron temperature in the middle of the streamer also is de-
fined by the gas temperature and electric field in the middle

T, =T+ T, Cmid'Po | (19)
Ecr P
where the field in the middle of the streamer is defined by usual Ohm
law

Jo
n-a2’

The calculated state equation (21), thermal capacity in (18) and elec-
tric conductivity (22) for diatomic molecular gas for wide diapason of a
temperature and the electron continuity equation (23) for the not equilib-
rium ionization pretends to be near to realty:

Epmig = (20)

p = p(p,T,ne,Tc), (21)
G = G(PsT,ﬂe,Te)> (22)
dn

- vipos Ty, T, ) n-B(po, T.)- n2+ G(p,T). 23)

The MW generator provides the energy to the resonator but refrac-
tion and heat losses decrease the stored energy. Both factors is took into
account in differential equation for electric field at the resonator focus

2
dE E_ -E 4.n
s oL Rer Ro)(l J (24)

af2

where Q. =7 T L - equivalent volume of the resonator.

It is supposed that resonator is tuned in resonance with generator fre-
quency.

The evolution of the microwave streamer discharge is described by
the system of the differential equations (13), (16), (17), (18), (23), (24)
and functions (11), (12), (14), (15), (19), (20), (21), (22).
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The task parameters are the wave length and power of generator, the
resonator parameters, the gas pressure and the moment of appearance of
initial free electron.

The simulation results and its comparison
with experimental data

The task parameters was the same that in the experiment: maximum
field in resonator in stationary regime E;, = 35 kV/cm, time constant of
resonator T = Sus, the initial free electron appears in the focus of resonator
when electric field in the focus achieves the critical value depending on gas
pressure. The gas pressure was varied from 50 Torr up to 760 Torr.
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Fig. 4. The example of simulation. Gas pressure is 760 Torr. (a) The solid line — inducted
current J/I(t,), dot — electric field in the resonator E/E,, dash — streamer radius a(t)/a(t,),
J(t)) = J;a dadot — length of the streamer b(t)/b,, t — the time after switching the genera-
tor. (b) The solid line — the gas temperature T(t), K, dot — the electron temperature Te(t),
K, dash — electric conductivity 4nc(t)/o

The simulation shows that independently on the gas pressure if elec-
tric field exceeds the critical value the electron avalanche starts to de-
velop and transforms into the streamer. The streamer length, electric
conductivity and inducted current rise up to maximum value limited by
finite energy stored by resonator. Electric field in the resonator decreased
quickly, it is breakdown. The streamer radius rises initially up to value
limited by ambipolar process and after heating rises quickly because of
the explosion. Fig. 4a demonstrates this process on the case of the gas
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pressure 760 Torr. One can see that after heating the electron temperature
Te and gas temperature T is the same and achieve the value 30,000 K (see
Fig. 4b).

The Fig. 5-6 show the dependencies on the pressure. One can see
that dependencies are very strong. The maximum inducted current and
maximum velocity of streamer ends are near the theoretic limit if the
pressure is quit high (see Fig. 5a and Fig. 5b). The current is limited by
the radiation resistance of an ideal resonant vibrator in the critical exter-
nal field E;. The ends velocity is limited by the product of the free elec-
tron diffusion and maximum ionization frequency. The product almost
do not depends on the gas pressure.

110 4 Maximum current, A 110 g Maximum ends velocity, cm/s

l-l03 A fe/‘
/ 1107

/!
01 1.10°

Pressure , Torr Pressure , Torr

(@ (b)

Fig. 5a. Maximum inducted current J,, dependence on the pressure. The solid line —
simulation data, dot — theoretic limit, current in resonant ideal vibrator if E = E.

10 100 1-10

Fig. 5b. Maximum velocity of the streamer ends dependence on the gas pressure simula-
tion data

The maximum gas temperature exceeds 0.5 eV if the pressure is
more than 500 Torr (see Fig. 6). The streamer has the maximum tem-
perature at the its middle only. It means that the light intensity of the
middle of the streamer must be strongly higher than one of the streamer
branches. The observing bright corn at the middle of the streamer can be
explained by the high gas temperature at the middle. Is clear why the
corn arises if the pressure is more than 500 Torr.

The calculated and measured values of the streamer radius are com-
pared on the Fig. 7. The bottom branch is the streamer radius at the mo-
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ment when the inducted current is maximum; the top branch is the radius
after the streamer explosion. The experimental data are got from the
streamer photo and shadow method correspondingly. One can see the
quit good agreement. It give us some assurance that designed model has
relation to the realty. This assurance gives us a good possibility to fore-
cast the discharge parameters by means of designed simple model if the
pressure is much more 1 atm. The calculated ratio of magnetic pressure
created by inducted current to discharge plasma total pressure is shown
on Fig. 8 (solid line).
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I ! L]
R |
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Pressure , Torr

Fig. 6. The maximum gas temperature T, eV, dependence on the gas pressure

The several suppositions lay in the basis of estimation:

— inducted current is maximum when the streamer has the resonant
length,

— Ohm resistance of the streamer is less than the radiation resistance,
(it means that at this moment the gas in the streamer is fully ionized and
has Coulomb conductivity),

— the streamer radius is limited by the ambipolar process,

— plasma has the identical electron and ion temperature.

The avalanche starts to develop when the MW field exceeds the criti-
cal value. The ambipolar field limits the discharge radius on the ava-
lanche stadium. Using the noted suppositions one can write the rate for
limited avalanche radius

= . . TeO'alimit A 21 . Ecr
a,im,,_\/z D ‘/2 ln( o @5)
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E

where B=@-% (usually it is accepted =5.3), Teo — electron tem-
Vi N

perature if the electric field is the critical one.
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Fig. 7. The streamer radius dependence on gas pressure. Circles — the measured values
from photo of the streamer by exposed lens, box — usual value of the streamer radius
measured by shadow method, lines — the simulation result: solid — the streamer radius
after expanding caused by explosion, dash — the radius at moment when inducted current
( and correspondingly light radiation of the streamer) is maximum

The discharge temperature must be more than

| %
Tmin =[ 2 J . (26)

4-1-1.3-1013-k2-ay_ >
The ratio of magnetic pressure and gas pressure is defined now as

2
CD=( 2 .Ecr'z’bJ I . 27)

C* Ajimit Ry 8-m-4-N- kB' Thin

where ajjyjt and Tpin are defined by (25) and (26). The estimation (27)
are compared with the simulation data on Fig. 7. One can see that that
the estimation helps as to understand the simulation data. Both show that
@ is proportional to the gas pressure and if the gas pressure is more than
10 atm, the magnetic pressure is able to exceed the plasma pressure so
the pinch effect can be observed [12]. The simulation by means of more
advanced complete model of the process at gas pressure 10 atm confirms
this conclusion. The Fig. 9 demonstrates the simulation result.

At the moment of resonance the plasma density is rising instead of
usual decreasing at lower gas pressure. It is consequence of the pinch
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effect. Also one can see that at resonance the ion temperature is near to
the electron one. Estimations show that the temperature increases pro-
portionally to gas pressure. If the gas pressure will be increased up to
some tens of atmosphere the temperature some keV can be achieved. The

10
1
y A
0.1 ——
A
0.01 1
10 100 100 1.0t 1.0

Pressure, Torr

Fig. 8. The rate @ of magnetic pressure of inducted current J to plasma pressure at the
middle part of the streamer when the current is maximum in dependence on gas pressure:
solid line — data calculated by means of the simple model, dot — estimation (27)

pinch influence is important both for density increasing and for ion
heating. If plasma temperature is high the electron-ion relaxation time is
comparable with time of the process so as electrons do not able to heat
ions through Coulomb collisions. But MW pinch effect generates the
strong shock wave every half period of MW oscillations. The shock
waves are dissipated by ion component and ions are being heated directly
during the pinch time.

Of course the discharge at the pressure about several atm needs the
significantly deeper experimental and theoretic study than it is performed
here.

Possible applications

The experimental results simulation and theory data specify the pos-
sible ways of the MW discharge streamer discharge in an opened reso-
nator. This type of discharge has the important peculiarities.
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Fig. 9. The simulation result achieved by means of complete model for discharge at
10 atm. 1 — electron temperature T., 2 — gas temperature T, 3 — plasma density p/p,,
4 — dissociation coefficient, 5 — ionization coefficient

The simulations show that if gas pressure is quite enough the average
pinch force of the current inducted in the resonant streamer strongly
compress the discharge plasma. The dense very hot plasma can be cre-
ated for a short time about several nanoseconds. The pinched plasma can
have the parameters up to needed for fusion in DT mix if the mix pres-
sure is more than 40 atmosphere. At the compress stage the gas dynamic
time of plasma is compared with period of microwave field. In this con-
dition the pinching force generates the periodical shock waves which are
cumulated at the axis of the filament. Thus the work of the pinch force is
transformed into ions temperature directly. This discharge need not elec-
trodes and arises far from the walls of device chamber. It means that only
work gas takes part in the process without any impurities.

The small scale of phenomena and the device size, very high effi-
ciency of the energy utilization, absence of electrodes and surfaces con-
tacting with the hot plasma, direct pumping of energy to the ion heating
allows us to hop that forecasted high plasma parameters really can be
achieved and applied not only for design of a gamma or neutron sources
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but for creation of a fusion reactor. It is the nearest possibilities. We also
dream that the Lowson criteria will exceeded at a high pressure of DT
mix and may be the resonant streamer discharge is one from possible
realistic ways to create the nuclear fusion reactor.
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Microwave breakdown in air-filled rotationally symmetrical resonators
is considered analytically, numerically and experimentally, with em-
phasis on experimental results. Comparisons are made between nu-
merical calculations and experimental data.

Microwave breakdown is a much studied problem. The recent rapid de-
velopment in the field of mobile telecommunications has renewed the
interest for the problem, since some components are best constructed
using resonators, but the power handling capability is often limited by
microwave breakdown. Air is an important dielectric in these applica-
tions thus this work is focused on air-filled resonators.

Physical model

Plasma generation by microwave breakdown is described by a simple
model using Maxwell’s equations and the equation of continuity for the
electron density:

%=szn+(v,. —v,)n, (1)

where n denotes the electron density, ¢ the time, D the diffusion coeffi-
cient, v, the ionisation frequency, and v, the attachment frequency.

Here losses due to recombination are neglected. This model assumes that
the electron density is high enough for a continuum description. When
the background density of electrons is very small there will be a statisti-
cal delay until a first electron appears and the breakdown avalanche can
develop.

The breakdown threshold for continuous wave (CW) is obtained with
On/0t=0 in the equation of continuity. For time dependent problems, the
breakdown condition has to be formulated in terms of the electron den-
sity needed to significantly change the wave propagation characteristics.
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To obtain the threshold it often suffices to solve Maxwell’s equations
(ME) without free charges, since they become important only near the
threshold. Considering the correspondingly determined microwave fields
as given, the steady state solution for the electron density can be found
from eq. (1) as an eigenvalue problem.

Analytical approach

The eigenvalue problem, which determines the breakdown threshold,
can be solved exactly only in situations involving certain simple ideal-
ised geometries. For more complicated geometries resort must be taken
either to approximate anaytical methods or to full numerical computa-
tions. A convenient approach for approximate analysis of the eigenvalue
equation is direct variational methods based on trial functions and subse-
quent Raleigh-Ritz optimisation. This approach has been used in the pre-
sent problem to find simple analytical approximations for the breakdown
threshold' as it depends on geometrical parameters for some nontrivial
geometries. The result clearly demonstrates the importance not only of
the direct geometrical dimensions but also of the scale length of the in-
homogeneous mode structure of the electric field. However, for the com-
plicated geometry of a commercial resonator design, the only option for
obtaining accurate predictions is numerical computations.

Numerical calculations

For comparison with experimental data the CW-breakdown threshold
is calculated numerically, with the simplifications stated above.
For the dominant mode in a rotationally symmetric structure ME be-
come:
V2Hy - Ho/r2 + 02peHg = 0,
Hp=0, r=0, )

ﬁOVH¢ +n—’H¢ =0, on the boundary,
r

where r is the radial coordinate and 7 is the outward normal vector to
the boundary. The E; and E; components are readily calculated from Hj.
The CW-breakdown condition can then be formulated as:

D[az_",,li(r@)]af(v,. —v, =0,

oz ror\  or
n(z,r) =0, on metal boundaries, ?3)
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where the dependencies of D, v;, and v, on the electric field strength

and pressure are given by semi-empirical expressions, cf. [1, 2].

The solution yields the electric field strength needed for breakdown
and also the electron density. The electric field strength can be related to
the input power by the coupling at the ports and the losses in the resona-
tor.

Experiments

Breakdown thresholds for different signals have been measured using
a set-up that permits measuring incident and reflected average power and
peak to average ratio for the signal.

The peak equivalent power (PEP) is defined as the average power of
a sinusoid with the same amplitude as the peak of the considered signal.
The peak to average ratio (PF) is defined as the ratio between PEP and

average power ( P, ) for the signal:

PF = PI’I:'I’ . ( 4)

av

The measurements were done by keeping the average power constant
and lowering the air pressure in the component until breakdown oc-
curred, at which point the pressure was recorded. Three different kinds of
signals were used:

1) single carrier (sinusoid)

2) multicarrier (varying number of sinusoids)

3) modulated (one carrier with information modulated on it, ac-

cording to the IS95 standard).

Results

The numerically calculated CW-threshold is plotted together with the

experimental points for the different experiments.

For the case with single carrier signal, one can observe the following

features, see Fig. 1:

e Large spread: the pressure sweep can continue far into the region
where breakdown is expected before breakdown takes place. This
is due to the statistical waiting time for a first electron to appear
in the breakdown region and to start the electron avalanche.

e The numerically calculated CW-breakdown threshold gives a
good estimate of the “worst” performance of the component.
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Figure 1: Breakdown threshold for single carrier experiment.

In the multicarrier experiment the number of carriers were varied
between one and seven, with the power equally divided between the car-
riers, but the relative phases between the carriers were not fixed. In Fig. 2
the CW-breakdown threshold is plotted together with, in (a) the average
power, and in (b) the peak equivalent power for each signal versus pres-
sure at breakdown. From Fig. 2 it is seen that:

e The picture that the device can not handle full average power due

to the interference peaks of the signal is confirmed.

e The spread among the measured points is increased as compared

to the single carrier case.
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Figure 2: Breakdown threshold for the multicarrier experiment, (a) average power versus
pressure, (b) peak equivalent power versus pressure.
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The modulated carrier experiment shows essentially the same fea-
tures as the multicarrier experiment, as can be seen from Fig. 3. The
points are less spread out in Fig. 3b as compared to Fig. 2b, because the
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modulated signal has a less varying peak to average ratio than the multi-
carrier signals that were used.
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Figure 3: Breakdown threshold for the modulated carrier experiment, (a) average power
versus pressure, (b) peak equivalent power versus pressure.
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Conclusions

Good agreement is found between numerical simulations and ex-
perimental data.

The large spread and the tendency for the resonator to sustain more
power than the predicted threshold in many of the experimental points
lead to the conclusion that care must be taken when trying to verify the
performance of a given component experimentally. This is more impor-
tant if a signal with time-varying envelope, such as a pulsed signal, is
used since the high power interval must coincide with the occurrence of a
seed electron.
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LARGE DIAMETER MICROWAVE PLASMA EXCITED
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This work is focused on the study of the large diameter microwave
discharge (120 mm) excited at 2450 MHz in argon and oxygen gases
(low pressure), then compare the main results with those obtained in
the small radii plasma. In such a large diameter plasma, the description
of the spatial electromagnetic field distribution as well as the species
distribution is performed by non-intrusive diagnostics. The results
show that several plasma modes can propagate simultaneously in the
plasma which is mainly maintained by the hexapolar plasma mode
TM;,". The actinometry technique yields the relative atomic oxygen
densities and their spatial distribution; it is about 1% of the neutral
density.

1. Introduction

Industrial need for the development of large area microwave plasma
has grown in several fields: surface modifications etching and deposition
of thin films, because of samples greater at each time.

The main advantages of the microwave plasma excited at 2450 MHz
are the high production of the active neutral particles and the higher
energetic electron then those obtained with lower frequency plasma.
These properties are of interest for plasma chemical process. They are
also electrodless and can be operated over a wide pressure range [1, 2].

Our work is focused on the study of the large diameter microwave
plasma sustained by surface waves at 2450 MHz, for which the free space
wavelength is 12.24 cm; and compare the main results with those
obtained in the small radii plasma; particularly the excited mode in
plasma, the ground state atomic oxygen densities and their spatial
distribution.

2. Wave propagation

In the case of a small radii plasma, the widely assumption of a flat
radial electron density profile, constitute a satisfactory approximation for
determining the propagation constant [3, 4].
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In the large diameter plasma the electromagnetic field components
and the dispersion relation are expected to depend on the radial electron
density profile. So, we have to solve the following set of Helmholtz
equations [5, 6]:

de,/ s de s
_ H
V’zEZ +k2EZ+;Y—-—dr'—z= jo uOL._._i. z
r P k3 €p or k,2J roog, o0
de/ de
2 P p
GAH, +k2H, - 052 dr'aHz=1me ¢, 1. L. ar OH,
r=z""pz k2 € ar 0 pk}, roog, dp '
E,=-Y .8E: _ , Bo 1 OH,
g k2 or k2 r 09 ’
E,--Y 123E; Bo 0H,
P 2 ’
kg or o9 k or
where kf,:kgep+72, ko—%,

E;, H; are the components of respectively electric and magnetic field,
€, — plasma permitivity, y=a+jB , with a the attenuation coefficient and 3
the wave number.

Pasquiers and Darchicourt have shown that the radial electron density
profile has an increasing influence in the range of low electron density

(less then 8-10" cm®) [7].

According to our experimental conditions, our computations have
been performed for a wave frequency /=2450 MHz, inside and outside
plasma tube diameters respectively equal 120 and 125 mm, with an
external metallic cylinder diameter of 188 mm.

In these conditions the electron density is about 10'> cm™. This value
allows us to take again the assumption of a flat radial electron density
profile [8]. Thus, the radial variation of the plasma relative permitivity
vanishes; we find again the case of a small radii plasma [5]. We proceed
with the same manner as in the case of the small radii plasma. The
solutions of the Helmholtz equations are combinations of two Bessel
functions of first and second kind [5]. The continuity of the tangential
electromagnetic field components yields the dispersion relation. These
computations predict that several modes can be excited in this plasma.
We find that at low electron density (10'° cm™), the seven first guide
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modes have their cut-off frequency smaller then the excitation frequency
(2450 MHz); at higher electron density (>10"' cm™), the cut-off
frequencies of these guide modes become greater then the excitation
frequency and only five plasma modes (the fundamental plasma mode
TMyo, the dipolar mode 'IMlo', the quadripolar mode TMZO', the
hexapolar mode TMs3," and the octapolar mode TMy,"), all these modes
can propagate simultaneously with a close value of the attenuation
coefficient .

Thus, we conclude from theoretical computations that our plasma is
sustained simultaneously by five plasma modes, contrarily of small radii
plasma, where the fundamental plasma mode can be selected alone [5].

3. Experimental set up
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| CIRCULATORI METALLIC CYLINDER ;
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SURFAGUIDE SLIT: RADIAL DIAGNOSTIC
MAGNETRON
2,45GHz PRIMARY PUMP

GENERATOR SHORT-CIRCUIT

Figure 1: Experimental set up

As shown in figure 1, the plasma is created in the quartz tube (inner
diameter 120 mm) surrounded by a metallic cylinder (188 mm diameter).
The plasma is excited at the gap by a microwave power (0.8 — 3 kW) at
an industrial frequency of 2450 MHz in Ar and O, gazes mixtures at low
pressure (0.1 — 5 Torr) with a flowrate of about 200 sccm. For a
microwave power around 1 kW, total plasma length range from 15 —
20 cm in pure oxygen to 120 cm in pure argon. The higher the percentage
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of O,, the lower the plasma length and the electron densities.
Nevertheless, the electromagnetic behaviour is always the same.

The description of the spatial electromagnetic field distribution and
the species density distribution are performed by non-intrusive
diagnostic : electrical antenna and emission spectroscopy.

4. Results
Electromagnetic aspect

We have plotted in figure 2, the longitudinal evolution of the emission
intensity of the argon line (750.4 nm) which exhibit modulations. These
ones are explained by a simultaneous propagation of several plasma modes,
among others the hexapolar hybrid plasma mode TM3o*.
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Figure 2: Spectroscopic measures of the argon line
in pure argon p=1 Torr, P=1200 W

In figure 3, we present the electrical signal azimuthally collected by
an antenna; it shows the predominance of the hexapolar plasma mode
TMs, . The plasma is mainly sustained by the hexapolar plasma mode.

But, it seems that the calculated beat wavelengths of the hexapolar
mode and the others propagating modes are largely greater then the
measured ones, which are of the order of 18 cm.
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Figure 3: Azimutal evolution of the electric antenna measures
in pure argon, p= 1 Torr
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By, = Az" =61 cm, where  ABs, =B(TM 3 )-B(TM 3, ).
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This discrepancy is possibly due to the fact that the calculated beat
wavelengths are obtained from the resolution of the dispersion equation
in which we consider a flat radial electron density profile.

The radial electron density profile has to be taken into account in the
computation of the propagation constant.

Scaling laws

Different experimental results of the discharge characteristics (v, 6,
E¢) in small plasma radii at low pressure have been expressed in terms of
similarity laws, they are written as follow :

X/N=f(N -a),
where X = v, 0, E; a — represents the plasma radius. For a given gas,
these expressions are only dependent on the product Na, where N is the
neutral density, and are independent on the electronic density and the
excitation frequency. In plasma, where there is no neutral density
gradient, these quantities have to be constant and thus, they characterise
the plasma. These laws have theoretically established by Ferreira [9] and
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verified then in several works. In the case of large diameter plasma, the
experimental results constitute a coherent set; thus the plasma characteristics
are only dependent on the neutral density and the plasma radius. But it seems
that the values of the e-neutral collision frequency present a similar variation
to the results obtained for another tube smaller then 120 mm, but they are
three times greater. This could be du to the values of the electron density
which is obtained by the hyperfrequency diagnostic.

Density of species

Our interest bears also on the ground state atomic oxygen densities
and their spatial distribution for their efficiency in some treatments.

This density is provided by the ratio /(O)/I(Ar). This technique called
actinometry is valid under the following conditions:

- the radiating excited states have to be directly created by electron
impact from the atomic ground state.
- they have to be lost by radiative de-excitation.

These conditions are verified in situations similar to our experimental
conditions; this technique is used in order to measure the relative density
of the ground state atomic oxygen, which is given by:

[OYN = C* (O)/I(Ar),
where N is the neutral density [10, 11, 12].

Longitudinal and azimutal distribution of [O]/[Ar] are plotted in figure
4 and 5. They present a homogenous profile; this ratio is about 1% of the
total neutral density. It is also about 1% in the case of small radii plasma.
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Figure 4: Longitudinal evolution of the relative atomic oxygen density,
P=2200 W, p=0.5 Torr Ar/O, =2/98 sccm
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Figure 5: Azimutal evolution of the atomic oxygen percentage,
P=2200 W, p= 0,5 Torr, Ar/O, =2/98 sccm

This relative density increases by increasing the microwave power
then decreases in the plasma end, where all the curves reach the same no-
vanished value as presented in figure 6. The same result has been
obtained in the case of the small radii plasma; thus we can conclude that
the atom sources is independent of the microwave power in the plasma
whatever the plasma radius.

This result is very interesting for surface treatment applications.
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Figure 6: Evolution of the microwave atomic oxygen density
with the microwave power at Ar/0,=2/98 sccm
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Conclusion

We have shown in this study that a large diameter plasma (120 mm)
excited at 2450 MHz is mainly maintained by an hexapolar plasma mode
(m = 3) contrary to.a small radii plasma where the plasma could be
maintained only by the selected fundamental plasma mode TM.

Spectroscopic measures show also that several plasma modes can
propagate simultaneously with a predominance of the hexapolar plasma
mode.

The density of the ground state atomic oxygen is homogeneous in the
two directions; it is about 1% of the total neutral density.

We have also concluded that the radial electron density profile has to
be taken into account in the computation of the propagation constant, this
is the main discrepancy between the two ranges of diameters (small and
large).
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SELF-CONSISTENT MODEL OF THE PULSED
SW-DISCHARGE IN HYDROGEN
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This paper present self-consistent model of the surface waves
discharge in the hydrogen.

Introduction

Earlier experimental investigations of plasma degeneration in hydrogen
and hydrogen-methane mixture demonstrated significant influence that
processes of ion conversion have on ion composition of such plasma. Such
conversion results in a change in ionization-recombination balance, which,
in its turn, influences chemical activity and parameters of the discharge
plasma. Thus, the experiments showed that in the degenerating plasma, as
a rule, a certain type of ions prevails. Due to the processes of ion
recharging “primary” H," ions in hydrogen are converted fast into H;" ions.
The above peculiarities stimulated our interest for studying pulse SW
discharge in hydrogen. The main attention was given to construction of a
self-consistent model of an SW discharge with various kinetic processes in
hydrogen plasma taken into account. The interest to such plasma is caused
by its wide range of application in plasma technologies for film deposition
and material etching.

Numerical model and discussion of results

The system of basic equations that describe dynamics of the SW
discharge was analogous to that used earlier for modeling the
motion of the SW ionization front in air [1, 2]. This system included
electrodynamic and kinetic parts.

Evolution of electromagnetic field in plasma in an azimuth-symmetric
SW was determined by solving Maxwell equations by the FDTD
method[3]. Maxwell solutions were written down in the cylindrical system
of coordinates for TM mode. The current density in plasma, j = 25/, +79j, ,
was determined by formula

G/ = ENE/m - vj ()
where v is frequency of electron-molecule collisions.
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The system of Maxwell equations and equation (1) was complemented
with balance equations for electrons, ions H', H,", H;" and hydrogen
atoms. The main ionization processes in the discharge are reactions that
lead to formation of ions H,” and H':

H2 + ¢ —)I‘Fg + 2e k](Ee/]V), (2)

H+e oH + 2 k,(E/N), 3)
where k; and k. are constants of reactions (2) and (3) and functions of
parameter E/N. Here E. = Eo-v/(v2 + @,)" is efficient electric field, N is
density of neutral gas, and E, is amplitude of the field in the surface wave.

Hydrogen atoms are formed in the discharge as the result of hydrogen
molecule dissociation:

H,+e 52H + ¢ ks(E/N), O]

The main processes, in which charged particles perish at the discharge
stage, were assumed to be electron-ion recombination and diffusion of
particles to the walls of the discharge tube with consequent recombination:

H, + ¢ >2H o =3-10%(300/T,)°° cm’/s, )
H +e >H +hv =3-10"° cm™/s, (6)
H,", H', H — wall y=102-10" )

Analysis of the kinetics of charged particles and the experiments
performed showed that a significant role in hydrogen plasma is played by
ion-molecule reactions that lead to a change in ion composition of the
plasma. Therefore, the above kinetic scheme was supplemented with fast
reactions of ion conversion and reactions with participation of newly
formed ions:

H,+H, >H + H k,=2.1-10° cm’/s 8)
H +2H, >Hy + H,  ks=3.1-10% cm%s 9)
H,+ H >H + H, ks=6.4-10" cm’/s (10)
Hy'+e >H, + H a5 =2.3-107(300/T,)°% ecm™/s  (11)

This model did not take into account reactions with complex ions Hs",
because density of these ions is not hight at low and average pressure.

The constants of processes (2)-(11) that were used in the calculations
were determined basing on the data given in [4-8]. The constant of process
(3) was determined from the section of the corresponding process [9] under
the assumption about the Maxwell function of EEDF. This assumption is
justifiable at high densities of electrons, N ~ 10 ¢cm?, that are achieved in
SW discharge, when a significant role in EEDF formation is played by
electron-electron collisions. By that, the relation between electron
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temperature T. and parameter E//N was determined basing on the data
from [10]. The calculations used also the data on diffusion coefficients for
different ions from [4] and [8].

The initial data for calculations were the pressure and temperature of
the gas mixture, tube radius, and duration and power of the microwave
pulse.

Dynamics of the spatial distribution of the electron density N, and the E,
component of the electric field along the tube axis at different time
moments are shown in Fig. 1. It indicate the effect of strong increase of the
electric field in the region of the plasma resonance at the leading the front
of the discharge. The amplitude of the peak of the electric field slowly
decrease along the discharge tube.

It’s seen also that powerful electric field penetrates into the region of the
neutral gas at the SW front, which confirm the mechanism of the ionization
front motion based on the breakdown wave.

Ne em™ E, vem baS
1014_ £ . - 6000 20 —- 2

1013;. - 16 —
10'% 12 -
10111 0.8 __
10 T
10 0.4
10° 4 1

00 L B B

0 0 2 4 6 8 10

z,cm z,cm
Fig. 1. Dynamics of the spatial Fig. 2. The time-dependence of the
distribution of the electron density and ionization  front  coordinate.

Ez component of the electric field along P=30 kW, T=600 K, Ry = 6 mm;
the tube axis. P=30 kW, p=1.5 Torr, 1 - p=1.5 Torr, 2 - p=5 Torr,
T=600 K, Rwe = 6 mm, 3 — approximations for curve 2:

1-t=0.2 pus,2-0.7 pus, 3 — 1.3 ps. Zs ~In(t).

The time-dependence of the ionization front coordinate is shown in
Fig.2. It’s seen that near the launcher ionization front velocity decrease
exponentially with z. But after certain distance for high pressure this
velocity decrease sharply.
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Characteristic dependencies density distribution for electrons, ions and
hydrogen atoms along the radius of the discharge tubes in pulses with
different duration are shown in Figs. 3-4.

N, em’®
101 H

1 014

1010
10°
1 ' 1 ' | ' 1
2 o O I 0.0 02, o 04 06

Fig.3. Radial distribution of density of ~ Fig.4. Radial distribution of density of
different particles ( Simulation different particles ( Simulation
conditions: P=30 kW; p=1.5 Torr; conditions: P=30 kW, p=1.5 Torr;
T=600 K; Ry,.=6 mm; T=600 K; Ry,.=6 mm;
time moment t=0.7 ps ). time moment t=3.5 us ).

Calculations show that at the initial discharge stage (at the leading edge
of the surface wave) the highest density of particles is achieved near the
axis of the discharge tube. This stage is characterized by prevalence of
primary H," ions and H;" ions formed in fast reaction (8). Density of H'
ions is not high. After some time distribution of density of main particles
along the radius becomes more homogeneous. By that, H;" becomes the
main ion, and H' ions are found only in the near-wall region. Besides,
intense dissociation of H, molecules in the discharge takes place and,
correspondingly, density of H atoms becomes higher.

The calculations showed that formation of the quasi-stationary structure -
characteristic for the surface wave under the considered pressures happens
in several hundreds of nanoseconds after the ionization front appeared in
the given section of the discharge tube. By that, high values of the
amplitude of the electric field near the tube walls lead to an increase in the
density of the majority of the particles from the tube center to its periphery.
The degree of hydrogen association reaches 10-15% already after several
microseconds. Note that high efficiency of the SW discharge as a source of
hydrogen atoms was stated already in [11]. As the result of dissociation,
the role of reaction (4) becomes more significant, and, correspondingly,
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density of H' ions increases. At the same time, density of H;" ions in this
region becomes lower due to the decrease of H, concentration and higher
(as compared to H) recombination coefficient. Near the tube center the Hs"
ion remains prevalent.

The dynamics of density for different particles along the tube axis at the
difference time moments are shown in Fig.5, 6. Simulation conditions:
P=30 kW; p=1.5 Torr; T=600 K; tube radius 6 mm.

N an” A’

10 H 10"
10" A 1074,
AY '

10"

1013

1 012

z,am
Fig. S. Longitudinal distribution of Fig. 6. Longitudinal distribution of
density of  different particles density of different  particles
(Simulation conditions: P=30 kW, (Simulation conditions: P=30 kW,
p=1.5 Torr; T=600 K; 2R,:=6 mm; p=1.5 Torr; T=600 K; 2R,.=6 mm;
time moment t=0.7 ps ). time moment t=3.5 us).

It is seen that H," ions are generated in a wide region at the leading edge
of the surface wave. These ions are converted into H;™ ions very fast as
they collide with H, molecules. As the result, the main ions at the leading
discharge edge become ions H," and H;". In the quasi-stationary stage
(when the length of the discharge becomes much longer) densities of N, H'
and H decrease smoothly along the axis of the discharge tube. By that, near
the SW exciter, where density of H atoms is high, H' ions are prevalent,
and density of H;" ions becomes somewhat lower.

Kinetic processes in a discharge under higher pressures run in a similar
way. However, in this case the prevalent ion in a larger part of the
discharge volume becomes the H;" ion. Higher densities of H' are reached
only in a narrow region near the tube walls.
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Basic results

e Density of electrons in SW discharge produced by pulse microwave
radiation exceeds the critical value for 3-cm wavelength band by more
than an order of magnitude and reaches values of N, - 10" cm”.

e The pulse SW discharge is a very efficient H atom source.

e Velocity of the SW front is significantly dependent on the effect of the
plasma resonance at the leading front of the discharge.

e The calculation performed show that under the experimental conditions
a significant role is played by ion-molecular reactions that lead to ion
conversion.
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TWO-DIMENSIONAL ELECTRON BOUNCE AVERAGED
FOKKER-PLANCK MODEL WITH SELF-CONSISTENTLY
CALCULATED ION PARAMETERS FOR ECR DISCHARGE
IN PLASMA SOURCES

A.B. Shmelev, A.P. Smirnov

Moscow State University, faculty of Computational Mathematics
and Cybernetics

It is generally assumed and recognized, that plasma sources are of great
interest due to their numerous and multifarious technological
applications.

We have assumed the following experimental conditions. A pipe,
filled with rarified gas (in our case argon) is placed into longitudinal
magnetic field and is affected with a microwave heating at a EC
resonance frequency. This causes partial ionization. Part of the electrons
leave the trap, causing an ambipolar potential to appear, the other part
becomes trapped and causes further ionization.

We have developed a 2-D bounce averaged Fokker—Planck model of
rarified gas ionization for Electron Energy Distribution Function (EEDF)
[1]. We have taken into account the following effects:

e ECR heating in quasilinear approximation
Ionization and excitation of neutral
Elastic scatter on the neutrals

Linearised Coulomb collisions operator
Self-consistent ambipolar potential

For EEDF the following equation can be written:

0

—6£t = Lec + Li(m + L('{ml + LO (1)
EEDF is considered to be a function of the following constants of motion:

S =f(v,5,t), here v is magnitude of the velocity of an electron,

s= viB,
v2B(x)’
symmetry of the device and ¢ is the time. For obtaining this equation we
used an averaging procedure over a standard Fokker-Planck equation.
Due to axial symmetry of the device only perpendicular and longitudinal
components of velocity should be used and we consider that only x axis,

( B(x) is magnetic field, x axis coincides with the axis of
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which coincides with the device symmetry axis is important. We changed
the set of variables in a way, that all the variables would be constants of
motion except for thex. Afterwards we integrated the Fokker-Planck
equation over the x axis from —x, till x; and from x, till —x,.

The equation is written for the particles, that are trapped. In the
(v,5) space, the domain of the trapped particles has the following
appearance:

Domain of the equation

The boundary, which is shown with the strong curve corresponds to
the condition, that the function is equal to zero. Thin line corresponds to
the condition that the flow of the function through the boundary is equal
to zero, as it is also the boundary of the phase space. Maxwell low
temperature distribution was used as an initial condition.

Ambipolar potential is taken into account in the boundary condition.
For §<1 maximum value of v is determined by the formula

2

v o(s)= _s Here v,is a parameter, reflecting the value of the

ambipolar potential. Its value can be found from a condition of the
plasma quasineutrality. The consequence of this condition is the fact that
at the stationary the flow of ions through the bound is equal to the flow of

dN,
= dN . Total electron flow can

dr
be found as integral over the v =v_, (5)curve of the vector of electron
flow, that can be found from the main equation. Ion flow can be
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determined as d—;v’— =L here 7, is the ion characteristic time, that
. T i

determines the average ion living time in the device. The idea of this

paper is to suggest a method of self-consistent determination of this

characteristic time. This allows to create a fully self-consistent model of

the discharge.

The idea of the method is to use the results of the electron model for
finding the electric field and the ion source distribution in the device for
the ion problem.

Firstly we need an electron field distribution. We used the following
equation for its calculation:

%(Ne(x) <vE >)=gE(x)N, (x) + N, (x)uVB(x). @

Here g is electron charge, E(x) — electric field, B(x) — magnetic field,

mvi

2B(x)
equation (1) is averaged over the x axis, it is possible to obtain integral
characteristics for the x axis. Thus

= — magnetic momentum, N,(x) — electron density. Though

1

— s
J1-sB(x)/B,

Here L is the length of the device. By solving the equation (2) one
can obtain the electric field distribution over the x axis. Thus we can
solve a problem for a single ion

m;x(t) = gE(x)
x(0)=x, 4)
x(0)=v,

N.(x)= 2L°fvzdvsmj" 0,50 3)

Here m, is the ion mass and g is its charge. By solving the problem
(4) for the given initial conditions x, and v,, we can find the amount of
time needed for the ion to leave trap with the length L. We will denote
thistime as T =T(x,,v,).

For the whole ion problem we consider that the ion density along
the x axis has the same form as the electron one (due to quasineutrality of

the plasma), and that the ions have Maxwell distribution in the velocity
space. Thus we can write the following formula for the ion time:
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L ©
=C j;dxo{dvoT(xo VoIN, (xo)exf{_ :—(EJ %)

Here C is a normalizing constant, v; is a thermal ion velocity. For
our calculations it was taken to be equal to “normal” conditions of 300K.
This method is equivalent to the solution of a kinetic equation for the ions
by a characteristic method.

During the calculations we fixed the value of the t,, iterated till the
function f(v,s,t) reached the stationary and then self-consistently
changed the value of the t,. This procedure had to be repeated until the
next iteration of thet, gave a value, that differed from the previous
approximation less than fore.

One can see the results of the calculations and the experimental data
[2] at the picture:
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Here electron density and temperature are shown versus gas pressure.

References

1. Smirnov A.P., Suetin N.V., Shmelev A.B. Two-dimensional bounce averaged
Fokker-Planck modelling of an electron cyclotron resonance plasma source. J.
Plasma Physics, vol. 59, part 2, pp 243-257.

2. Gulyaev K.S., Kasheev A.V., Kovalev A.S., Suetin N.V. and Vasilieva AN.
Investigation of in-resonator gas breakdown for electron cyclotron resonance
conditions. J. Phys. D. Appl. Phys 27 2349-2353.

328



NUMERICAL MODELING OF MICROWAVE DISCHARGE
IN THE CVD DIAMOND DEPOSITION REACTOR

A.M. Gorbachev, V.A. Koldanov, A.L. Vikharev

Institute of Applied Physics, Russian Academy of Sciences,
Nizhny Novgorod, Russia

The paper presents the results of numerical simulation of the
microwave CVD reactor operating in CW and pulse regimes.
Dependencies of discharge parameters on the pressure and microwave
power have been studied. The possibility to use the pulse-pereodic
regime of discharge maintenance for deposition of diamond films has
been analyzed.

Recent years have seen intense studies of diamond film deposition by the
CVD (chemical vapor deposition) method [1]. Different types of CVD
reactors are used, in which hot filament, RF, DC and microwave
discharges, and flame are used. The microwave discharges reactors have
the following advantages: absence of electrodes, high specific power
contribution, high densities of excited and charged particles, relatively
large area and high homogeneity of the film.

A successful type of the microwave-based reactor was proposed in [2].
This reactor is made as a cylindrical resonator excited at the TMo;; mode
by means of a coaxial waveguide connected to the resonator at the center
of the end wall. At the other end wall of the reactor a quartz dome is
situated, which limits the discharge volume. The upper wall of the
resonator can be moved. This provides tuning of the resonator to the
resonance frequency. This reactor operates at the frequency 2.45 GHz at
microwave power in the range from 1 to 5 kW. It provides growth of
diamond film with their area of several tens of square centimeters at the
rate of several micrometers per hour.

This paper offers a simplest numerical model of a discharge in such a
reactor. It makes it possible to reveal basic regularities characteristic for
such a discharge and estimate the quality and growth rate of diamond
films.

Growth rate and quality of diamond films are determined by a complex
set of volume and surface reactions. However, the growth rate is
essentially dependent on the density of atomic hydrogen at the substrate
surface. According to Goodwin's results [3], the growth rate may be
estimated by the following formula:
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o [CH,][H]
3-10%cm™ +[H] ~
Relative defect density that determines film quality can be estimated as

G
X def oC [—Iﬁ s K=2. (2)
Here [H] is atomic hydrogen concentration and [CH;] is methyl
concentration near the surface. Often the gas-phase reaction,

CH,+H< CH, +H,, 3)
is rapid and near equilibrium. The methyl concentration is coupled
chemically to atomic hydrogen. Thus, in order to estimate the film quality
and growth rate, we have to determine density of atomic hydrogen near the
substrate surface. That is why the model proposed includes calculations
of the electric field in the reactor; of electron density; temperature, density
and velocity of the gas; of the density of atomic hydrogen in the reactor
volume and near the substrate surface.

Distribution of the electromagnetic field in the resonator was found
from the Maxwell equation by the FTDT method (Fig. 1). The microwave
electric field interactions with the plasma discharge are described using a
finite-difference solution of the equation for electron current [4].

M

4

Absorber

Wave Excitation
Plane (TEM Wave)

Perfect
Conductor

Wall of
Quartz Dome

Plasma Calculate
Region

Substrate
a) b)

Fig.1. Microwave cavity plasma reactor configuration used for numerical simulation (a)
and spatial distributions of electric field components in the resonator ().
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Density of electrons, N, , was found from the equation of ionization-
recombination balance with account for ambipolar diffusion of electrons:

: dN

dte =v,-N,-a-N*+V(D,VN,), 4)

where v; is ionization frequency, o is recombination coefficient, D, is
diffusion coefficient.

Density N, temperature 7" and velocity U of the gas were found by
solving the gas dynamic equations of the ideal gas in the isobaric
approximation with an external heat source GE:

ON

s v(NT)=0

yp-VU = (y = D[oE? + V(AVT)]

where p = kNT is gas pressure, ¥ is adiabatic constant, ¢ is plasma
conductivity and A is coefficient of the gas heat conductivity.

For calculation of density of atomic hydrogen [H] we take into account
the processes of hydrogen dissociation, diffusion and transport with gas
flows:

©)

d[H]
dt
where k; is dissociation constant, Dy is diffusion coefficient. The density
of atomic hydrogen near the surface, [H]s, , was found from the relation
between the diffusion flow and the rate of surface recombination of atomic
hydrogen [4]:

=k, -N-N, +V(D,V[H]) - v(U -[H]), (6)

d[H] [Hl,.Cx .
bi=g o4 @)
here vy is recombination coefficient, ¢, is mean thermal speed of H atom.

The following results of the numerical modeling of continuous wave
(CW) discharge were obtained. Figure 2 shows maximum density of
electrons (N,) and gas temperature (7), specific power (7= of£?) and
effective plasma volume (V =W /7), the maximum density of atomic
hydrogen [H]m.x and its density near the substrate surface [H]y, versus
pressure (p) at a constant power level (W =2 kW). It is seen from Fig. 2
that as the pressure grows, the specific power increases and the plasma
volume decreases. Correspondingly, electron density and gas temperature
also increase. The density of atomic hydrogen near the surface grows
proportionally to specific power and gas pressure. Thus, higher gas

sub
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pressure results in the growth of atomic hydrogen density and higher rate
of film growth. However, by that, the plasma volume and the deposition
area is smaller.

16 -3
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Fig. 2. Pressure dependence of the parameters of the CW discharge at
constant power level.

Power dependence is shown in Fig. 3. It is seen that higher microwave
power under constant pressure leads mainly to a larger plasma volume.
The electron density, gas temperature and specific power stay the same.
The density of atomic hydrogen insignificantly increases. Thus, higher
microwave power leads mainly to a larger deposition area.

T,K N,10"em® v, Wiem® ¥, cm® [H] . [H]sur,lolscm'a

3000— 6 40 —— 80 —_
= 25— 0.05 y
e T T T ///
N \\\: 30 - 60 20— 0.04 [H]sur
2000{-4 ——————7F i T d
- 1 s
[ Ly mte T T
10001 2 P + 1.0 + 002
4 10 1- 20 -
i 1 05 - 0.0t
L R E ' 0 oo — T
0 1 2 4 0 1 2 3
W, kW W, kW

Fig. 3. Dependence of the parameters of the CW discharge on microwave power at
constant gas pressure.

332



However, the power can be increased only to a certain limit. It is seen
in Fig. 4. that when the power reaches some threshold, the discharge
plasma becomes significantly inhomogeneous. At high levels of microwave
power the homogeneous plasma can be obtained at higher pressures.
However, by that the plasma volume becomes smaller and,
correspondingly, the dimensions of the film decrease.

Wm 5 kW Vv S cm3
6 ™ &
W= 1kW 33kW 35kW
E
5+ ~50
N,
4 -40
3 T T T 30
0 40 80 120 160
a) p, Torr

b)
Fig. 4. Spatial distributions of the discharge parameters at various power level (a) and
pressure dependencies of the maximum power (Wpa) and volume of the plasma (Vinax)
achievable in a homogeneous microwave discharge in the continuous regime.

The discharge passes over to the inhomogeneous state in a certain
time. Therefore, thc use of the pulse-periodic regime of discharge
maintenance with pulsc duration shorter than the time of inhomogeneous
discharge formation makes it possible to obtain a large-size homogeneous
discharge. Numerical modeling showed that the use of pulses with pulse
repetition ratc of several kHz makes it possible to obtain large-volume
homogeneous plasma at a high level of power. The value of atomic
hydrogen density in the pulsc regime approximately equals to the density
in the continuous regime at the same values of specific power.

The use of the pulsc regime at a relatively low pulse repetition rate
may be also useful for improving quality of the films (Fig. 5). The Table 1
shows parameters of CW (1) and pulse (2,3) regimes. It is seen that at the
same pressurc the pulse regime leads to lower mean specific power and
mean density of atomic hydrogen (curve 2). This is explained by higher
pcak power in the pulse regime, and, consequently, a larger plasma volume

333



at the constant mean power. In the third case, the pressure in the pulse
regime is greater than in the continuous regime. Plasma volume and mean
specific power are same, as in the continuous discharge. But, the value of
the mean density of atomic hydrogen squared is greater than in the
continuous regime. The expressions determined the growth rate (1) and
quality of the films (2) show that in this case the growth rate
approximately does not change, and the quality of the film improves.
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time, s
Fig. 5. Time dependence of the atomic hydrogen density near the surface n the
continuous (1) and pulse regimes (2,3) at pulse repetition rate of 50 Hz.

Thus, the numerical analysis performed for the regimes of microwave
discharge maintenance in the CVD reactor revealed the basic regularities
of its operation. It was shown that the pulse-periodic regime of discharge
maintenance can be used for generation of homogeneous plasma at high
pressures and for improvement of the growth rate of diamond films.

This work was supported by CRDF under grant RE1-352.
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GENERATION AND STUDY OF Cs-Xe DISCHARGE
PLASMA SLABS FOR NONLINEAR MICROWAVE
) QUASIOPTICAL EXPERIMENTS

N.A. Bogatov, M.S. Gitlin, D.A. Dikan
Institute of Applied Physics RAS, Nizhny Novgorod, Russia

Nonlinear microwave quasioptical devices such as antennas with all-
microwave gain control, phase conjugate mirrors, power-controlled
switches, power-dependent phase shifters, etc. can be used in radar, navi-
gation, microwave communications, beamed microwave power transmis-
sion [1]. However, the lack of appropriate nonlinear volumetric media for
microwaves is considered a bottleneck in achieving potential of the field.
Plasma of the positive column of a DC gas discharge in the Cs-Xe mix-
ture was shown to provide a fast and effective volumetric nonlinear me-
dium for microwaves [2]. This papers is concerned with generation and
study of Cs-Xe discharge plasma slabs for microwave quasioptical ex-
periments.

Figure 1 shows top view of experimental setup used for generation
of a slab of the positive column of the Cs-Xe DC discharge and investi-
gation of interaction of microwaves with it. The plasma was produced in

Magnetron || PS a sealed cylindrical glass gas-

~ D Directional discharge tube with a heated
N g Coupler cathode C. The big bend of the
= - L-shaped gas discharge tube of

é WGH Ag::nna length 40 cm and internal di-

ameter 4.8 cm was placed hori-
MW Lenses  zontally, and the distance be-
W oven tween cathode C and anode A
was 38 cm. For transmission of
microwave beams and creation
of a plasma slab two parallel
plane quartz windows W, and
W, were built in the tube in the
middle between the anode and

ischarge Tube W, //TC

X-Y rec. | the cathode. The distance be-

Monochromator tween inner surfaces of the win-
(o | dows was 4 cm, and their di-

Fig. 1 ameter was 5 cm. Gas discharge

tubes filled with xenon were
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generally used in the experiments reported here. Xenon pressure at the
room temperature was 30 Torr. The discharge tube had a sidearm, in
which a drop of cesium was placed. To obtain the required density of ce-
sium vapor, the gas-discharge tube was heated in a special oven with hot
air supplied through tube T. The temperature of the discharge tube wall,
T,, was controlled by means of thermocouples TC with accuracy
2 degrees. Two single cylindrical probes EP were built in the gas dis-
charge tube. They were placed at the tube axis and spaced 5 cm apart.
The longitudinal electric field £ in the positive column of the discharge
was determined by the difference of potentials between the two probes
using a high-impedance voltmeter or oscilloscope. The emission of the
positive column of the gas discharge was sent to a monochromator
through quartz windows W; and W, and a lens. The light was detected
with photomultiplier PM. The 35 GHz magnetron produced microwave
radiation with maximum output power 10 W in CW mode and 20 W in
the long pulse mode (pulse duration is 0.1 s). The microwaves were fed to
the transmitting horn antenna by means of rectangular waveguide WG;.
The pyramidal horn antenna was 50 cm long and its aperture dimensions
were 8 cm x 6 cm. Its output was coupled to a plane-convex spherical
lens 20 cm in diameter, to create a plane wavefront. Plane-convex cylin-
drical lens with dimensions 20 x 15 cm and focal length 60 cm focused
microwaves in the positive column. In the focal plane the beam width
(FWHM) was 2.5 cm and height 10 cm. A microwave beam was fed into
the discharge tube through plane-parallel quartz windows W; and W,
perpendicular to the tube axis and focused between probes EP on the
positive column of the discharge. Waveguide directional coupler served
to branch a small part of the microwave radiation to calibrated microwave
diode D; which was used to control the power of millimeter waves.
The microwaves that passed through the tube were received by the open
end of rectangular waveguide WG, connected on the other side to cali-
brated diode detector D,. The open end of the waveguide was located at
the microwave beam axis just behind quartz window W.

The electron temperature in the positive column of the discharge was
deduced from the emission spectrum of radiative recombination of elec-
trons and cesium atomic ions Cs" with formation of a cesium atom in the
state 6P (6P-recombination continuum of cesium) [3, 4]. The absolute
value of electron density in the positive column of discharge was deter-
mined from discharge current J by measuring of E , T, and d as

N.=4J/nd i(T.)E, )
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where /(T,) is electron mobility in the longitudinal electric field, which
have been calculated as a function of the electron temperature for the
momentum transfer cross-section of the electron-xenon atom collision as
given in [5]. Small relative variation of electron density and electron mo-
bility under the action of the microwaves could be found from (1) by the
relative variation of longitudinal electric field in the region, where mi-
crowave beam cross the plasma column as AE/E)= -(AN/N.y+Aw/1y),
here Ey, N,y and 4 are the longitudinal electric field, the electron density
and electron mobility in the absence of the microwave field.

Studies of the DC Cs-Xe discharge have shown that at a preset value
of the discharge current there is a range of tube temperatures about some
degrees, in which the positive column of the discharge is deconstricted
and spatially uniform. The deconstriction of the positive column of the
Cs-Xe discharge is a result of considerable depletion of ground state ce-
sium atoms in the region of the current density maximum. The reason of
depletion the cesium atoms is their excitation and ionization [2]. The
study of the spatial distribution of electron density in the positive column
of the discharge was performed using movable single cylindrical probes
and emission of the 6P-recombination continuum of cesium. It showed
t/llat the spatial distribution of electron density in the nonconstricted posi-
tive column of the Cs-Xe discharge is nearly uniform and its width
(FWHM), d, reaches 0.8 of the tube diameter.

The action of microwaves on the plasma of the nonconstricted posi-
tive column of the Cs-Xe discharge was studied at discharge current 1.5A
at the tube wall temperature 368 K. For such conditions £,=0.6 V/cm,
T.=0.32 eV, and the electron density is 4-10" c¢m™ which is about a
quarter of the critical plasma density, N, for microwaves with 4=8.5 mm.

: The ratio of the mean
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- collision frequency for
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0.0 t (ms) intensity absorption coef-
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the reflection coefficient of the microwave beam from the plasma bound-
ary is less than 1 %. Considerable variations of longitudinal electric field,
transmissivity of the plasma, intensity of the 6P-recombination contin-
uum of cesium were observed for incident microwave intensity, #;, more
than 0.1 W/cm®. Figure 2 shows time history of the longitudinal electric
field in the region of the microwave beam, intensities of incident and
transmitted through the plasma microwaves after switching on the mi-
crowave source instantaneously for incident microwave intensity
W,=0.5 W/cm®. As seen from the oscillogram, after switching micro-
waves on sharp growing up of the longitudinal electric field takes place,
which is caused evidently by decreasing of electron mobility in xenon
due to electron heating. Thereafter, a decrease of the longitudinal electric
field and transmissivity of the plasma due to electron density growing
under the action of the microwaves occurs during several hundreds of mi-
croseconds. Since electron temperature and electron mobility would reach
the new quasi-stationary value for the time of elastic recoil electron en-
ergy losses which is of the order of ten microseconds [8], the variation
of electron density in the plasma is equal to AN(#) = -N, A E(t)E,,
where E,, is maximal value of the longitudinal electric field after switch-
ing microwaves on. As the result of additional ionization of cesium atoms
due to the electron heating under the action of microwaves [6] electron
density varies as a function of time according to relation AN,(f)=
=(N,"-N,9){1-exp(-t/7)], where N," is quasi-stationary value of the elec-
tron density in the presence of the microwaves, 7 is characteristic time of
electron density variation. Hence, as may be observed from the oscillo-
gram, the ionization nonlinearity response time of such a plasma

05— 20 medium determined as the
time of plasma density

0.4} {1.6 __ variation, 7, is less than a
£03 2 "’g nlllillisecolt:d. lFigur: h3
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0.} ++ loa § -AEVE,=(E"-EyYE,, and
.t variation of electron den-
oob— . . . . . lgo sity in the plasma, AN,” =
00 0I 02 03 04 05 06 0.7 NNy = -NopAE"-E,YE
%(W/sz) e el el m)/ Em

as a function of the inci-
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here E” is quasi-stationary value of E in the presence of the microwaves.
It follows from this plot that variation of the electron density is approxi-
mately " in direct proportion to the incident microwave intensity
AN = q-W, , where coefficient ¢ equals 2-10"> (W-cm)". The real part
of intensity-dependent refractive index, n(Wy) [7], for plasmas in the limit
vn<<w@ is much greater of imaginary one and is equal to n(W;) =
=(I- e(Wo)/Nc)'/ 2= (n02 - ANe/Nc)I/ 2 [8], here ny is linear refractive index
of the plasma. When A N, <<N’, plasma intensity-dependent refractive
index equals n(W)=ny+n,-W, where n; is nonlinear refractive index of the
plasma. The quasi-stationary value of n, of the positive column Cs-Xe
discharge is n;" = -g/(2N.ng) = - 0,07 cm*/W.

Experimental investigation of four-wave mixing (FWM) and selfac-
tion of microwave beams requires generation of a uniform slab of nonlin-
ear medium with its dimensions much larger than the wavelength of the
microwaves. We have developed the method for generation of the Cs-Xe
discharge plasma slab with its volume of several liters and aperture about
10 cm: In order to solve this problem, we used a sealed cylindrical glass
gas-discharge tube 40 cm long and 12 cm in diameter. Its design is shown
in Fig. 4. The tube was equipped by anode A shaped as a disk with its
area about 80 cm’® was, and two cylindrical heated cathodes C mounted in
the bottom part of the tube. The use of two cathodes improved uniformity
of the discharge in the tube. The distance between the cathodes and
the anode was 31 cm. Two
20 x 10 cm plane quartz
plates QP were set in the
tube parallel to each other
and tube axis. The distances
from plates to the tube axis
were 3.5 cm. Lateral barrier
between quartz plates and
tube wall prevented dis- QP
charge ignition on the outer Fig. 4
sides of the plates and the
discharge burned between the quartz plates. Thus, a slab of plasma was
generated. Analysis of spatial distribution of the 6P-recombination con-
tinuum of cesium showed that such a plasma medium is highly uniform.
Under the pressure of xenon 30 Torr, tube temperature 368 K and dis-
charge current 6 A the values of plasma parameters (E, T,, N,) coincided
approximately with the above plasma parameters for the case of a gas
discharge tube 4.8 cm in diameter at current 1.5 A.
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The generated nonlinear plasma medium can be used, e.g. as phase
conjugate mirror for the microwaves. We estimated CW phase conjugate
(PC) reflectivity via FWM in the created slab of the positive column of
the Cs-Xe discharge at xenon pressure 30 Torr and the electron density
N.=4-102?cm™. PC power reflectivity of microwaves with 4=8.5 mm for
equal intensities of the pump waves 0.1 W/cm” and measured value of the
nonlinear refractive index -0.07 cm’ /W should be about 10 %.

Thus, our study has shown that the plasma of the positive column of
DC discharge in the cesium-xenon mixture provides a stationary, uniform
nonlinear medium for microwaves with dimensions much larger than the
microwave wavelength, a high nonlinear refractive index, and a fast re-
sponse time. Such a plasma slab may be used in various nonlinear mi-
crowave quasi-optical devices.
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MEASURING HYDROGEN PLASMA PARAMETERS
IN PULSED MICROWAVE DISCHARGE
BY OPTICAL EMISSION SPECTROSCOPY

R.A. Akhmedzhanov, A.L. Vikharev, A.M. Gorbachev, D.B. Radishev

Institute of Applied Physics, Russian Academy of Science,
Nizhny Novgorod, Russia

Introduction

A microwave discharge in hydrogen with minor admixture of a car-
bon-containing gas is widely used to obtain diamond films from the gase-
ous phase. Efficiency of diamond film synthesis depends significantly on
the temperature and dissociation degree of the gaseous mixture. Due to
this, development of methods for measuring and controlling gas tempera-
ture 1s currently given much attention. The results of measuring gas tem-
pcrature by observing radiation spectra of different bands of hydrogen
molccules are often contradicting [1, 2]. That is why it is interesting to
compare cxperimentally different methods for measuring gas temperature
in hydrogen plasma. This paper presents the results of measuring gas tem-
perature by radiation spectra of hydrogen and nitrogen molecules and by
the width of the spectral line of hydrogen atoms.

Experimental setup and measurement methods

The scheme of the experimental setup is described in full detail in [3].
Microwave radiation of the magnetron (power 100 kW, wavelength 3 cm,
radiation duration up to 10 ps) was fed via an emitting horn into a cham-
ber filled with hydrogen or the mixture of hydrogen with minor (~5%) ad-
nuxturc of nitrogen. The linearly polarized microwave radiation was inter-
cepted by a spherical mirror and directed backwards, opposite to the wave
bcam. As the result, two opposite wave beams formed a standing electro-
magnctic wave. A spatially localized microwave discharge was ignited in
onc central antinode of the electric field. Total pressure in the chamber
varicd from 40 to 120 Torr. The experiments were performed in two re-
gimes® at pressures below 50 Torr and at pressures, at which the discharge
had the filament structure as the result of evolution of an ionization-
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overheating instability that arose due to mutual amplification of perturba-
tion of electron density and gas temperature. Thus, during a microwave
pulse the gas temperature changed fast from the room temperature to
1500 °C. The wide dynamic range of gas temperature variation made it
possible for us to test different methods of measuring it.

The spectral composition of radiation of microwave plasma in the
range 300-900 nm in hydrogen and a nitrogen-containing mixture was
analyzed by means of a monochromator (focus distance 300 mm, grids
1200 and 2400 lines/mm were used). As a receiver, photoelectron multi-
pliers were used. Spectral resolution of the tools was 0.5 A, and temporal
resolution was 0.5 us. Sensitivity of the registration system was calibrated
by the standard method: by means of a source with the known spectral
distribution of radiation intensity. Distribution of relative intensities of
rotational lines R in branch (0-0) of d3Hu——>a32+g (Fulcher band) and
G'Z';— B'Z’, bands of H molecules was used to measure the gas tem-
perature.

The reverse life time, v, of top levels in the both bands is actually the
same and equals 4-10” s for d’I1, and 3-10"s" for G'=", [4]. The fre-
quency of neutral collisions is estimated as v = 8-10° P s Torr” [5], that
is why under the conditions of our experiments v < vy That means that
the rotational temperature is in equilibrium with the gaseous one.

According to [6] the rotational temperature for G — B was determined
by lines RO, R5, R7, R8 and R10. Lines R1-R4 were not resolved by the
used tools, lines R6 and R9 were excluded since they were perturbed
strongly by other levels [6]. The rotational temperature of the Fulcher
band was determined by lines RO-RS.

The gas temperature was measured also by analyzing how intensities
of rotational lines in band 0-2 of the C’I1,—>B’I], electron transition were
distributed. Special experiments showed that small (up to 5%) addition of
nitrogen do not cause variation of the distribution in the rotation structure
of hydrogen bands.

In order to change the profile of the H, absorption line the method of
intracavity laser spectroscopy (ICLS) was used [7]. The ICLS method is a
modification of the multi-pass absorption spectroscopy. However, unlike
the latter method, in which the number of passes rarely exceeds several
tens due to losses at optical elements, the method of intracavity laser
spectroscopy uses the resonator of a multi-mode laser as a multi-pass cell.
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The idea of a method is, that when a narrow-band absorber }/(/1) is put
into the cavity of a broad-band laser, spectral intensity of modes inside
I(A) and outside I, of absorption region is determined by following
equation.
IA) 1-¢7®
I, r(A)

CcT
where y(4) = —L—K(ﬂ,), 1 is the pulse duration, and % - is ratio of

absorber length to the laser cavity length. EE— is the multiplier, showing

the sensitivity gain of ICLS over traditional absorption spectroscopy. An
apparent advantage of the ICLS method is the possibility to use tools with
high spectral resolution and ignore inevitable losses in light power, since
the information about parameters of the absorbing medium is carried by
intens¢ laser radiation.

In our experiments we used an organic-dye laser with generation pulse
duration 0.5 ps as an ICL spectrometer. Spectrum analysis and registra-
tion were performed by means of a diffraction spectrograph (focus dis-
tance 1600 mm, reverse linear dispersion 0.1 nm/mm) and optic multi-
channel analyzer. The tool function of the registration system proved to be
close to the Gaussian one with width 0.05 A. When determining the tem-
perature of H atoms we took into consideration that line H,, consists of
seven components, which are dipole transitions between levels with n = 2
and n = 3. By that, we assumed that the resonance trapping of ejected
photons in the a-line of the Layman series, strong mixing of 2S and 2P
sublevels in the presence of the electric field, as well as suppression of
metastable states by neutral particles equalizes life times of the metastable,
2S, and resonance, 2P, levels. The shift of the levels in the presence of the
microwave field was taken into consideration in accord with [8]. The colli-
sion broadening was assumed small (0.0075 A under pressure of
100 Torr). The Stark broadening was taken into account by measuring
density of charged particles by the method of observing the Hp line of hy-
drogen atoms, which are strongly subjected to the Stark broadening. For
this, the experimental profile was compared to the calculated one, which
was obtained as the result of convolution of the instrumental and Doppler
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profiles, as well as broadening by the microwave fields and charged p.arti-
cles [8, 9].

Measurement results

Temporal dependencies of the rotational temperature for different
pressures determined by radiation spectra of molecules of hydrogen and
nitrogen are shown on fig. 1. The same figure shows time dependencies of
the temperature of atomic hydrogen, measured by Doppler broadening of
H, line.

It 1s seen from the figure that distribution of intensities of the rotational
lines in the Fulcher system corresponds to the temperature of 600-700 K
and does not depend neither on the time after the microwave pulse begin-
ning, nor on the pressure. According to the recommendations given in [10],
the transition from the Holn-London factors to half-empiric values of tran-
sition probability found in the said paper lead to higher values of rotational
temperature. However, that does not eliminate the absence of the depend-
ence on time and pressure. Moreover, the temperature corresponding to
distribution of intensity of rotational transitions in the G—B band of hy-
drogen molecules, the C3l'1u—>B3Hg transition of nitrogen molecules, as
well as to the Doppler width of hydrogen grows after 3-4 ps at pressures
over 50 Torr. This scenario of dependence is quite natural due to develop-
ment of ionization-overheating instability. However, in the region of low
temperatures (at low pressures or at the initial stage of the discharge) the
results of measurements in the G—B band do not correspond to the tem-
peratures obtained by observing the radiation spectra of nitrogen mole-
cules and the profile of the H, absorption line. Evidently, this is associated
with the fact that at low gas temperatures, when T,<N (N is rotational
quantum number, and B, is rotational constant) the main part in formation
of population distribution starts to be played not by R-T relaxation but by
other processes.

Conclusion

Analysis of the experimental data shows that the rotational tempera-
ture determined by observing the R-branch of the G'EX,— B'Z", band of
hydrogen molecules “traces” variations of the gas temperature for the tem-
perature range over 800-1000 K. These results coincide with conclusions
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Fig.1. Results of gas temperature measurements by rotational structure of
mitrogen (1), Fulcher band (2), G-B transitions (3) and Dopler broadening of
atomic hydrogen (+).

given in [6]. The absence of dependence of the rotational temperature cor-
responding to the radiation of the Fulcher band on the pressure and time of
discharge evolution proves that the Fulcher band cannot be used for meas-
urements of gas temperature. It may be explained by strong influence of
the h’T level on the &1, level [11].

Measurements of the hydrogen atom temperature make it possible to
conclude that hydrogen atoms are balanced with the molecules. That con-
tradicts to the results given in [1], where the authors observed the differ-
ence between temperatures of H atoms and of molecules. Note that at our
conditions the density of hydrogen atoms is significantly lower than that of
the molecules, unlike in [1], where the share of H atoms was 40-60% (the
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degree of dissociation was found from measurements by the ICLS method
of density of H atoms in the n=2 state within the assumption that the elec-
tron energy distribution function is of the Maxwell type). That is why at
our conditions “hot” atoms with energy 3.5 eV formed as the result of the
H,+e — H + H + ¢ reaction are efficiently “cooled” by molecules.
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SOURCES OF SOFT X-RAYS AND MULTICHARGED IONS
BASED ON ECR DISCHARGE IN HEAVY GASES
SUSTAINED BY HIGH-POWER GYROTRON RADIATION

S.V Golubev, S.V. Razin, V.E. Semenov, A.N. Smirnov,
A.V. Vodopyanov, and V.G. Zorin

Institute of Applied Physics of Russian Academy of Sciences, Nizhny Novgorod, Russia

Dense mirror-trapped plasma heated by high power and high frequency
radiation is very promising for soft X-ray generation and deeply stripped ion
formation. Changing plasma parameters, one can create conditions optimal either
for X-rays or for multicharged ions formation. For the electron densities
exceeding 10" cm™ the regime of plasma confinement in a trap changes
significantly, the description based on Pastukhov's formula is no longer valid,
and the quasi-gasdynamic regime of plasma confinement is realized. The present
work concerns experimental investigation of the quasi-gasdynamic regime of hot
plasma confinement in a mirror magnetic trap and searching for optimal conditions
of multicharged ions formation and soft X-rays generation in this regime.

Experiments were conducted with the use of a gyrotron with maximum
power W=130 kW, frequency f=37.5 GHz, and pulse duration up to 1.5 ms. The
simple mirror magnetic trap had the mirror ratio 3.4, length 25 cm, and the

. maximum magnetic field 2.5 T.

The temperature and density of the electrons were determined from spectral

analysis of X-ray plasma bremsstrahlung in 2-15 keV range and from the

‘> transmission factor of diagnostic microwave radiation through the plasma. It was
concluded that the quasi-gasdynamic regime of plasma confinement was realized
in the experiments. lon distribution over charge states in the quasi-gasdynamic
regime was calculated and the obtained results were compared with the
experimental data. A strong effect of anisotropy of the electron distribution
function over energies on the efficiency of plasma confinement and formation of
multicharged ions was observed.

Introduction

Dense plasma in a simple mirror trap heated by high power and high
frequency radiation is very attractive from the point of view of soft X-ray
generation [1, 2] and deeply stripped ion formation [3]. Changing plasma
parameters, one can create conditions optimal either for X-rays or for
multicharged ions formation.

Line emission of multicharged ions is the most effective mechanism
of generation of plasma soft X-ray radiation in a wide range of
parameters. The intensity of line emission grows proportionally to the
product of electron and ion densities in the trap, while microwave power
needed to sustain the electron temperature at a fixed level increases
proportionally to the density of electrons. One can see that the increase of
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plasma density leads to the increase in both emission intensity and
efficiency of conversion of microwave radiation into X-ray radiation. The
sustainment of a dense hot plasma is possible only by powerful short-
wave radiation. Gyrotrons are the most promising sources for this
purpose. ,

An increase in frequency and power of microwave radiation used for
ECR plasma heating in an ion source reveals a rank of promising
prospects regarding improvement of ion sources performance as well [4].
Namely, an increase in frequency and power of microwave pumping may
lead to an increase in a density of a mirror-trapped plasma while the
electron temperature is maintained at the optimal level for stripping of
multicharged ions (MCI). The use of gyrotrons in MCI sources has made
it possible to reach the plasma density N,>2-10" c¢m?, which is an order
of magnitude higher than in conventional ECR ion sources (N,~10"2 cm™).
A regime of magnetic confinement of such a dense plasma changes from
the classical [5] to the so-called quasi-gasdynamic one [6, 7]. A
characteristic feature of the quasi-gasdynamic regime is that the rate of
electron precipitation into the mirror loss-cone D,~V,; exceeds the one of
plasma escape through the trap plugs D.~V/kL: D,>D, (here, v,; is the
electron-ion collision frequency, ¥ is the ion acoustic velocity, L is a trap
length, and & is a numerical factor). Thus, the mirror loss-cone is filled
with electrons, and plasma confinement time 7~D,” is determined by the
ion acoustic velocity and weekly depends on the plasma density. In this
regime an increase in the plasma density is accompanied by an increase in
the plasma confinement parameter N,7 and causes a shift of the maximum
of the ion charge state distribution (CSD) towards higher charge states.
Moreover, MCI current, which is roughly estimated as N,/7, increases as
the frequency of microwave pumping is increased [8].

Powerful ECR heating of a mirror-trapped plasma leads to formation

“of an anisotropic electron velocity distribution function (EDF) [9]: the
average energy of the transverse, in respect to the magnetic field, electron
motion is much greater than the energy of longitudinal motion.
Theoretical studies of a mirror magnetic confinement of a
multicomponent plasma with anisotropic (stretched along V) EDF in a
simple mirror trap reveals an essential augment in multicharged ion
confinement time due to the EDF anisotropy [10]. Consequently, the EDF
anisotropy improves the ion CSD.

In this paper we discuss results of experimental investigation of an
ECR discharge sustained by powerful pulse microwave radiation of a
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gyrotron in a mirror magnetic trap. In particular, data on plasma hard X-
ray emission spectrum, on the intensity of soft X-ray plasma emission,
and on ion CSD are presented. Formation of the ion CSD has been
explored both experimentally and numerically.

Experimental setup

The experimental setup is sketched in Fig. 1. The pulse mirror
magnetic field (pulse duration is 13 ms), produced by two «warm» coils,
achieved the maximum plug value of 2.5 T. The mirror ratio R and length
L (the distance between the plugs) of the trap are equal to 3.4 and 25 cm,
respectively. The linearly polarized gyrotron’s (1) microwave radiation
with the frequency of 37.5 GHz, power of 130 kW, and pulse duration of
1 ms, was focused by a dielectric lens (2) into the center of a discharge
chamber (3). The trapped plasma was ECR-heated at the fundamental
harmonic of the gyrofrequency. The ions, outflowing through the trap
plugs along the magnetic field lines, got into the two-step five-channel ion
analyzer (4). The ion analyzer enables one to investigate independently
ion distribution over charge states and energy by means of electrostatic
and magnetostatic analyses. The operating gas (argon) was admitted into
the discharge chamber through a pulse valve (5). Exploiting a pulse gas
influx, within a certain period of time (the microwave pumping was
introduced at this very moment), it was possible to maintain
inhomogeneous gas pressure: it amounted to 3-10°+10* Torr in the
discharge chamber, while it was considerably lower (10 Torr
approximately) in the diagnostic chamber (6) and in the ion analyzer.
Under such conditions an effect of the MCI beam attenuation due to ion-

I i

Fig. 1. Schematic of the experiment.
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neutral charge exchange along the path through the diagnostic chamber to
the ion analyzer is nearly inessential. For instance, relative attenuation of
the Ar"'® ion beam was evaluated to be ~ 6 %.

Hard X-ray radiation of a plasma was investigated by the XR-100T
analyzer (9), which was exploited as a photon counter. The spectral
resolution of the analyzer amounts to 200 eV. A cooled silicon pin-diode
was used as a detector. The output signal of the analyzer represents a
series of peaks with a duration of 20 us and the amplitude proportional to
the energy of recorded quantum. A typical oscillogram of the X-ray
analyzer signal is shown in Fig. 2, trace 1. Computer processing of
recorded signals made it possible to obtain spectra as well as absolutely
calibrated intensity of plasma X-ray radiation with time resolution. Using
the analyzer, we carried out measurements of the intensity of X-ray

plasma radiation in the region of quantum energies from 2 to 15 keV [11].
I I I I I T T T =
UHF pulse

o ] | | | | | | | ] |
CH1 200V CH2 1.00V CH3 8.00V 0.5 ms/div

Fi% 2. Typical signals of the X-ray detector (trace 1) and ion analyzer: current of
Ar*" ions with energy 100 eV per ion charge (trace 2), current of Ar'® ions with
energy 300 eV per ion charge (trace 3). The microwave pulse is shown at the top
(magnitude is not to scale).

Experimental results

In the course of measurements the ion distribution over charge states
and energy was found to be strongly dependent on the power of
microwave pumping and gas pressure in the discharge chamber.
Unfortunately, the technique of pulse gas influx, employed in our
experimental device, did not allow for obtaining a steady-state gas flux.
Since the gas flux could alter significantly (twofold) within the
microwave pulse, the conditions of MCI generation were changing

350



inevitably while the microwave power was applied. The experimental data
obtained for the optimal (at least within the first 100-300 ps after the
switching on of microwave pumping) rates of neutral gas flux are
presented below.

At the beginning of a microwave pulse, within the first 100-300 ps
after the switching on of microwave pumping, the current of highly
charged ions Ar'”-Ar'"" was observed (Fig. 2, trace 3). Right afterwards,
within the time period from 500 ps to 1000 ps after the switching on of
microwave pumping, the mean ion charge fell down, and the current of
Ar’-Ar* ions dominated. The corresponding ion CSDs are shown in
Fig. 3. Curve 1 was obtained at the beginning and curve 2 at the end (time
period from 500 ps to 1000 ps after the switching on of microwave
pumping) of the microwave pulse.
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Fig. 3. The ion charge state distribution: curve 1 - at the beginning of the
discharge (first 100-300 ps); curve 2 - at the end of the discharge (time
period from 500 ps to 1000 ps after the switching on of microwave
pumping); curve 3 - the calculated CSD for argon plasma with the
parameters: N,=4-10'* cm, T,=300 V.

Plasma X-ray bremsstrahlung measurements show (Fig. 4) that by the
time the current of highly charged ions Ar'® ceases to flow (see the
oscillograms in Fig. 2) two fractions of electrons have been formed in a
plasma: ‘warm’ electrons with mean energy 7,300 eV and density
N,~4-10" cm™, and the ‘hot’ ones with T,~10 keV and Nj~1.5-10° em”.
(Observation of the cut-off of a diagnostic microwave signal at the 35.52
GHz frequency additionally confirmed the high plasma density:
N,>N,=1.5-10" cm™ [8].) Note that the temperature of the ‘warm’
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Fig. 4. Spectral intensity of plasma bremsstrahlung by the instant the current of

Ar'® ions ended off.
electrons is nearing the level optimal for MCI stripping. As follows from
the measurements, the values of T, at the beginning and at the end of the
microwave pulse do not differ drastically from each other. Therefore, the
experimentally observed shift of the ion CSD towards lower charge states
can’t be deemed as a result of MCI generation depression due to a
possible fall in the electron temperature.

Discussion and numerical simulation

Temporal evolution of the ion CSD can be explained as follows. At
the beginning of a discharge, as the plasma density is not extremely high,
ECR heating of electrons proceeds more effectively than collisional
isotropization of the EDF in the velocity space. Formation of the strongly
anisotropic EDF results in an essential increase in the plasma confinement
time t [10]. Then, as the rate of ionization is enhanced and the electron
density goes up, the frequencies of electron-ion and electron-electron
Coulomb collisions increase. The EDF isotropization evokes a drop in the
confinement parameter N,z and shifting of the ion CSD towards lower
charge states. Therefore, one can speculate that the isotropization time of
the EDF under given microwave power and gas flux defines the moment
when the current of Ar*'® ions ends off.

In the second part of the microwave pulse, when the current of Ar’'—
Ar®" ions prevails, an influence of the ‘hot’ electrons upon the processes
of ionization and plasma confinement in the trap is virtually negligible.
‘Hot’ electrons do not contribute much to the total rate of ionization
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because of their too high temperature 7}, and fairly low density N,. One
can assume the energy of ‘hot’ electrons to be stocked mainly in the
transverse, in respect to the magnetic field, motion as it is theoretically
predicted. However, the EDF anisotropy due to the fraction of ‘hot’
electrons is weak: N, /N,,<<1, i.e., the ‘hot’ electrons in the second part of
the microwave pulse almost do not affect plasma trapping.

Thus, in the second part of the microwave pulse both the ionization
process and the plasma confinement are completely determined by the
fraction of ‘warm’ electrons. Under experimental conditions the EDF of
‘warm’ electrons is isotropic in the velocity space. Ref. [10] gives an
estimate for the confinement time of ions of different charge states in a
trap with multicomponent plasma under conditions of the quasi-
gasdynamic regime with the isotropic (maxwellian) EDF:

ron_NeRL )

‘ 2 \/ Zi T e / M i

where Z; and M; are the ion charge and mass, respectively; L and R are the
trap length and mirror ratio; 7, is the mean electron energy (effective
temperature), and e is the base of the natural logarithm. This formula is
valid at 7;<<T,, which is a relation between electron and ion temperatures
typical of ECR MCI sources. In plasmas with experimentally observed
parameters: N,=4-10"cm?, 7,=300 eV, and average ion charge <Z>=6,
the product v,;7.2Vv,;7<z-220 (here, 7, is the electron confinement time).
Consequently, the ‘warm’ electrons isotropize their distribution within the
plasma confinement time, and (1) can be exploited in order to evaluate the
ion confinement time.

Computer simulation of ion CSD formation' in the MCI source was
done for Argon plasmas within the framework of a 0-dimensional
nonstationary set of differential equations for ionization balance. The
temperature of the ‘warm’ electrons was regarded to be a given parameter
which can be determined experimentally. The time dependence of neutral
gas pressure in a pulse was also taken from the experiment. The
confinement times of ions with different charges were determined from
(1). The calculated ion CSD for steady-state plasma (when ionization of
operating gas is compensated by plasma longitudinal losses) is shown in
Fig. 3. The results of numerical simulation agree well with the ion CSD
observed in the second part of the ECR discharge.

Thus, the agreement between simulated and experimental data
demonstrates realization of two sub-regimes of quasigasdynamic
confinement of a dense mirror-trapped plasma: isotropic and anisotropic
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ones. In the case of anisotropic confinement the average ion charge in
plasma proves to be high enough — it's approximately equal to or higher
than the average ion charge in the world-best ECR ion sources — but in
our experiments the plasma density is much higher, which allows us to
obtain much higher ion current.

Simple preliminary experiments were carried out to investigate the
possibility of ion extraction with high ion current. An ion extractor (7)
with an aperture of 1 mm in diameter was placed in the region of
magnetic plug as shown in Fig. 1. The accelerating electrode was
grounded and high ion accelerating 1 — 10 kV voltage was applied to the
vacuum chamber. The current on the vacuum chamber, which was equal
to the total current of ions extracted, and the current on a probe (8) placed
behind the accelerating electrode were measured. Difference in these
currents shows a divergence of the ion beam. Dependencies of the
currents on the accelerating voltage are shown in Fig. 5. The ion current
density (the extracting aperture's area was 8:10° cm?) achieved few
amperes per sq. centimeter, which exceeds significantly current densities
of all existing ECR multicharged ion sources.
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Fig. 5. Probe current and current on the chamber vs. extracting voltage.

The soft X-ray radiation intensity was measured by calibrated p-i-n
diodes. Spectrum of soft X-ray plasma radiation was explored with help
of a monochromator on multilayer Bragg X-ray mirrors and with the use
of filter’s method [11]. Under conditions of ECR discharge in argon at
pressure 10 Torr when isotropic quasigasdynamic regime of plasma
confinement was realized X-ray plasma radiation was found to lie almost
entirely in the region of quantum energies from 90 to 185 eV.
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Conversion efficiency of microwave radiation into X-ray radiation
was about 10 %. Namely, the X-ray radiation power achieved
approximately 10 kW. Accuracy of this estimate is not very high due to a
rather big uncertainties of the X-ray spectrum and of the emissive volume
determination.

Thus, it was shown experimentally that ECR discharge with pumping
by powerful millimeter wave radiation is very promising as a source of
both multicharged ions and soft X-rays.
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MIRROR-TRAPPED PLASMA HEATED BY POWERFUL
MILLIMETER WAVE RADIATION AS AN ECR SOURCE
OF SOFT X-RAYS
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A.N. Smirnov, A.V. Vodopyanov, and V.G. Zorin

Institute of Applied Physics RAS, Nizhny Novgorod, Russia
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A series of experiments on investigation of the efficiency of generation of soft
X-ray radiation by plasma confined in a mirror magnetic trap and heated by pow-
erful millimeter wave radiation were conducted. The use of millimeter wave ra-
diation leads to a substantial increase in electron density N, of a hot confined
plasma and, therefore, results in enhanced intensity of line ion emission
I~N,N~N7 (here, N; is the density of ions). For specific parameters of the dis-
charge, multicharged ions of the charge state 3+5 can dominate and their line
emission belongs to the soft X-ray region.

A pulse gyrotron with maximum power W = 130 kW, frequency f = 37.5
GHz and pulse duration up to 1.5 ms was used for electron cyclotron resonance
(ECR) plasma heating. Plasma was confined in a mirror trap with a mirror ratio of
3.4 and maximum magnetic field of 2.5 T. The pressure of an operating gas (ar-
gon) exceeded 3-10°° Torr. X-ray emission was studied by absolutely calibrated p-
i-n diodes with different spectral sensitivities and a set of filters, by cooled X-ray
detector XR-100T with spectrum resolution of 250 eV, and by a multi-layer mir-
ror monochromator (Mo-B,C and Mo-Si mirrors). Image of emissive region was
also taken with help of a pine-hole camera.

Emission spectrum of ECR discharge was obtained in the 65+170 A range.
Soft X-ray emission of the discharge lies in this spectral interval almost entirely.
The measured absolute values of spectral intensity of the X-ray radiation enabled
us to determine operation efficiency of the source. It was found, in particular, that
up to 10% of microwave radiation can be converted into X-ray radiation of the
spectral interval 80+100 A.

Introduction

This work is devoted to creation of a source of soft X-ray radiation.
One way to obtain X-ray radiation in the photon energy range from 100 to
200 eV is to excite line emission of multicharged ions. This line emission
can be produced in plasmas by heavy gas multicharged ions excited by the
electron impact. Thus, plasma with multicharged ions of a heavy gas is
needed with more or less high electron temperature. These conditions are
fulfilled in a mirror-trapped plasma, which is ECR-heated with millime-
ter-wave radiation [1, 2, 3]. Line emission intensity of multicharged ions
is proportional to the electron density multiplied by the ion density in
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a wide range of plasma parameters. Microwave power required for main-
taining sufficient electron temperature is proportional to the density of
electrons. Finally, conversation efficiency (power of X-ray emission di-
vided by microwave power supplied) is proportional to the electron den-
sity. Future prospects to increase efficiency of such a source are con-
nected with an increase in frequency and power of microwave pumping.

Experimental setup

The scheme of the experimental setup is shown in Fig. 1. The gyro-
tron with maximum power of 130 kW, frequency of 37.5 GHz, and pulse
duration up to 1.5 ms was used for microwave pumping. Microwave beam
was focused by a dielectric lens into the center of a discharge vacuum
chamber, which was set between two identical worm pulse coils produc-
ing a mirror magnetic field. Mirror ratio of the trap and the maximum
magnetic field strength were equal to 3.4 and 2.5 T, respectively. A sili-
con p-i-n diode with a collimator and a set of filters in front of it was at-
tached to the discharge chamber to record soft X-ray radiation. The diode
was covered with a thin layer protecting it from visible and ultraviolet
light. A diode of the same type was used as a detector in the X-ray spec-
trometer based on a multilayer Bragg mirror.

FILTERS

COILS OF
MAGNETIC
TRAP

MOHOCHROMATOR

Fig. 1. Schematic of the experiment
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Preliminary X-ray measurements

10

-
o

o
-

Detector’s sensitivity, au. S  :
| T ||l||||[ T ||||||I|§l TTTTI T llllllll T T 1117

0.9
108 &

0.7 E

065
]

0.5 E
04
8
033
02F
01
10.0

100 1000
Photon energy, eV

Fig. 2

In preliminary X-ray meas-
urements we used two different
detectors that had 0.13-pm protec-
tive layers of aluminium and sil-
ver, and two different filters: one
of aluminium and the other of
mylar with 0.8-um and 1.0-pm
thickness, respectively. Different
detectors had different spectral
sensitivities (see Fig. 2), because
different covering layers had dif-
ferent spectral transmission fac-
tors. Different filters had different
transmission factors as well
(Fig. 2). Through combining two
detectors with two different filters

it was found that the major portion of plasma radiation belongs to the re-
gion of photon energies from 80 to 200 eV. This region is marked in
Fig. 2 by a shadowed rectangle.
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Fig. 3. X-ray spectral intensity

The X-ray monochromator on
multilayer Bragg mirrors (Mo-B,C
and Mo-Si mirrors were used) was
specially designed for investiga-
tion of plasma radiation spectral
intensity. Its schematic arrange-
ment is shown in Fig. 1. The
monochromator has an operating
range from 90 to 180 eV and
spectral resolution less than 20 eV.
Exploiting the monochromator, we
measured more exactly X-ray
spectral intensity in the previously
studied spectral range and obtained

a spectrum which is presented in Fig. 3. The spectrum’s maximum is at
140 eV (90 A).
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Absolutely calibrated measurements
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One of the silicon p-i-n di-
odes used in the experiments
was absolutely calibrated. The
calculated and measured spec-
tral sensitivities of the cali-
brated diode is shown in Fig. 4.
Using this calibration the total
power of plasma X-ray emis-
sion at the region of photon en-
ergies from 100 to 170 eV was
estimated to be equal to 10 kW,
which in its turn means that the
efficiency of transformation of
microwave radiation into X-ray
radiation is about 10%.

Measurements of plasma parameters

“To determine plasma parameters we used another type of X-ray diag-
nostics — an X-ray detector XR-100T with cooled p-i-n diode working as
a photon counter. This detector has operating range from 2 to 10 keV and
spectral resolution of 250 eV. The detector was set at the installation
symmetry axis at the distance of 150 cm from the plasma as shown in
Fig. 1. The output signal of the detector represented a series of 20-us

1E-1 T T

' keV-cm®

T T T T
1.Te=300-400eV
Ne = 10" cm™

2. Te=17-10 keV

Fig. 5. Spectral intensity of plasma X-ray radiation
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pulses with their amplitude proportional to the energy of recorded quanta.
Computer processing of recorded signals, which took into account spec-
tral sensitivity and transmission factor of the system, made it possible to
obtain spectra as well as absolutely calibrated intensity of plasma X-ray
radiation (see Fig. 5).

Estimates demonstrate that in the studied quantum energy range
(2+10 keV) plasma bremsstrahlung dominates. If electron distribution
over energy in a plasma is maxwellian, spectral intensity of plasma brem-
sstrahlung can be written as follows:

dEydv = C-N;N;(Z)*(T )"’ Exp(-hv/T,), (1
where C is numerical factor, N, is the electron density, & is the ion den-
sity, Z; is the mean ion charge, and 7, is the electron temperature. The ex-
perimentally obtained dependence of spectral intensity on quantum energy
in a semi-logarithmic scale (the plot in Fig. 5) can be apparently approxi-
mated by two straight lines. Exploiting eq. (1), from the slope of the line it
is possible to derive the electron temperature, and from the absolute value
of intensity one can determine the plasma density. Accordingly, two frac-
tions of electrons have been found in a plasma: ‘warm’ electrons with
mean energy T,<300 — 400 eV and density N,~10" cm?, and the ‘hot’
ones with 7,~7-10 keV and N,~10'° cm™.

Simulation of plasma emission

1E-5 The calculation of plasma X-

1E-6 ray emission for the meas-
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2 e performed. The model of ion
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2 1es ‘ | radiative approach, which

:E:i ) \ takes into account the fol-

el .- lowing kinetic processes:
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Fig. 6. Calculated spectral intensity of photo- and dielectronic re-

plasma X-ray radiation combination,  spontaneous

radiation transitions between
discrete ion energy levels, process of collisional excitation and de-
excitation. Plasma was assumed to be optically thin. Both line emission
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and bremsstrahlung were calculated (see Fig. 6). The continuous part of the
calculated spectrum is in a good agreement with the measured spectrum.

Pinhole image of the plasma

The study of spatial distribution of radiation intensity was performed
by means of a pinhole camera, placed on the longitudinal axis of the mag-
netic trap. Fig. 7 presents the X-ray pinhole image (0.11<E;<0.6 keV
quantum energy range) of an ECR plasma discharge, averaged over 20
discharge pulses at non-coaxial injection of a microwave beam that pro-
vided azimuthally inhomogeneous plasma heating.

//é et 7‘ s
Fig. 7. X-ray pinhole image of the discharge

Conclusion

A series of experimental results on investigation of generation of soft
X-ray radiation by plasma confined in a mirror magnetic trap and heated
by powerful millimeter wave radiation are presented. They convincingly
demonstrate that creation of a plasma source of soft X-ray radiation with
efficiency up to 10-15 % is quite feasible.
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TORNADO TYPE CLOSED MAGNETIC TRAP
FOR AN ECR ION SOURCE
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We propose to use a Tornado type closed magnetic trap for creation of a source of
multicharged ions with plasma heating by microwave radiation. Plasma loss in closed
traps is determined by diffusion across the magnetic field, which increases substantially
plasma confinement time as compared to the classical mirror trap. The Tornado trap also
possesses merits such as: an opportunity to produce high magnetic fields up to 3 T, which
makes possible heating and confinement of plasma with a high density of electrons; an
opportunity to use supplementary coils for ion extraction; plasma stability to magneto-
hydrodynamic perturbations because the magnetic field structure corresponds to the "min
B" configuration; and relatively low costs.

All estimates and calculations were carried out for the existing Tornado-322 pulse in-
stallation (maximal magnetic field 2.8 T) with plasma heating at 53 GHz frequency. The
numerical simulation has shown that, by the end of the magnetic field pulse, ion distribu-
tion over charge states may reach a maximum at Ar*' for the plasma density of 10" cm™.
The cu{rent density of ions Ar''® can be varied from 10 mA/cm® to approximately
1 A/em”.

Introduction

At present time the most widely used sources of multicharged ions
(MCI) are ECR sources that exploit a mirror magnetic trap for plasma
confinement and microwave radiation for plasma heating at electron gy-
rofrequency. Such devices sustain sufficiently high electron temperature
for multiple gas ionization as well as provide a fairly long-duration
plasma confinement for achievement of high ion stripping rate. In addi-
tion, they enable one to extract an ion beam, which is then transported for
a few tens of meters to the consumption region. (A project of a built-in
ECR MCI source is discussed in Ref. [1]. The MCI source, installed in-
side the cyclotron accelerator, is free from the system of ion transfer.) If
ideal, plasma losses from such a trap are determined by plasma leakage
along the axial magnetic field through the trap plug where an extractor is
set. Longitudinal losses limit the ion life-time in a trap and, consequently,
the stripping rate of multicharged ions '.

! The efficiency of multicharged ions generation in a plasma is determined by the
plasma confinement time, the electron temperature, and density.
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The use of traps with a closed structure of magnetic field lines seems
alluring for increasing plasma confinement time that can be essentially
greater (as a ratio of longitudinal and transverse, in respect to the mag-
netic field, rates of plasma diffusion) than in a simple mirror trap. An ap-
parent shortcoming of closed traps is complicated ion extraction. Tornado
type closed magnetic traps [2] can solve this contradiction. They allow
for using a supplementary coil that partially destroys the closeness of
magnetic field lines but yet does not alter drastically the over-all plasma
confinement time. This allows for regulation of plasma outflux by vary-
ing the magnetic field of the supplementary coil, i.e. there appears an op-
portunity to control a plasma flux into the extractor and govern, within
certain limits, the ion confinement time.

In the present paper we propose to use a closed Tornado type trap for
creation of an ECR source of MCI. We describe a scenario of cyclotron
plasma heating and present the ion charge state distribution (CSD), which
can be obtained in Tornado-322 trap. Tornado-322 trap has been fabri-
cated this year and is now being tested [3].

Fig.1. External appearance of Tornado-322 trap

Tornado trap

The feasibility of creating a closed magnetic system with a magnetic
field increasing towards the periphery was shown nearly 40 years ago.
Then a device, which enables one to create such a magnetic field, was
proposed. The magnetic structure, which was called Tornado, can be used
as a magnetic trap for confinement of hot dense plasmas. The Tornado
type magnetic field can be produced by two currents flowing through
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a couple of concentric helical conductors connected at the poles by two
jumpers (Fig. 1).

Later realization of such a field was demonstrated analytically. Its
magnetic configuration has got a spherical separatrix that divides the
magnetic field into two regions. The magnetic field lines inside the sepa-
ratrix encircle the inner helical conductor and keep to the volume con-
fined by the separatrix, whereas, outside the separatrix the magnetic field
lines encircle the outer helical conductor and can go to the infinity. The
volume within the separatrix is used for plasma confinement [2]. This
volume includes a region of reduced magnetic intensity surrounded by a
magnetic barrier. The magnetic field forms a regular and stable system

(Fig. 2).

Fig. 2. Regular field - line structure inside the separatrix. 1, 2, 3, 4 -
regions built of generalised magnetic lines; 5 - region built of individual
magnetic lines.

A series of independent experiments on the system confinement prop-
erties have been performed. They have convincingly proved the follow-
ing: the magnetic structure is closed; the plasma confinement time
reaches its maximum when the values of conductors' currents meet the
condition of the spherical separatrix existence; the major channels of
plasma losses (for plasmas with the electron temperature of 2-5 eV) are
the classical diffusion and recombination. It should be emphasized that in
the present paper we assume that the latter statement is still valid over
much greater electron temperatures.

At the electron density less than 10" cm? the experimentally observed
plasma confinement time was found to be directly proportional to the
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magnetic intensity H squared and inversely proportional to the electron
density N,: r,.D ~H?*.N; !, Thus, the plasma confinement time in this
regime can be written as follows:

b R? B Z_RszTea/z

g Sp—y 1
" o7 AN Z)T) v

where D_7 is the transverse diffusion coefficient; R (cm) is the magnetic
barrier width; 7, and T; (eV) are the electron and the ion temperatures, re-
spectively; (Z) is average ion charge, 4 ~3-10 is a numerical factor; H
is given in Tesla; and y is the correction factor, which accounts for the
complexity of the magnetic field structure. The value of  can be derived
from comparison of (1) with results of accurate calculations. For numeri-
cal simulation y was taken to be equal to 1/6, relying on the experience of
Tornado trap handling.

Investigations conducted on Tornado-X trap verified these results for
the plasma density up to 10"cm™ and 0.25 T magnetic field with a pulse
duration up to 2 ms.

At high electron densities, the plasma confinement time, measured ex-
perimentally, was restricted by recombination. In this case we have:
ol =(@N,)", )
where a is the recombination rate coefficient.

Thus, all the measurements performed on different Tornado devices
have demonstrated the magnetic structure closeness and stability of the
trap in relation to magnetohydrodynamic perturbations. However, for
long-duration confinement of a hot plasma it is necessary to increase the
magnetic field strength and pulse duration. None of the former models
allowed both conditions to be met simultaneously. That's why a new ad-
vanced device (Tornado-322) was elaborated and fabricated. Experiments
on Tornado-322 have already been started this year [3].

The confinement of relatively hot and dense plasma in Tornado-322
trap must be provided by the following characteristics: 1) The helices are
assembled of two elements: a tube maintaining the helical shape of the
conductors and conductors inside the tube. 2) The stainless steel tubes
contain insulated current-carrying copper wires. This allows one to refuse
any insulating materials inside the vacuum chamber and to lower the
background pressure. 3) The current-carrying wires are cooled down with
a nitrogen vapor. This decreases their conductivity approximately four-
fold and increases the magnetic field pulse duration. 4) Turns of the inner
helix are placed between those of the outer helix. This moderates pon-
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dermotive interaction between the helices' turns and provides an opportu-
nity to raise the magnetic field strength.

The advantage of closed magnetic traps over the mirror traps in terms
of plasma confinement could be evaluated as a ratio of the plasma con-
finement times (for a mirror magnetic trap we use an expression for the
classical regime of plasma confinement [4], conventionally exploited in
ECR MCI sources):

t? R*.v, R®*-H?
xS e ©)
] Dy T,
The advantage is the most apparent for high magnetic intensities. For in-
stance, this ratio amounts to 10° for Tornado-322 trap (the magnetic field
strength is about 2 T) with the electron temperature taken as 100 eV.

ECR plasma heating

ECR heating of the electron component is the most efficient way to
produce strongly nonequillbrium plasmas with parameters optimal for
MCI stripping, namely, with hot electrons having the temperature of
1-5 keV and with relatively cold ions having the temperature of several
electron-volts. Unfortunately, no experiments have been conducted on
microwave plasma heating in Tornado trap, relying on which we could
measure the efficiency of ECR heating in this trap. The structure of mag-
netic field lines in the trap is fairly intricate and, therefore, a detailed
analytical study of microwave radiation absorption seems impossible at
the present. Nevertheless, some conclusions concerning feasibility of
plasma heating can be made form general considerations.

Features of the structure of magnetic field lines do not allow longitu-
dinal launching of microwave radiation (when a wave vector is parallel to
the magnetic field). This kind of launching is the most effective in terms
. of radiation absorption in small laboratory devices.

Estimates have shown that at nonlongitudinal launching the one-pass
absorption of cyclotron microwaves is weak (plasma is optically thin for
normal waves ). One might expect a considerable augment in microwave
absorption due to a multi-pass effect (the trap is set into the vacuum
chamber, which is a resonator) and, perhaps, under the conditions of up-
per-hybrid resonance absorption. Aniway, microwave radiation is be-
lieved to be absorbed in a broad range of frequencies due to a strong in-
homogeneity of the magnetic field in the trap.
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Formation of multicharged ions in a Tornado-trapped plasma

Pulse duration of the magnetic field in Tornado- 322 trap is less than
the plasma confinement time. Thus, in order to investigate formation of
the ion CSD, one has to solve a nonstationary set of differential equations
for ionization balance of electrons neutral atoms, and ions of all charge
states. Density N; of ions in the i charge state is determined by ioniza-
tion, recombination, charge exchange processes, and by the rate of trans-
verse plasma diffusion:

ON, r
—_(kt liNil kn+lN +k:+l: i+ u IN) N

o N,

(kN = ki N )N, ‘T' O]
where k;;., is the electron impact ionization rate coefficient (Lotz formula
[5] was employed in computations), X.;; = K";.;+ k¥i.,; is the sum of
radiative recombination [6] and dielectronic recombination [7] rate coef-
ficients, and k¥, is the rate coefficient of charge exchange process [8]
due to collisions with neutral atoms. In a computer simulation the time of
transverse diffusion 7 was assumed to be equal for ions of all charge
states and was calculated from (1).

Let us suppose that the electron distribution function is Maxwellian
with temperature 7, which depends on plasma density N, and the power P
of microwave radiation absorbed by a plasma. Therefore, the balance of
the electron temperature is given by the equation:

iU +T,) )

&NV

Here, 6=2mJ/M;; U, is the ionization potentlal of an ion with the charge i;
and V is the trap volume.

Temporal distribution of the magnetic intensity in the magnetic bar-
rier -of Tornado-322 trap is shown in Fig. 3. This curve was obtained in
testing experiments. As a pulse current is flowing through the trap coils,
the ECR zone, which corresponds to the given frequency of microwave
radiation, is moving over the trap volume. This may provide a quasi-
uniform plasma heating in different internal trap regions. For simplicity's
sake, the injected microwave power is assumed to be totally absorbed by
a plasma if there is a zone of resonance inside the separatrix of the trap.

For Tornado-322 trap, the optimal frequency for plasma heating lies
between 30 GHz and 60 GHz. Microwave radiation of this frequency
range can be absorbed in the separatrix area with the magnetic field from
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Fig. 3. P(t) is a model block diagram of microwave radiation absorption,
which was used in the numerical simulation. Curve B(t) is a pulse of the
magnetic field in Tornado-322 trap. Curve N(t) is the calculated temporal
evolution of the density of ions Ar'®'; P, = 6-10 Torr.

1.06 T up to 2.12 T. The corresponding powerful generators — gyrotrons —
are presently manufactured in IAP RAS (Appendix A). The numerical
simulation was carried out for the 53 GHz frequency.

The time of plasma confinement in the trap exceeds the magnetic
field pulse duration. Therefore, temporal limitation of resonance plasma
heating by the pulse duration of the magnetic field is a crucial factor that
determines a possibility to attain ion CSD with a high mean charge. To
shorten the stage of plasma ignition while the gyrotron pumping is ap-
plied, it is proposed to produce a pre-plasma with a density of about
10"+ 10" cm? before the switching on of a gyrotron. Calculations indi-
cate that the pre-plasma density should be much greater than that of the
background plasma. On the other hand, computed results are weakly de-
pendent on a further rise in the initial ionization rate if the pre-plasma
density exceeds 10" cm™. When solving the set of equations (4) the pre-
plasma density of 10'° cm™ was taken as the initial condition. In experi-
ments, it is suggested to produce pre-plasmas by ECR break-down of
neutral gas at the 2.45 GHz frequency. Generators for this frequency exert
a power up to several kilowatts at moderate device cost.

Computer simulation of ion CSD formation in Tornado trap was done
for Argon plasmas. The model diagram (Fig. 3) of microwave radiation
absorption at 53 GHz frequency was used in calculations. The curve N(%)
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Fig. 4. Calculated ion CSD for initial parameters
the same as in Fig. 3.

in Fig. 3 represents temporal evolution of the density of ions 47'%". This
time dependence was obtained under the following conditions: initial pres-
sure of neutral gas P;; = 6-10° Torr and gyrotron output power P = 25 kW.
For the same initial conditions, the ion CSD, which has the highest over
time average charge, is shown in Fig. 4. This ion CSD is formed in a
plasma by the instant the density of ions 47" reaches the maximum
value (Fig. 3), i.e. after the microwave pumping has been switched off. At
high power absorption, the electrons gain the energy T, of 1+3 keV and
keep stripping multicharged ions effectively for some time after the end
of a microwave pulse due to a rather great plasma confinement time.

In a regime illustarted in Fig. 3 — Fig. 4, the maximum electron density
in a discharge during the ECR heating is {Ny()}max < 2.3-10" cm™, which
is less than the cut-off plasma density for the 53 GHz frequency
(N=3.47-10" cm™). This, in principle, solves a problem of microwave ra-
diation reflection from the boundary of a plasma with the density nearing
the cut-off value.

The authors are grateful to Prof. M.D. Tokman for helpful com-
ments and suggestions.

Appendix A
Most popular gyrotrons are those generating at the second gyrofre-
quency harmonic, which allows one to use a lower magnetic field in a
generator cavity and renounce superconducting magnets that make mi-
crowave sources very costly. Gyrotrons with "hot" magnets tested at the
frequencies of 24 GHz and 30 GHz may be tuned to any frequency rang-
ing from 20 GHz to 40 GHz.
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Table 1. The best Russian CW Gyrotrons [9] (updated)

Freq., GHz | Output power, kW Mag. field, T Type of magnet
30 25 0.55 Ns®
37.5 20 1.45 SCM®
83 20 3.2 SCM

a - Normal solenoid b - Superconducting magnet

Gyrotrons with superconducting solenoids are much more expensive
in service but provide much higher frequencies. The experience of the In-
stitute of Applied Physics RAS verified feasibility of fabricating a gyro-
tron with a superconducting solenoid at frequencies from 30 GHz to
140 GHz with the power of 20 kW and higher.

Gyrotrons may operate both in the CW and pulse-periodic regime.
Pulsed power may be much higher than the one indicated in Table 1, but
average power is limited to about 20 kW. Parameters of the pulsed gyro-
trons fabricated in IAP RAS for nuclear plasma heating at ECR are listed
in Table 2.

Table 2. Russian Pulsed Gyrotrons [9] (updated)

Freq,GHz | 28 | 53 [ 83 | 100 | 110 | 110 | 140 | 140 | 168

Output 500 | 500 | 500 | 2100 | 1300 | 6000 | 550 | 500 | 500
Power, kW

Pulse 01 | 02 | 2 |310%|10*| 2 3 2 | o7
duration, s

Thus, available data and technologies allow for fabricating a gyrotron
with a frequency in the interval from 15 GHz to 140 GHz with the power
of 20 kW and higher in the CW regime and with the power exceeding
500 kW in the pulse-periodic regime.
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STATIONARY LARGE VOLUME MICROWAVE DISCHARGE
FOR H™ NEUTRALIZATION

A.A. Skovoroda and OGRA Team
INF RRC Kurchatov Institute, Moscow, Russia

The experiment on PNX-U installation which is the prototype of a
plasma neutralizer of MeV H- ions in ITER neutral beam injector is
described. The plasma target thickness 1.8 - 10'cm? is obtained in
0.5m* plasma volume at 40 kW input microwave power. The
ambipolar potential plasma confinement in multicusp magnetic
system is observed.

Introduction

The purpose of the present experiment consists in check of the basic
properties (steady state operation; high power efficiency of the arbitrary
cold plasma production by the gas ionization and plasma heating on the
periphery; high ionization degree in the plasma center; small beam
divergence) of a plasma neutralizer (PN), based on the low pressure
microwave discharge in a multipole magnetic trap (3D magnetic wall)
and proposed in [1]. The more detailed description of the PN concept,
requirements and first experiments can be found in [2, 3]. The first
results from PNX-U device was discussed on last Plasma MAGATE
Conference [4]. In Table the modern status of PN eXperiment is shown

Device Status ngl, v, Pows f, B,,, T | Ioniz. Type of
10¥%cm? | m® kW GHz degree | mag.system
PN-1 exp.95-96 | 0.03 |0.07 1.5 245 0.18 0.1 Perm.Mag.
magnetron
PN-2 exp.07.96 | 0.04 |0.07| 1.5+0.5 2.5+7 0.18 0.1 Perm.Mag.
PNX-U |[exp.0799| 0.18 | 0.5 ] 50+50 7 0.36 0.2 Copper
klystron
PNX-SU Naka 1 1 150 7+18 1 0.3 | SuperCond.
beam exp. +Copp.
proposal
PN-ITER design >2 >10| >500 >18 >1 >0.3 | SuperCond.
gyrotron

Plasma Production in PNX-U

The steady state 3D magnetic wall in PNX-U device is formed by
copper coils with opposite direction of currents. The magnetic field 0.36 T
can be obtained in 14 slits routinely. Two steady state 50 kW klystron
amplifiers with 7 GHz frequency are used to organize the microwave
discharge in PNX-U. The used tangential microwave inputs system is

13+
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Fig. 2. Target thickness (top) and power
in meander discharge, Ar,10-* torr, 40 kW

Fig. 1. Scheme of tangential
microwave input system

shown on Fig. 1. Two such
systems are placed
symmetric along PN axis
(the distance between end
coils along axis is 2.2 m)
and should excite the
plasma - wall waveguide,
formed on plasma
periphery at the large plas-
ma density (larger than cut-
off density 6 - 1011 cm3).
The exited waves can
have the large surface
absorption in upper hybrid
resonance conditions. This
possibility was investi-
gated theoretically [5] and
experimentally in PN-1
installation [6].

The steady state or
modulated microwave
power can be used for
plasma production in PN.
For example, on Fig. 2 the
oscillograms of linear
density (signal of 4 mm
interferometer) for mean-
der type discharge are
shown. In this case the
combination of the steady
state space distributed gas

puffing with a vacuum pumping was used. The nl decreasing during the
pulse duration is explained as a gas burn out. To investigate the role of
additional gas puffing on increasing of the plasma density the piezovalve
was installed. The oscillograms of nl at different piezovalve scenario are
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shown on Fig. 3. One can see,
that the density linearly
increased by additional gas
puffing, but at the critical value
6 - 1011 cm-2 the density col-
lapse can be observed (b, c, d).
Only at the special gas puffing
scenario the good discharge can
be obtained (a).

Such plasma behavior is
connected with the plasma cut-
off phenomena and the surface
plasma waveguide production.

The existence of surface
plasma waveguide discharge
gives us the possibility to obtain
density 1.5 times greater than
the cut-off density. On Fig. 4
such discharge is shown. Only
at additional temporary gas
puffing can be obtained this
form of discharge in PNX-U.
The Fig. 4 shows, that the mean
density <n> = nl/L.~0.9-1012cm™3
(L~2 m) is obtained at pressure
104 torr (<ngas>~3.5-1012 cm3),
So the mean degree of
ionization is high, 25 %. In the
plasma center the degree of
ionization should be higher.

Fig. 4. Surface plasma - wall waveguide
discharge: linear density nl (top), input
microwave power P, reflected micro-
wave power R and Ar line radiation (Ar,
10~ torr, 40 kW)

nl
ON-h on b
g

I

|
- —
000 005 010 015 020
t,sec
Fig. 3. nl (top) and piezovalve

switch on (pointers 40 kW is on,
Ar, 10 torr): (a) surface discharge, (b-d)
destroying discharge, (¢) without additional
gas puffing

ni=1.8 10"cm?

1 Puu i
Reflection M.~ Motmomgvo
O ABIE |
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Plasma Parameters and Confinement

Fig. 4 shows that the density decay time is large T = 3 ms. The probe
measurements give the decay electron temperature T, = 4 eV. So the
cusp particle confinement time scaling

— 10 B[T](V/LN)[mZ]
H 4\{ Vs 7IS1= TleV] (6]
n B

s w is good satisfied in PNX-U conditions
2 04 5 (magnetic field in slits B = 0.36 T, plasma
i 02 Vvolume ¥ = 0.5 m, total slit length LN =
w = 50 m). Fig. 4 shows also, that radiation

50 o disappears quickly with power switch off. So

o © we can conclude, that the small radiated

[ 2 ®  plasma in the center of the trap is consisted of

gm ! the cold electrons and ions, confined with
H g

510 ,  time (1) for particles and energy. The total
e power needed to provide this cold plasma (~1

T T B DB X kW)can be estimated from the relation

r.om
Fig. 5. Radial profiles, P= 10ZnV Q)
r=0 center, r=30cm wall T

and is much smaller, than input power 40 kW. The greater part of input
microwave power is spent on the hot electron production, ionization and
radiation on plasma periphery. Fig. 5 shows the radial profiles of density
n, electron temperature 7,, plasma potential ¢ and magnetic field B
measured by probes at low input power (5 kW) discharge in Ar at pressure
5 - 10-5 torr. The measurements are carried out between two magnetic
slits (normal to field lines) in PNX-U center.

One can see, that 7, reaches the maximum value ~25 eV on the
periphery of installation and falls down to small value ~8 eV at the
center. On the periphery the magnetic field and the magnetic mirror ratio
Ry;~10 are large enough to magnetically confine hot electrons (for the
conditions on Fig. 4 the hot electron density and temperature are

np~3-1011 cm3, Tep~20 eV) with time 7, In R, ~30 ps. Relation (2)
gives the value P~50 kW for hot electron volume V3~0.15 m3. But this

estimations are rough and demonstrate only the large energy
accumulation on the periphery of multipole mirrors.
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The absolute values of plasma potential NH‘H\I
were tested with measurements of ion end loss 08

energy spectrum by the multigrid analyzer 08
(ELA). The dependence of ion current Jj on 04
keeping potential U is shown on Fig. 6. The 02
maximum positive plasma potential ¢,,~50 V 00 |

is detected. The ion temperature is close to the — G,v ®
cold electron temperature. This potential value
coincides with the potential magnitude,
measured in the slit area by probes. On Fig. 7
the density, electron temperature and potential profiles along slit (along
the field lines) are shown in same conditions as on Fig. 5. So, the
measured (see Figs. 5-7) potential profile demonstrates the existence of
the additional ambipolar potential plasma confinement as in ambipolar
mirror traps. The potential in slits on the periphery is larger then in the
center on A@~20+30 V. This value is comparable with the hot electron
energy. In such conditions the confinement time for central cold plasma
should be increased by factor o=expleAp/T,,)~exp(20/4)=150
(tc=0a-3 ms~045 s). Note, in all our 150
experiments we do not observe the ELA cold ot /;3\;&% s
electron signal when microwaves are sER [ A GH

switched on. The measured positive - / "’5;’:
maximum potential ¢;~50V should increase 1o o
confinement time for the hot electrons on the o
large factor - -

ﬁ=exp(e¢%h)~exp (50/20) = 12 o S °f

(th=PB-30 pus~0.36 ms) also. We can determine ® Tty 3 ”E
the mean total plasma confinement time as

Jau

Fig. 6. ELA ion spectrum

B kG
8

0
45 0 5 0 5 10

TRT, % and obtain the value t~1 ms. If we ram

4 . Fig. 7. Profiles along slit.
determine the loss energy per one lost particle =0 wall, >0 in plasma

by relation (T, + U, ..0ion + @ )~100 €V and

use the mean total confinement time, we obtain P ~ 8 kW < 40 kW
for Fig. 4 conditions. This estimation can indicate the large role of
radiation losses. The rough estimation of radiation losses on periphery
(0.05 W-cm-3) gives the comparable value P,,4~ 8 kW. We do not know
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the absorbed with plasma tail of input microwave power and, hence, the
energy balance in resent experiment. But our preliminary consideration
shows good perspective for effective plasma production by microwave
discharge in multipole magnetic systems.

Discharge in Hy

The hydrogen discharges are similar to discharges in Ar. But the
discharge in Ar gives the twice greater plasma density at the center, than
the discharge in Hy However, the radial plasma density profile in Hj is
much more flat, than in Ar, and the total number of charged particles in

O discharge volume is the same for
o 10* both gases.
|—te0t T2 ] The disruptions in waveguide
—v—410

system (see Fig. 1) limit the power
input increment. The maximum
input microwave power depends
on the preliminary gas pressure in
e 2 1 the installation. As lower is the
pressure as the higher microwave
0" 5 P 5 X % % power can be used. Fig. 8 shows
) ) P.kW . the probe saturation ion current on
Flg.‘ 8. Probe ion current on input power input power for different Hp
at different H, pressures . ..

pressure. The curves ends indicate
the beginning of disruptions.

0 . 0810° |}~
—— 0.45 10"

j, ma/enf
<]

0

Conclusion

The plasma in the volume 0.5 m3 with parameters: n~1012 cm-3,
Te,i~5+10 eV, n/ngge~0.25 was obtained at mean power density
0.08 W-cm-3.
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APPLICATIONS FROM TEMPERATURE PROFILE CONTROL
DURING MICROWAVE PROCESSING

J.G.P. Binner
Brunel University, Uxbridge, UK

Four case studies are examined in which the temperature profile
developed in ceramic bodies heated using 2.45 GHz microwave
radiation was controlled. The first case study outlines the potential
for combining microwaves with conventional heating to achieve a
uniform temperature profile throughout the ceramic component
during processing. In the following three case studies the intention
was to utilise the inverse temperature profile that formed. The
results indicate the importance of the dielectric characteristics of the
systems under investigation.

Introduction

Direct microwave heating of materials is fundamentally different from
more conventional radiant element techniques in that the energy can be
deposited volumetrically throughout the material rather than relying on
thermal conduction from the surface. Since power is only deposited into
the ceramic, the surrounding air remains cooler than the body, which can
result in the creation of an inverse temperature profile with time, i.e. a
hotter interior than surface. The magnitude of the profile is dependent upon
many factors such as power level, electric field intensity and material
properties including lossiness, thermal and electrical conductivity, etc.
Properly manipulated the nature of this energy deposition may lead to a
number of opportunities being realised, including: improved product
properties, reductions in manufacturing costs due to energy savings and
shorter processing times and even synthesis of new materials. Before full
advantage may be taken of these processing enhancements however, there
are a number of technical challenges to be overcome. These include precise
control of power deposition and hence temperature profile within the
workpiece. This paper provides a brief overview of the potential to be
gained from temperature profile control during microwave processing by
examining four case studies.
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Development
of a Uniform Temperature Profile via Hybrid Heating

Control of the temperature profile during microwave sintering so that it
is virtually uniform across the ceramic allows the use of much higher
heating rates since differential expansion is not experienced. This can be
crudely achieved by using the technique referred to as ‘casketing’, which
involves surrounding the component by microwave transparent insulation
and a microwave susceptor such that heat losses from the surface are
minimised. However, this approach does not allow the temperature profile
to be modified during processing. The alternative is to use a hybrid
microwave/conventional system so that the interior and surface are heated
simultaneously and independently [1]. This approach can result in the
ability to heat and cool samples at much faster rates than conventionally
possible, saving processing time and reducing stresses. Both batch and
tunnel kilns have been developed by EA Technology in the UK and are
now commercially available. Retrofitting of existing conventional kilns
with microwave systems is also possible. The net result can be a significant
reduction in processing costs, figure 1.

100,/1

Fired at 5°C
80 per minute

Fired at 350C
per minute

60 -

40

201

Relati;/e Energy Costs (%)

Conv Gas ConvElec Mw Assist Mw Assist
Gas Elec

Figure 1: Relative costs in the UK for processing ceramic materials
(adapted from reference 5)
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Microwave Sintering
of YBCO Ceramic Superconductors

Current bulk polycrystalline ceramic superconductors suffer from the
major disadvantage that only the surface layers have the correct oxygen
stoichiometry and are, therefore, superconducting. This occurs because
conventional sintering results in the surface densifying before the interior,
cutting off the latter from the oxygen-rich atmosphere required during
sintering. This effectively creates a ‘shell’ of superconducting phases
surrounding a central core that is non-superconducting.

Yttrium-barium-copper oxide (YBCO) compacts were heated under a
range of conditions using both 2.45 GHz microwave and conventional
sintering techniques [2] and a flowing oxygen atmosphere. The magnitude
of the temperature profile was controlled by a simple casketing approach
that did not involve the use of susceptors but in which the degree of
insulation was variable. The results indicated that microwave heating
provided the ability to achieve perfectly uniform and full oxygen content
(x= 7 in YBayCu30y) and almost full densities (98 %) throughout bulk
ceramic samples. The critical transition temperatures were also higher,
typically 90-91 K, and grain size was uniform and finer than in the
conventionally processed samples. In addition, total processing time was
approximately a factor of six faster. This was achieved by the ability to use
a) shorter hold times at temperature for both the sintering and annealing
part of the schedule and b) heating and cooling rates approximately a factor
of four faster without the sample being damaged.

Microwave Chemical Vapour Infiltration
of Ceramic Matrix Composites

In chemical vapour infiltration a porous fibre preform is heated in an
atmosphere that dissociates on contact with the hot fibres to deposit a
solid coating onto their surfaces. The process continues until the
deposited material fills the voids between the fibres and forms a dense
matrix. The advantages of this method include relatively low processing
temperatures, the potential for near-net shaping and the ability to contrG{
matrix microstructures. Difficulties are the tendency to de'l?"si"
preferentially near the surface leading to ‘crusting’. This inhﬂ?ﬁs ﬁhthél‘i
densification and necessitates intermittent machining operations. As &
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consequence processing times can exceed 2-3 months. Although many
methods have been investigated to accelerate the process, the problems
stem from the conventional heating methods used to heat the preform
that rely on surface heating and conduction.

The microwave enhanced chemical vapour infiltration of SiC¢-SiC
ceramic composites has been examined [3]. Methyltrichlorosilane (MTS)
was used as the starting material for SiC deposition:

CH;Cl3Si(g) + nHa(g) = SiCs) + 3HCl(g) + nHy(g) D

whilst 50 mm diameter plain weave Nicalon fabric discs were used as the
preform. About 30 discs were pressed and sewn together, the average
porosity was about 60 % and the average thickness about 7 mm.

As expected, deposition occurred from the centre outwards allowing
much faster processing than conventionally achievable. For example,
densification equivalent to an average of 70 % of theoretical was
achieved after only 19 hours of infiltration at 1000°C. A similar level of
infiltration would take several hundred hours using conventional CVI.
The deposited area itself was sharply defined, figure 2, and near full
density. The maximum bulk density of the infiltrated preform was also
found to be dependent on the preparation method of the preform. The
initial local porosity distribution affected both the microwave heating
characteristics and the formation of non-accessible pores.

. \
Hot zone
\

Edge of hot zone

Figure 2: The hot zone developed during microwave enhanced CVI
showing deposition from the centre of the component
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Microwave Reaction Bonding of Silicon Nitride

Reaction bonded silicon nitride (RBSN) is a ceramic that retains its
strength to high temperatures and displays very low creep rates since
glassy grain boundary phases are avoided. The principle disadvantage is
the inability to achieve high densities since porosity must be kept open
throughout the process to allow nitrogen to permeate the silicon compact.
This reduces the strength of the material and also permits internal
oxidation at high temperatures if oxidising gases are present during use.

Silicon powder compacts were microwave reaction bonded in a
flowing nitrogen atmosphere [4] using the same experimental arrangement
used for the YBCO work. Nitridation occurred in a layered fashion
however, with a thick layer just below the surface and the base of the discs
being virtually phase-pure silicon nitride whilst the other areas displayed
negligible evidence of reaction.

Discussion of the Use of the Inverse Temperature Profile

The reason for the success during the YBCO and CVI work and lack of
success for the RBSN experiments was due to the shape of the temperature
profile developed in the samples during processing. For the YBCO and CVI
work an initial inverse temperature profile was developed. However, in both
cases the product being formed (dense YBCO and SiC respectively) were
significantly more lossy than the initial green body. This rapid increase in
dielectric loss with increasing temperature and densification resulted in a
severe reduction in penetration depth of the microwaves, e.g. figure 3. This in
turn resulted in the microwave field being excluded from the centre of the
sample and the hot zone sweeping outwards towards the surface, figure 4.
Thus at any given point during processing the ceramic forming had access to
the oxygen or MTS it required and near theoretical densities could be
achieved without sacrificing any of the properties.

In the case of the RBSN, however, the results suggest that a complex
inverse temperature profile developed, probably because the initial depth
of penetration of the microwaves into the silicon compacts was too small.
This will have resulted in two hot regions within the sample with the lower
temperature maximum nearer the surface because of the thermally
insulating effect of the sample support. In addition, the silicon nitride
formed was less lossy than the original silicon. This prevented the
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development of the profile as a function of time since the microwave field
was not excluded from the densified areas, as was the case for the YBCO
and CVI work.
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Figure 3: Change in penetration depth for YBCO
as a function of temperature and densification
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Figure 4: Model for the microwave sintering of YBCO
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Conclusions

Four case studies have been examined in which attempts were made to
control the temperature profile developed in ceramic bodies heated using
2.45 GHz microwave radiation. The first case study outlined the potential
for combining microwaves with conventional heating to achieve a uniform
temperature profile throughout the ceramic component during processing.
The concept has been successfully taken to commercialisation for both
batch and tunnel kilns. In addition, retrofitting of existing conventional
kilns is possible. The following three case studies explored the potential for
utilising the inverse temperature profile that forms during heating of
dielectric materials. The results indicated the importance of the dielectric
characteristics of the systems under investigation. Ideally, the green body
should be relatively transparent to microwave energy, yielding a high
initial depth of penetration, and should then become increasingly opaque as
processing proceeds to ensure that the microwave field is excluded from
the processed regions. This ensures that the microwave field effectively
‘sweeps’ through the material resulting in a homogeneous product.

References

Wroe FCR, Ceram. Trans., 1993, 36, 449-458.

Binner JGP and Al-Dawery IA, Superconductor Sci. & Tech., 1998, 11, 449-457.
Binner JGP, Ceram. Trans., 1998, 83, 433-442.

Binner JGP and Cross TE, Mat. Res. Soc. Proc., 1992, 269, 357-362.

Wroe F.C.R., personal communication.

Nk W=

383



ON A POSSIBILITY TO USE A RAY TRACING METHOD
FOR CALCULATION OF MICROWAVE FIELD
DISTRIBUTION INSIDE AN OVERSIZED CAVITY
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To optimize processing of materials in the microwave oven fed by
millimeter wave radiation it is popular to use computer simulations
based on ray tracing approach. However, this approximation is not
justified rigorously in this case. To understand the possibility of using
the geometric optics approach the microwave intensity distribution in-
side an oversized cavity of simple geometry was computed by solving
scalar Helmholtz equation with appropriate boundary conditions. The
obtained field patterns are compared with the results of calculations
within averaged geometric optics approximation for the same problem.

For industrial applications of high temperature microwave processing
of materials it is important to realize a uniform distribution of power
over a large volume of microwave oven. In principle, microwave oven is
a cavity fed by electromagnetic radiation of appropriate frequency. Re-
spectively, microwave field distribution inside the oven volume is de-
termined by its geometry and feeding scheme. To optimize the oven con-
figuration numerical simulations appear to be preferable and this ap-
proach has received increased attention during the last decade [1-5]. For
the present state of computer capabilities the problem can be solved rig-
orously only for a cavity with size to wavelength ratio L/A < 10, as long
as the Finite Difference Time Domain (FDTD) method can be used in
this case. However the FDTD technique is not applicable for supermul-
timode cavity which is of main interest for applications. Therefore in the
latter case the ray tracing approach is exploited for simulations [4, 5].
Unfortunately this approximation is not justified rigorously and each
time a question arises: how reliable are calculations performed within
geometric optics approximation. To clarify the answer a series of simu-
lations of the field distribution has been performed for the same oven
configurations both within ray tracing approach and solving scalar
Helmholtz equation with appropriate boundary conditions:

V2E +k*E =0, 1)
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_0"£= i 2(-1+1) E, @
on 1-R
where E is complex amplitude of microwave field, &~=27/4 is vacuum
wave number, J'ch denotes a normal (with respect to the boundary) de-
rivative on the surface enclosing the cavity volume, R corresponds to the
reflection coefficient for the geometric optics ray falling normally on the
cavity wall (/-R <<I).

To avoid the problems related to numerical solution of Eqn. (1) via a
finite difference technique, simple rectangular and cylindrical cavities
were considered. In these cases the field £ can be presented as a sum of
eigenmodes,

E=Y { Ay iV pom €XP(+ih,, ,2)+ B, W, exp(—ih,,,mz)} , ()

whose transverse structure, yy,;,(x,y), propagation constants, 4y, and
amplitudes, Ay, , Bym, can be found. Numerical methods are only em-
ployed to summarize the field of these modes at any specified points.

Presented below in Figs. 1-7 are some results of calculations carried
out for the radiation wavelength A=1 cm and cavity length L=50 cm. The
exact solution of Helmholtz equation is illustrated in Figs. 1-2 where the
field intensity distribution over the central cross section is shown for
rectangular and cylindrical cavities and two different feeding schemes.
Each of Figs. 2-6 presents these distributions (on the left) averaged over
cubic cells of size 2 cm. For comparison on the right of these figures
shown are the averaged field intensity distributions calculated within ray
tracing approach with large number, N~5000, of rays.
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Fig. 1
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Fig. 6

The dependence of results of calculations on the cell size and number of
rays is illustrated on Fig. 7 where the solution of Helmholtz equation (at
the left) and results of ray tracing approach with N=68 (at the right) are
averaged over cubic cells of size 8 cm.

387



10 . 10 10 0 10
xtem) ) stems
Fig. 7

A comparison of the obtained field patterns makes it possible to

come to the following conclusions:

1) The geometric-optics approximation only reflects well the largest-
scale (on the order of the cavity dimensions) nonuniformities of
the microwave field intensity distribution.

2) The nonuniformities on the scale of the transverse section of the
input microwave beam are only reflected on the qualitative level.

3) The results of the geometric-optics calculations are the closer to
the results of exact calculations the larger is the number of modes
excited within the cavity.

4) There exists an optimum number of rays with which the geomet-
ric-optics results are the closest to the reality. This number is
about the number of modes of an oversized waveguide (whose
cross-section is the same as that of the cavity) fed by the incident
beam.

Acknowledgment

This research is supported in part by the Commission of the European
Communities under the Cooperation with Third Countries and Interna-
tional Organizations programme.

References

1. E. K. Miller, ‘Time-domain modeling in electromagnetics’, J. Electromag-
net. Waves Applic., 1994, Vol. (8), pp. 1125-1172

2. M. F. Iskander, ‘Computer modeling and numerical techniques for quanti-
fying microwave interactions with materials’, In Microwave Processing of

388



Materials II, W. B. Synder, W. S. Sutton, M. F. Iskander and D. L. Johnson,
eds. (Material Research Society, Pittsburgh, PA, 1990), Vol. (189), pp. 149-
171.

R. L. Smith, M. F. Iskander , O. Anrade and H. Kimrey, ‘Computer model-
ing and numerical techniques for quantifying microwave interactions with
materials’, In Microwave Processing of Materials II, W. B. Synder, W. S.
Sutton, M. F. Iskander and D. L. Johnson, eds. (Material Research Society,
Pittsburgh, PA, 1990), Vol. (189), pp. 149-171.

L. Feher, G. Link, M. Thumm, ‘Computer modeling and numerical tech-
niques for quantifying microwave interactions with materials’, In Micro-
wave Processing of Materials II, W. B. Synder, W. S. Sutton, M. F. Iskander
and D. L. Johnson, eds. (Material Research Society, Pittsburgh, PA, 1990),
Vol. (189), pp. 149-171.

S.V. Egorov, V.V. Holoptsev, V.E. Semenov, A.A. Sorokin, N.A. Zharova,
‘Computer modeling and numerical techniques for quantifying microwave
interactions with materials’, In Microwave Processing of Materials II, W. B.
Synder, W. S. Sutton, M. F. Iskander and D. L. Johnson, eds. (Material Re-
search Society, Pittsburgh, PA, 1990), Vol. (189), pp. 149-171.

389



MICROWAVE ABSORPTION IN A WAVEGUIDE
FILLED WITH PARAFFIN

V.D. Dougar-./abon J.C.Escobar Remolma2 C. Medma Zarate’,
C.Pelaez Uribe’,F.A.Pinto Siabato’, VP Tarakanov’ and
F.A.Vivas Mejia'

'Universidad Industrial de Santander, Bucaramanga, Colombia
mnstituto Colombiano de Petroleo-ECOPETROL, Bucaramanga, Colombia
*High Energy Density Research Center, Moscow, Russia

Abstract

A 3D numerical analysis of electromagnetic waves propagation in a
cylindrical tube partially filled with paraffin precipitated from crude oil
flow on the tube walls is studied. The calculated space distribution of the
specific absorbed energy for different modes is used to estimate the
degree of paraffin heating and the time necessary to heat the layer to a
desirable temperature.

The simulations are made with the 2.45 GHz TE,;, TM,, and TM,,
microwaves of 7 kW launched along a 16 cm diameter tube filled with
paraffin in solution layer that is 4 cm thick. The calculated data on space
distribution of the absorbed specific energy have permitted to estimate

the time necessary to heat the layer surface up to 80°C as 15 s.

1. Introduction

Crude petroleum is a complex physical-chemical mixture of different
substances in petroleum solution. In its natural state, these substances
occur as emulsions, oil sand coagulants, associations with saline
formations, water etc. The physical-chemical composition of crude oil is
not constant, it varies from one oil field to another and it is even true for
oil wells.

The gas that accompanies crude oil mainly composed of methane and
the volatile dissolved in petroleum is by itself no problems for petroleum
production technology, but it, however, severely affects the oil stream
fluidity. The crude oil while moving to an oil well gives off the dissolved
gas and the volatile follow by reduction auto-refrigeration effect. The
temperature drop leads to reducing the solubility of paraffin that results
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in raising the crude viscosity raise and paraffin precipitating on the
tubing strings. Paraffin and other condensable constituents such as
hydrates, asphaltens and sulfurs can also coagulate and settle out of crude
oil especially in zones of pump and compression stations.

Paraffin accumulation inside the tubing can reduce dramatically oil
production, particularly production of heavy oils. At present, some
chemical methods are used to prevent plugging the tubing by paraffin
and other condensable constituents. The chemical treatment has proved it
efficiency but it is too costly and it causes environmental problems.

It is conceivable that physical methods of treatment of crude oil and
precipitated layers can contribute to solving the problem of effective oil
production. The oil industry regards the microwave technology as that
will make it possible to change the crude characteristics in a desired
manner. By now, the investigations in the area of improvement of the
transportation conditions by microwaves are still at the initial stage and
are hampered by the fact that oil composition, complex dielectric
permeability, thermal conductivity and viscosity vary drastically for
different crude oil types.

In this report, a three-dimensional numerical experiment on
propagation of the microwaves TE,, TM, and TM,; modes in a
cylindrical tube partially filled with paraffin in solution is described.
Using the simulation data on space distribution of the absorbed specific
energy, the efficiency of paraffin layer heating and the time required for
heat the layer to the temperature of paraffin destruction is estimated.

2. Assumptions and numerical code

We study propagation of electromagnetic waves in a straight cylindrical
tube of supercritical radius R partially filled with dielectric. The wave of
frequency f is launched into the tube at the tube cross section with
longitudinal coordinate z = 0. The dielectric also forms a layer of a
cylindrical configuration. The inner radius of the layer decreases linearly
from r = R at the cross section z=z, to Ry at z=z,. The layer width is kept
equal to (R-R) along the remaining part of the tube, z,<z < L.

We assume that the dielectric layer is homogeneous and the complex
dielectric permeability has only a weak dependence on the temperature.
No account in our study is taken of radiate and convection heat transport.
The hydrocarbon and water molecular resonance response to
electromagnetic wave is outside our numerical consideration of the
problem.
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To compute the process of propagation, reflection, transformation and
absorption of the electromagnetic waves, a 3D version of the numerical
code KARAT is used [1]. This code is based on the complete system of
the maxwellian equations that are determined on a rectangular
70x70x200 mesh. The electric field is adjusted continuously by the Boris
leap-frog technique. Since the code KARAT is elaborated for only
electrodynamics problems, the degree of dielectric heating by
electromagnetic waves is calculated through a thermal balance equation.

It is significant that numerical simulations of the electromagnetic
waves evolution make it possible to appreciate better the problem of
preventing paraffin precipitation on the walls of the oil transportation
lines and overcoming some drawbacks at designing and construting
systems for electromagnetic wave heating.

3. Results and conclusions

For numerical experiments on electromagnetic waves propagation in the
tubing with paraffin precipitated on the walls, we use commercially
available 2,45 GHz microwaves. The microwaves travel along a
cylindrical tube of 8-cm radius and 200 cm in length partially filled with
paraffin in solution layer. The layer thickness is mount to 4 cm at a point
z;= 10 cm to z; = 25 cm. From the point z,, the layer radius remains
invariable.

Paraffin settled out on the tubing walls is characterized by a complex
dielectric permitivitty € = €; + 1&;. Assuming paraffin in solution we have
€ = 2,4 and €; = 6/2nf where o = 0,01 S/m is the electric conductivity.
The real part, €; determines reflection and transformation of the wave by
the layer and the imaginary part, €; is responsible for microwave energy
absorption. Since different types of electromagnetic field that propagate
in a waveguide with dielectric have their own specific absorption
features and wave transformation on the dielectric boundary, we have
chose the TEy,, TM,, and TM;; modes for simulations.

The evolution of the microwave structure along the tube is shown in
Fig.1. In Fig.1a one can see the electric component structure of the TM;;
mode at the z = 4.2 cm cross section. The wave structure in the region
taken up by paraffin varies considerably as shown in Fig.1b for z =
30 cm.

The space distributions of the energy absorbed by unit length of the
paraffin layer during 20 ns for TMy; and TM,; modes are demonstrated
in Fig.2 and 3. For both cases, approximately 90% of the incident energy
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Figure 1. a) Electric component structure of the TM;; mode for z =
4.2 c¢m (a), for z =30 cm (b).

is dissipated within a distance of 100 cm. The distinction between in the
dissipated energy distributions is as follows: for TMy mode, the
absorption peaks near the tube walls, whereas for the TM,; mode energy
is released largely at the air-dielectric boundary surface. Figure 4 shows
the space distribution of the TM,;; mode energy absorbed during 10 ns in
the cross section z =30 cm.

Heating degree is calculated using a value of 1.10° J/kgK for specific
heat. To attain the temperature of 80°C from a level of 30°C in zones of
maximal absorption, a microwave power of 7 kW is to be maintained
during 15 s. In this matter there is no a difference between TE,;;, TMy,
and TM;, modes. The energy losses through the tube walls due to
paraffin heat conductivity are found less than 1% of the total microwave
energy.

The obtained results show that much of the microwave energy is
absorbed by paraffin in solution within a short distance. It is necessary to
note that the paraffin is destroyed at temperature of 80°C and it follows
that the destruction zone at a fixed microwave power will move ahead
and clean the tubing of precipitated paraffin. To prevent paraffin from
settling out of a crude oil flow on the tubing walls, the TM,, mode would
rather to be used.
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taime= 20.0ns

Figure 2. Space distributions of the energy absorbed by unit length of the
paraffin layer during 20 ns for mode TMy,.

Figure 3. Space distributions of the energy absorbed by unit length of the
paraffin layer during 20 ns for mode TM,,.
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Figure 4. Space distribution of the TM;, mode energy absorbed during
20 ns in the cross section z = 30 cm.

Further work, perhaps based upon the paraffin specific parameters
dépending on temperature and specific melting and evaporation heat
could provide better approximation to a simulation of the paraffin
destruction problem.
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