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Editor’s Preface

In August 1996 the International Workshop on Strong Microwaves in
Plasmas was held for the third time already. This means that it became a
tradition and found its niche in a series of numerous conferences and
meetings in the related fields. The success of the Workshop can be also
attributed to the unique manner it is conducted in: for the whole week of
Workshop duration the participants stay on board a comfortable ship
cruising along the Volga river, and have virtually unlimited possibilities
for scientific discussions within and beyond the Workshop Program. A
rich social program including tours around picturesque ancient Volga
cities and evening concerts of classic music performed by musicians
specially invited to join the tour makes this trip an unforgettable event
both for the participants and members of their families traveling with
them.

It is also becoming traditional that along with exchange of new in-
formation, which is typical for conferences of that kind, the Workshop
on Strong Microwaves in Plasmas is really a workshop: a large number
of collaborative scientific projects are discussed here and agreed to be
accomplished jointly by Russian laboratories and foreign scientific cen-
ters. Progress in the projects initiated at previous meetings is also re-
viewed and discussed.

The third Workshop took place on 7-14 August, 1996 on board the
“Alexander Suvorov” steamer that cruised from Moscow to St. Peters-
burg. 116 participants from 16 countries attended the Workshop. The
scientific program was not overloaded with presentations: in total, there
were 94 of them selected by the Program Committee. That made it pos-
sible to concentrate on morning plenary sessions and further work in four
topical sections, thus making poster sessions unnecessary. Almost a half
of the talks were “invited” (21 plenary talks and 21 topical talks), and the
time given to each of them was long enough for detailed presentation and
discussion.



As previously, four sections worked at this Workshop:

e Current drive and heating of plasma by microwaves in fusion de-
vices;

Microwave discharges;

Nonlinear processes in plasmas (theory and microwave experi-

ments);

e Development of high-power microwave sources.

The work of these sections focused mainly on the problems of devel-
oping powerful microwave sources and their applications for plasma
studies. Among new trends that widen the scientific range of the Work-
shop one has to mentions the progress in making a short-pulse radar
based on a relativistic microwave carsinotron, the study of the possibility
to compress powerful microwave pulses actively and passively, experi-
mental modeling and numerical calculations that verify potentiality of
using microwave discharges in the atmosphere for its purification from
freons and recuperation of atmospheric ozone, and successful start of the
studies of physical processes in materials treated with microwave radia-
tion.

This book is the collection of invited lectures and original contribu-
tions delivered at the Third International Workshop on Strong Micro-
waves in Plasmas. These materials give a sufficiently detailed idea of the
state-of-the-art and results of studies in the field of development of pow-
erful microwave sources and their applications. We hope that this book
will be useful for professionals working in these fields.

A.G. Litvak



CURRENT DRIVE
AND HEATING OF PLASMA
BY MICROWAVES
IN FUSION DEVICES



TOKAMAK AND GYROTRONS
IN RRC ‘KURCHATOYV INSTITUTE’

V. S. Strelkov and Tokamak team

Nuclear Fusion Institute,
Russian Research Centre ‘Kurchatov Institute’,
Moscow, Russia.

In early 1970s, due to the initiative of Academician L. A. Artsi-
movich, V. V. Alikaev and K. A. Rasumova with co-workers carried
out the first experiments on heating plasma by electron-cyclotron
(EC) waves in tokamak TM-3 [1]. The gyrotrons used in these ex-
periments were designed in the Institute of Applied Physics of the
Russian Academy of Sciences. The additional heating of plasma (with
respect to the ohmic one) enabled to elevate the plasma temperature.
Moreover, it was expected that, upon the additional heating, it would
be possible to examine the dependence of the energy accumulated in
the plasma w,,and of the energy confinement time

5= Wy Py
on the plasma temperature and heating power P,,,. In the experiments
with ohmic heating, the heating power and the plasma temperature
can be varied only by changing the plasma current I,;. Therefore the
results of these experiments are doubtful as the observed change in
the energy confinement time is also dependent on the change in the
magnetic configuration. The use of the EC resonance heating
(ECRH) provided a basis for hope for a reliable scalings zz=f(P,,,)
and 7z=f(T). This method does not involve the injection of addi-
tional particles into plasma. The absorption zone of the high fre-
quency (HF) power is defined by resonance conditions:

o-nyo..=k,V,
Upon the injection of the HF power perpendicular to the magnetic
field (k,=0) and fixed gyrotron frequency w, the absorption zone can
shift across the plasma column with small changes in the magnetic
field in the tokamak from one discharge to another.

In the case of heating by injection of fast neutral atoms (neutral
beam injection, NBI) the zone and amount of absorption of addi-
tional power depend on the plasma density and its distribution along
the plasma column radius. The injection also results in the increase of
plasma density.



The subsequent developments showed several advantages of the
use of ECRH. Firstly, it can effectively heat plasma up to the ther-
monuclear temperatures. Secondly, it enables generation of a station-
ary current drive. Thirdly, it provides a means of control of distribu-
tion profile of the electron temperature 7,(7) and the current density
Jj(r). Finally, upon the use of ECRH the control of stability of the
plasma column by changing the profile of j(7) is possible.

Now we will discuss the main results of this work on the T-10
facility and its perspectives on T-10 and T-15.

Electron component heating

The excellent heating of electrons has been shown in the earlier
experiments on tokamak T-10 (R=1.5m, a<0.35m, B;<3.5T,
1,£0.4MA). The HF power up to 2MW has been injected at the first
or the second harmonic through 4 horizontal ports from the low-field
side. The measurements of spectrum of the X-ray emittance showed
that the energetic distribution of electrons was maxwellian. The tem-
perature of electrons was up to 10keV. The preservation of the max-
wellian distribution of the electron energy within a fair accuracy
means that the power transferred from electrons to ions can be calcu-
lated by the conventional formulas for Coulomb collisions [2].

The efficiency of ECRH is defined as the ratio of the power ab-
sorbed by plasma P, to the power injected into tokamak i. e. passed
through the injection window of the tokamak. The absorbed power
P, is measured by the time derivative of 7, or the time derivative of
the diamagnetic signal at the moment when the gyrotrons are
switched on or off. These measurements of the time derivative of T,
also enable to define the distribution of P, over the section of the
plasma column i e. to define the heating zone. The measured effi-
ciency of ECRH was up to 80-90%. The observed decrease of the ef-
ficiency at the first harmonic with the increase of plasma density is
due to the refraction of the HF waves. In this case the plasma fre-
quency approaches the frequency of the HF waves [3].

The study of the plasma heating upon various profiles of the in-
jected power was also done. It showed that the local coefficient of
thermoconductivity in a tokamak is not only controlled by the pa-
rameters of plasma and magnetic field at a point but it also depends
on the distribution of pressure and current density along the plasma
column radius. This was first observed in experiments where the in-
crease of the plasma energy did not depend on the zone of the power
input within r<r,,. A similar increase of T, in the centre of plasma
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column was observed in the experiments with various profiles of in-
put power. However, the specific HF power absorbed in the centre of
the plasma column varied within several times in these experiments.
The increase of the plasma energy as a function of the heating power
P,,,=Poy+Pyr corresponded to the so-called L-mode. The energetic
time decreased as a function of the heating power:
tg~t5 " (Por/Put) %

where a~0.4-0.6.

By contrast to experiments with injection heating, the ECRH ex-
periments (like experiments with ohmic heating only) allowed to ob-
serve the growth of the energetic time in the L-mode with the plasma
density [2].

Current drive by EC waves (ECCD)

ECCD is especially attractive for ITER primarily since the EC
waves absorb locally and the method does not involve any antennas
in direct contact with the plasma. During the last few years, the study
of efficiency of ECCD, the comparison of observed value of the cur-
rent drive with the modelled one and the improvement of the model
were the main goals of experiments on the T-10 facility. To determine
the current drive, the method of co- and contra-switching on of the
plasma current (relative to the direction of propagation of the HF
waves) was used. The angle of injection of the HF waves relative to
the direction of magnetic field was kept constant. The value of the
current drive I¢p could be directly calculated from the ratio of differ-
ence of the voltage measured along the torus circumference in co and
contra directions to their sum after a stationery condition has been
achieved, provided that the total plasma current was kept constant.

Once the current drive is defined and the HF power Py and the
plasma density n, are measured, the ECCD efficiency can be calcu-
lated:

Ncp=n.Rlcp/Pyr

During the experlments on the T-10 facility, Icp attained was
110kA at the first harmonic. This corresponds to
Ncp=0.33x10A/W-m2. At the second harmonic, I¢p is only 40kA. In
the regime with no saw-toothed oscillations, the experimental values
of I-p for the second harmonic meet the calculated ones within 20%
accuracy.

The velocity distribution function of electrons deviates from the
maxwellian one in the energetic region where the electrons responsible



for the current drive are generated. The observed X-ray spectrum of
the superthermal electrons coincides with the calculated one and also
fits well the calculated profile of the current drive. Thus the Fokker-
Planck calculations give a correct and a fairly compete description of
absorbance of the EC waves and of the ECCD [4].

Similar calculations of the ECCD efficiency have been carried out
within the framework of the ITER project. They give the maximal
value for n¢p of (0.2-0.3)x1020 A/W-m? for the ITER parameters. The
ambiguity in the value for 7¢p is caused primarily by the ambiguity of
profiles of the temperature and density in the vicinity of the plasma
edge in ITER. For the value 7¢p=0.2x102° A/W-m?, a current drive of
over 2MA can be generated near the centre of the plasma column in
ITER, provided that Pyz=50MW and n,=5x10! m-3.

ECCD enables maintenance of a hollow distribution of the
plasma current density that corresponds to configurations with a re-
versed sheer. These configurations allow a better plasma confine-
ment. In the experiments on TFTR and other facilities, the reversed
sheer was created on the stage of increase of the plasma current due
to skinning. For the T-10 facility, the parameters of the possible re-
gimes with reversed sheer have been defined on the basis of the Fok-
ker-Planck calculations. The achievement and studies of plasma con-
finement in such regimes is one of the immediate goals of the T-10
programme.

Stabilisation of plasma instabilities by ECRH and ECCD

On the T-10 facility, experiments on several stabilisation effects
were carried out, such as: () stabilisation of m=2, n=1 mode in the
case of local heating in the vicinity of the resonance surface m=2; (ij)
expansion of the stability region upon the disruption on critical den-
sity; (i) influence of the HF heating on the suppression of the
‘locked’ mode.

If there is a local heating in the vicinity of the resonance surface
m=2, a decrease in the oscillation amplitude of signals from magnetic
probes is observed. This effect has a resonance feature and corre-
sponds to the heating of the m=2 region [5].

If the plasma density is high, the HF input at r>7,,=2 prevents the
development of the disruption on critical density. This effect is not a
resonance one. This can be attributed to the compensation by ECRH
of the additional plasma energy loss in the vicinity of the critical den-

sity.
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In the experiments where so-called ‘locked’ mode (halt of the
plasma column rotation) was observed, the input of the HF power re-
sults in the disappearance of the ‘locked’ mode [6].

T-15 status and perspectives

The T-15 facility (R=2.4m, a=0.65m, B=3.5T, I,<1.4MA) is po-
tentially suitable for studies of the plasma thermoisolation and other
plasma processes with the use of EC waves and/or neutral beams.
Both methods can be applied simultaneously or separately and used
for the plasma heating and current generation. This provides for the
study of processes in plasma with hot electrons or hot ions.

The physical start-up of T-15 (production of the first plasma) was
accomplished in 1988. In 1990, the rated design value (3.5T) of toroi-
dal magnetic field produced by superconducting NbsSn coils was
achieved. During 1993-1995, ohmic heating discharges with plasma
current up to IMA were studied. The first experiments with ECRH
and NBI heating were carried out in 1995. The joint functioning of all
T-15 systems was demonstrated [7].

The mail goal of future experiments on T-15 is to obtain dis-
charges with an improved plasma confinement with ECRH and NBI.
This plan involves the use of existing gyrotrons as well as putting into
operation 4 new 110GHz long-pulse gyrotrons with an output power
of up to IMW each.
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ECRH IN ASDEX-UPGRADE
DESCRIPTION OF THE RF SYSTEM AND FIRST RESULTS

H. Brinkschulte

F. Leuterer, M. Miinich, F. Monaco, A. Peeters, F. Ryter, W. Suttrop
ASDEX Upgrade team
Max Planck Institut fiir Plasmaphysik, 85740 Garching, Germany

ECRH groups IPF Stuttgart and IAP Nizhny Novgorod

Abstract

A 140 GHz ECRH system with a maximum power of 2 MW
and a pulse length up to 2 s (2.8 MW - 2 5) is being installed at the
ASDEX-Upgrade tokamak. A first unit delivering 0.5 MW for 0.5 s is
operational since summer 1995. In first plasma experiments, deposition
of rf power and propagation of heat waves were studied.

1. Introduction

The main objective of ASDEX-Upgrade (R = 1.65 m, a= 0.5m,
€ =16, I,< 1.6 MA, Bt < 2.8 T) is the investigation of the divertor
under conditions prevailing in future fusion machines. The installed
additional heating power - 20 MW neutral beam injection and 8 MW at
ion cyclotron resonance frequency - is sufficient to achieve heat fluxes
to the plasma facing components which are encountered in a fusion
reactor. However, the energy transport from the core of the plasma
through its boundary to the wall is not well understood. Additional
plasma features such as MARFEs, various types of ELMs, the
transition from the L-regime to the H-regime of the plasma etc. need
further investigation. A great number of problems can be studied with a
heating method which allows localised deposition of power and which
can be modulated, preferably at frequencies between 10 Hz and 10
kHz.

With high power gyrotrons commercially available, ECRH is
suitable to meet the task of localised plasma heating. It was decided to
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install at ASDEX-Upgrade 2 MW additional heating power at the 2nd
harmonic electron cyclotron resonance which corresponds - at a typical
toroidal field of 2.5 T - to a frequency of 140 GHz. The high
absorption for that case at electron densities between 1x10" and the
cut-off density of 1.3x10%° leads to a narrow absorption zone. By
changing the toroidal field, or by tilting a mirror in the vicinity of the
plasma around its horizontal axis, the entire cross section of the plasma
can be reached. Rotating the mirror around its vertical axis allows
current drive studies.

2. The rf system

The rf power will be provided by 4 gyrotrons each specified for
500 kW and 2 s pulse length, or 700 kW and 1 s, respectively. The
entire system will be operational early 1997. One unit comprising a 0.5
MW / 0.5 s gyrotron, transmission line and in-vessel mirrors are
operational since summer 1995. So far, some plasma pulses with
additional ECRH have been achieved.

2.1 First unit with 0.5 MW - 0.5 s

A prototype unit was set up in co-operation with IAP / Nizhny
Novgorod to test single components of the system and to gain
experience with the operation of a 140 GHz gyrotron. The gyrotron
delivers its maximum output power of 500 kW at a beam voltage of 71
kV and a beam current of 26 A. A tetrode in series with the power
supply allows the modulation of the beam voltage, and thus of the rf
power, up to frequencies of 30 kHz. The originally excited TE 22.6
mode is converted inside the tube into a Gaussian beam TEM-00 which
is suitable for the transmission over long distances.

Just behind the output window, ca 85 % of the total power is in
the desired mode. The spurious power is dumped in the first mirror box
behind the gyrotron. The box contains also shaping mirrors to
compensate the astigmatism of the beam. The transmission of power is
partly quasi-optically, partly via HE-11 mode inside corrugated wave
guides with a diameter of 87 mm. The whole arrangement with all
major components is sketched in fig. 1. A pair of polarisers (corrugated
mirrors) allows us to rotate the plane of polarisation to any direction
and to excite an elliptically polarised beam. Near the torus - where
space becomes a problem - the rf is transferred into a wave guide. Just
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in front of the torus, transmission returns to quasi-optical mode. The
resonance window is made from boron nitride and is similar to the
output window of the gyrotron. The length of the transmission line
between source and plasma is ca. 35 m.

Z
! F} Quasioptical N
Transmission §‘
\ Polarizers
HE11-WG %
\ Mirror
§ Coupler
Plasma Concrete \ - S
wall \ T
Focusing T Steerable \ T
g \ |
Mirror \ '
Flexible : \ !
7] Section Vacuum Window %
Mitre Bend | é E ;
|
o i Load Gyrotron
Calorimeter
Figure 1. Transmission of rf power from source to plasma; total length
isca. 35 m.

The first mirror of the transmission line and the mitre bend just
in front of the torus are equipped with multi-hole directional couplers
which enable us to measure the forward and reflected power. The rf
diodes at the directional couplers provide very good signals and were
calibrated with a calorimetric load near the torus window. Our power
measurement is estimated to be accurate within 10 %.

The loss of the transmission line is ca. 7 %, estimated to be
mainly due to the 12 mirrors and the 3 wave guide mitre bends,
respectively. Thus, about 80 % of the output power is coupled into the
ASDEX-Upgrade machine.

During conditioning of the gyrotron, the power is directed into
a high power dummy load (by inserting a mirror between the mirror
coupler and the polarisers). The load can handle maximum rf power at
maximum pulse length and for minimum allowable pulse intervals.
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The alignment of the transmission line was executed in 2 steps.
Firstly, the quasi optical portion was aligned with a He-Ne laser and
small pieces of surface mirrors attached to the centre of each mirror for

N

Figure 2. Poloidal cross section of plasma with accessible range for rf
beam; ppot = 35 °

better visualisation of the laser beam. This procedure gives good results
as proved with the measured patterns of the rf beam on thermographic
foils. In a second step - which turned out to be very tricky - the quasi
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optical beam is coupled into the wave guide. For good coupling, the
axises of both parts have to coincide with great accuracy. In Addition,
slight deviations from a truly Gaussian beam - like a rest of
astigmatism - lead inside the wave guide to excitation of additional
modes [1]. These modes - although rather weak - can modify the flow
of power inside the wave guide substantially. Interferences may lead to
a non-uniform power density profile at the end of the wave guide and
thus also in the torus window. In our case we were lucky to have the
beam centred at the location of the window.

The rf power is launched in the midplane of the vacuum vessel
from the low-field side. The in-vessel arrangement is sketched in figure
2. Two mirrors are mounted inside the torus. One mirror is fixed with
curved surface to focus the rf beam at a location half way between the
centre of the plasma and its boundary on the high filed side. The waist
of the beam - calculated without plasma - is wo = 21.14 mm. A second
plane mirror is rotatable around the horizontal, and the vertical axis,
respectively. This allows us to scan almost the entire cross section of
the plasma (@, = * 35°% and also to direct the beam toroidally in both
directions (i = * 25%. The mirror is made from fine grain graphite
with copper coating on its front surface for better reflection of the rf.

2.2 Complete 2 MW - 2 s system

The complete system comprises 4 gyrotrons and 4 separate
transmission lines to the experiment. The gyrotrons are made by
GYCOM Company in Nizhny Novgorod, Russia. Each gyrotron is
designed to deliver 0.5 MW for a 2 s long pulse, or 0.7 MW for only 1
s, respectively. Each two gyrotrons are fed by a common high voltage
power supply with a modulator tube in series for switching and
modulating of rf power. It is sufficient to reduce the beam voltage by
only 30 % to terminate rf oscillation. In this mode, the rf can be
modulated up to frequencies of 30 kHz. The gyrotrons emit at 140 GHz
+ 500 MHz.

The gyrotrons are mounted some 15 - 20 m away from the
ASDEX-Upgrade machine. At this distance, the magnetic stray field is
still up to 30 Gauss. The critical components of the gyrotrons are at the
height of the mid-plane of the plasma where the horizontal component
of the stray field is minimum. To reduce the horizontal component even
further, a 1 cm thick plate of soft iron was mounted above the tubes.
Another 2 cm thick iron plate beneath the gyrotrons shields the
magnetic stray field from the high current bus bars of the experiment.
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For more uniform loading of the collector, the e-beam is swept across
its surface with an external magnet (saw tooth at ca. 7 Hz frequency).

The transmission line from the 4 sources to the plasma is ca.
35m long. The rf power from 2 gyrotrons is fed to the plasma through
2 neighbouring ports of the vacuum vessel in sector 6, and 8,
respectively, toroidally 22.5° apart. The remaining 2 rf beams enter the
torus through 2 ports in one ASDEX sector (#14, opposite sector 8).

A critical component of the system is the rf window which
separates the transmission line from the torus vacuum. Its relatively
high losses around 3 % lead to a strong temperature increase of the
window at the end of the 2 s long pulse. To minimise thermal stresses,
a mode converter was introduced at the end of the wave guide section
which leads - compared to the rather peaked power distribution for the
original HE-11 mode - to a more uniform beam pattern at the site of the
window.

The construction of the whole system is now (summer 1996)
well advanced. 2 gyrotrons are on site and are being commissioned, the
remaining 2 tubes are due fall 1996. We are now confident that the
complete rf plant and transmission line will be operational and ready
for plasma experiments in the first half of 1997. We expect to couple to
the plasma 1.8 MW for 2 s, or 2.5 MW for 1s, respectively.

3. First experimental results

During the first year of operation of the 0.5 MW - 0.5 s unit at
ASDEX-Upgrade, many plasma pulses with successful electron
cyclotron heating were achieved. The maximum injected ECRH power
of 0.4 MW is small compared to the ochmic power of ca. 1 MW (for
standard 1 MA discharge) and far less than the presently installed 8
MW of ICRH, and 10 MW of NBI power, respectively. Therefore,
heating effects can only be studied in low power ohmic discharges.
However, the power is sufficient for heat pulse experiments, even in
discharges with additional heating. Most experiments so far were done
with modulated rf power between 10 Hz and 1 kHz.

During the whole campaign, the system worked very reliably.
Most of the pulses were at maximum power and at maximum pulse
length of 0.5 s (1 s in case of modulation). The transmission line
proved to be very stable and only minute re-alignments were necessary.
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3.1 Heating in ohmic discharges

Figure 3 depicts a few signals of a typical 1 MA discharge
with ECRH power on between 1.8 and 2.3 s. The stored plasma energy
increases with rf power and saturates after ca. 100 ms. The global
energy confinement time g as determined by the stored energy divided
by the total power Pyt = Poum + Penn decreases slightly. We found the

T T. T T T T T TE

Arb. Units

Conf. Tlmq

Plasma
Energy

RF Power

1.7 1.8 1.9 2% 211 22 23 24 25
Time (s)

Figure 3. Traces for rf power, plasma energy, confinement time and
loop voltage vs. time. Ip = 1MA, ne =410 m™, B,=25T

familiar law for the degradation of energy confinement time with power

TE ob / TE obrecth = (Pm/Poh)'o's
For this pulse, the rf beam was launched at an angle of +35° with
respect to the horizontal, i. e. the absorption is far away from the centre
of the plasma on a flux surface corresponding to p = 0.8. We found
that the behaviour of the loop voltage, confinement time and electron
temperature depends on the location of power deposition [2](no

degradation of 7z and larger increase of electron temperature for
heating near plasma centre). This behaviour needs further study.
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3.2 Deposition of rf power

From ray tracing calculations including diffraction and
absorption [3] we may expect very localised absorption of rf power.
The width of the absorbing zone depends on the angle of incidence of
the rf beam with respect to the flux surface: at 90° the full half width is
minimum at 8 mm while at grazing incidence the deposition profile is
only determined by the diameter of the rf beam, i.e. ca 30 mm for our
case.

1

: 0.9
rpol = 0.4346 1os

Pecch 1 @7

4 0.6
arb.

s

units
0.4

rpol = 0.6112

m W A 0.3
| AN p M SO - "‘ 0.2

0.1

A s AN e e s T YN

0.88 0.9 0.92

Time (s)
Figure 4. 4 Traces of ECE signals from different radial locations.
Ip = 1MA, ne = 2- 10" m™, B¢= 2.5 T, rf beam +10° inclined
to horizontal. Pulse # 7494.

ASDEX-Upgrade is well equipped with diagnostics for the
measurement of electron temperatures: a 16 beam laser Thomson
scattering system delivers electron temperature profiles, 10 per second;
ECE diagnostics with 45 channels give a very detailed profile with a
maximum time resolution of 10 ps. The latter was extensively used to
investigate the response of the plasma to the rf power.

Figure 4 shows 4 ECE signals originating from different radii.
Plasma current is 1 MA, electron density 2-10" m™ and toroidal field is
2.5 T. The rf is launched at an angle of +10° to the mid plane of the
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machine, i.e. absorption is near the plasma centre. The rf is switched on
at 0.7 s and T, increases, fastest and by the largest amount at small r,
and slower and to smaller values further out. For r, >0.6, even a

30 v T 20
—f&— dT/dt (kV/s)
i —— P (W/cm3)

115
-~ 20 #7654 =
~ o)
S 110 §
3 g
5 A

© 10

15

0 . . ; 0

180 190 200 210

R (cm)

Figure 5. Calculated deposition profile and measured dT/dt versus p.
lb=1MA, ne=4-10"m> By=2.5T, qpo = +30°.

measurable delay for the onset of the temperature increase can be seen.

We have measured the rise time of the electron temperature
dT./dt at the onset of the rf. This gives us the location of maximum
absorption and should also yield some hints with respect of the power
deposition profile. Figure 5 gives the results for a 1 MA - 2.5 T plasma
with the rf beam at +30° to the flux surfaces. In this case, the power is
absorbed on the high field side of the machine while the ECE signals
originate from the low field side. Also shown is the calculated power
deposition for this case. The curve for dTe/dt is much broader than the
calculated curve for the deposited power. (The sites of the maxima
deviate by ca. 2 cm which may be due to improper calibration.) The
broadening can be understood if diffusion effects are taken into
account. The characteristic diffusion time 7 depends on the
characteristic length A and the diffusivity x as

=24y
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At an electron temperature of 1 keV, it takes about 50 ps to fill a flux
surface uniformly which corresponds to A = 1.5 cm (taking a typical y
= 1 m%s). To determine dT./dt properly, a measuring time of 1 ms is
needed, leading further to an apparent broadening. Thus, dT/dt profiles
appear considerably broader than the actual power deposition profile.

3.3 Heat wave experiments

The knowledge of the thermal conductivity of a plasma is
fundamental to understand plasma confinement. The thermal
conductivity is proportional to the diffusivity y which can be
determined directly with various methods. Most widely used is the
measurement of the propagation of saw teeth which yields the electron
thermal diffusivity [4] . However, a saw tooth is usually correlated with
a large change in electron temperature thus leading to a strong
perturbation of the plasma. The corresponding power can reach MW
levels and the deduced values for x may be misleading.

With ECRH one can excite heat waves at much smaller power
levels causing only small perturbations of the plasma to be analysed.
The origin of the heat wave is very localised and its location and the
frequency of the heat pulses can easily be changed. By following the
amplitude of the heat wave - represented by the electron temperature -
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Figure 6. Example for determination of electron thermal diffusivity xe
from heat pulse measurements. lp = 0.8 MA, B¢= 2.5 T. RF
power of 400 kW modulated with 29.41 Hz, deposited at p = 0.5,
Ppol = +27°.
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as it ‘moves away from its origin, one can determine the electron
diffusivity X amp. Measuring the time delay, or phase, respectively, one
obtains Ypnase. X is defined as
Xe = (L Amp1 - APhase)

Figure 6 gives the results for a typical measurement of x.. We
did not find a dependence of y. on rf power and on modulation
frequency. Power was changed between 50 kW and 400 kW,
modulation frequency between 10 Hz and 1 kHz. For discharges with
saw teeth one has to choose a modulation frequency for which the
interference from the saw teeth is minimum. Most measurements were
performed at 30 Hz modulation frequency. The ¥, values obtained from
ECRH measurements' were compared with those from power balance
and saw teeth measurements [5].

4. Conclusions

The experiences gained with the prototype ECRH system were
very satisfying during the first year of operation. The gyrotron worked
very reliably and only minor re-adjustments of its operating parameters
were necessary, mainly of the strength of the magnetic field and the
emission current. The transmission line - partly quasi-optical, partly
wave guide - is very stable and needs only little attention. However, the
inner walls of the wave guides have to be kept clean and free of dust to
avoid break down at high power levels.

The results obtained so far are very promising. Most
experiments were done with modulated rf power to measure transport
properties under various plasma conditions. The measured electron
thermal diffusivity differs still somewhat in comparison with the data
gained from different methods and the whole complex needs further
study. With the complete 2.8 MW system operational in the near
future, we will start exploring heating effects, the effects on MARFEs,
ELMs and on MHD modes [6] .
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1. Introduction

Electron cyclotron heating (ECH) is a possible method for controlling
the plasma profile. On the WT3 tokamak (R=65 cm, a=20 cm), the effect
of ECH on the MHD instabilities has been investigated using an ECH
system with 56 GHz gyrotron.[1,2,3] It was found that the MHD activities
and the sawtooth oscillations were suppressed or enhanced according to
the location of ECH layer. Furthermore these effects of ECH were
remarkable when the EC wave was focused strongly.

To study the effect of the highly localized plasma control more
extensively, we installed new ECH system using an 88 GHZ gyrotron
and a quasi-optical transmission system on WT3. The frequency almost
correspond to the second-harmonic cyclotron frequency at the maximum
toroidal magnetic induction of WT3 (1.75T), thus the plasma confinement
will be improved compared with previous experiments performed in the
magnetic induction range around 1.0 T. Also the density range can be
increased without defocusing EC wave due to the refraction to 2x10"
cm?®, where the cyclotron cut-off appeared with the 56 GHz ECH system.

The quasi-optical transmission system was targeted for focusing the
EC wave into a small focal spot with the radius less than tenth of the
plasma radius. By the cold test on the transmission system, we confirmed
an elliptical Gaussian focal spot profile with radii of 1.85 cm and 1.55 cm
in poloidal direction and toroidal direction, respectively. Furthermore,
we confirmed that the EC wave was absorbed in the narrow region in
plasma. These result will be reported in the following sections.
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2. Quasi-optical ECH system using 88 GHz gyrotron

Figure 1 shows the schematic view of the quasi-optical ECH system.
The system consists of an 88 GHz gyrotron and the transmission line
with eight mirrors. The EC wave is injected into the torus with the
vertical polarization for the second-harmonic X- mode injection from low
field side.

The operational parameters of the gyrotron are listed in table 1. This
gyrotron is designed to work in TE8,2 mode at the cavity. The EC wave
is, then, launched into a built-in Vlazov converter consisting of two elliptic
focusing mirrors and two flat mirrors. The output is a well defined
horizontally polarized Gaussian beam with a radius of 2.3 cm. The
available power is still as low as 270 kW and the efficiency is 19 % at
this time. The optimization of the operational parameters, especially
"tapering", is now underway.

The quasi-optical transmission system was designed with the "constant
phase concept" [4]. The basic idea of this concept is illustrated in figure
2 for the symmetric Gaussian beam. The surface of mirror coupling the
beam waists w,; and w_, is defined so that the sum of the phase front
functions of the beams incoming and outgoing remains constant at all the
point on its surface. One can design the mirror as defining the locations
and the sizes of the incoming and outgoing beams. For simplicity, the
mirrors designed with the phase concept will be called matching mirrors.

The transmission line is divided into three parts: seven meter long
transmission line consists of two pairs of matching mirrors, polarization
converter consists of a pair of flat mirrors and the launcher consists of a
pair of matching mirrors. The total length of the transmission line is 11
m along the beam propagation. All the mirrors are made of aluminum
without the special surface coating.

The pair of M1 and M2 mirrors expands the beam to minimize the
diffraction loss through the seven meter propagation, then the pair of M5
and M6 focus the beam again to send the beam to the launcher inside a
vacuum vessel installed on the torus. This line is required to separate the
gyrotron and the torus with a certain distance, about 6 m in this case, so
that the leakage field of the torus dose not affect the operation of the
gyrotron.

The pair of M3 and M4 is installed between the transmission line in
order to convert the polarization of gyrotron output into vertical polarization
for the X-mode injection. The beam is deflected at a right angle from its
original path toward the torus, simultaneously.

The launcher, pair of M7 and M8, strongly focus the beam. The focal
spot was designed to be located at 62.5 cm in major radius with 1/e radii
of 1.2 cm and 1.6 cm in poloidal direction and toroidal direction,
respectively. Because the strongly focused beam expands rapidly, the
launcher is placed inside the vacuum vessel installed on the torus to
minimize the distance between the M8 and focal spot. M8 mirror can be
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tilted in both toroidal and poloidal direction to electron cyclotron current
drive experiment and to adjust the heating zone. The launching angle can
vary from 50° to 90° in toroidal direction.

All the mirror size are designed to be larger than the mode radius of
beam by a factor of 1.7 to reduce the diffraction losses at each mirrors.
For example, size of M1 is 32x32 cm?.

3. Test on the transmission line

The characteristics of the transmission line were measured by a cold
test using a gyrotron emulating gunn oscillator. The gunn oscillator with
scalar cone and a pair of matching mirrors simulate the gyrotron beam in
frequency, polarization, and both the size and the location of the waist.
We measured the propagation of this gyrotron simulating beam to align
and to test the transmission line using a microwave diode. The diode was
setas following a E-band waveguid and was installed on a remote controlled
movable stage to measure the cross-sectional profile of the beam. By
changing the setup angle of the diode, we could also confirm the
polarization.

After the cold test, the gyrotron beam was injected into the transmission
line. The beam size was evaluated from thermal images on teflon screens
located at several point along the transmission line. The focal spot size,
located near the center of the torus, was measured from the burn pattern.

The beam sizes measured along transmission line were plotted in
figure 3. The solid line represents the design value, and the solid circle
and open circle denote the results of the cold and high power tests,
respectively. The result of the cold test agrees well with the design and
the profile at the focal spot, shown in figure 4, was well defined Gaussian.
The radii of the focal spot was 18.5 mm and 15.5 mm in poloidal direction
and toroidal direction, respectively. The radius in poloidal direction is
larger than that of design, but is still less than tenth of the minor radius of
WT3.

The result of the high power test deviates from the design in the
seven-meter long transmission line. This deviation arise mainly from the
uncertainty of the measurement. The burn pattern at the focal spot near
the center of the torus, however, shows a well focused profile with radii
of 13.5 mm and 10.5 mm in poloidal and toroidal direction, respectively.

Figure 5 shows the transmission efficiency along the transmission
line evaluated from the result of the cold test. Total efficiency was to be
83 %. The output of gyrotron was measured by a water load in front of
the entrance window to the launcher vessel. Maximum power transmitted
through the transmission line is 220 kW at this time.

4. Plasma heating experiment

To confirm if the EC wave is deposited locally in plasma as expected,
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we performed a preliminary heating experiment on WT3. Five arrays of
soft-X-ray (SXR) detectors were used to observe changes in the SXR
emission caused by ECH deposition in plasma. Arrangement of the SXR
detector arrays are shown in figure 6. Each array has twenty SXR diodes
detecting the photon energy range from 3 keV to 27 keV. These SXR
data of one-hundred line of sight are used to reconstruct the SXR emission
profile in plasma by the means of computerized tomography (CT).

Experiments were performed on plasma with relatlvely low current of
60 KA and line-average density of 1.4x10” cm® to eliminate the MHD
activities, sawtooth oscillations and their associated heat transport. The
toroidal magnetic induction was 1.6 T, locating the resonant surface through
the plasma center. The ECH power of 150 kW was injected in a time
interval from 60 to 70 ms, where the plasma parameters, current, line-
average density, SXR emission and loop voltage, began to be stationary.
Figure 7 shows the typical response of the plasma. While the line- -average
dens1ty thro 3gh the plasma center, fig. 7 (c), dropped from 1.4x10" to
1.2x10" cm® in 4 ms after ECH injection, the SXR signal of the center
chord, fig. 7 (e), increases in 1ms, and then starts to decrease. The ECH
injection causes to move the plasma slightly toward outer side. The
amount of the shift of plasma center was estimated to be only 5 mm by
analyzing the magnetic probe signals. Thus this shift is not essential to
decrease in the center chord SXR signal, when we consider the width of
line of sight. ( And the SXR detector viewing at 10 mm outside from the
center showed a similar response to the response shown in fig. (e). The
increase in SXR signal possibly resulted from the decrease in the center
density. ) The SXR signals viewing outer side, fig. 7 (f), (g) and (h),
begin to increase slowly compared with that of the center chord, and
saturate in 3 ms after the ECH injection.

To find the deposition profile of ECH wave, evolution of the profile
of the SXR emission on the equatorial plane immediately after the ECH
injection is shown in figure 8. These SXR profiles were computed by CT
method. Increase in SXR signals, in fig. 8 (a), viewing near the plasma
center indicates the increase of temperature by ECH, because the line-
average density through the plasma center decreases monotonically in the
time range considering here. Change in the SXRemission from immediately
before the ECH injection, fig. 8 (b), demonstrates that the EC wave is
absorbed in a narrow region from r/a = -0.05 to r/a = 0.25. Corresponding
deposition width is 6 cm at most, because this result includes the heat
transport.

Similar narrow deposition profiles were observed on the experiments
of outside heating, locating the resonant layer at 58 cm and 62 cm in
major radius. These results suggest that the refraction in plasma is
insignificant up to the density of 1. 4x10" cm?®, thus the EC wave is still
focused strongly in the presence of plasma.
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Table 1 Gyrotron parameters

Frequency 88 GHz

Cavity mode TES8,2

Output mode linearly polarized Gaussian
Beam Voltage 80 kV

Beam current 20 A

Output power 350 kW (measured: 270 kW)
Efficiency 29 % (measured: 19 %)
Puisewidth 100 ms (measured: 50 ms)

e

Launcher

Polarizaton converter
M3

Gyrotron

Figure 1. Schematic view of the quasi-optical ECH system for WT3.
Total path length from gyrotron exit window to the center of torus is 11
m. The horizontally polarized gyrotron output is converted into vertical
polarization at the polarization converter ( M3 and M4) placed between
the transmission line (M1, M2, M5 and M6). The EC wave is, then,
coupled to the launcher (M7 and M8) inside the vacuum vessel through
the ceramic window.
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Figure 6. Arrangement of SXR detector arrays. An array consists of 20
detectors. Five arrays are placed on a poloidal plane. The viewing
position of the each detector is defined as the length of the perpendicular

dropped from center of the torus to its line of sight.
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Figure 8. Profile of the SXR emission at 60.0 ms ( immediately before
the ECH injection) and at 60.9 ms is shown in fig. (a). Change in the SXR
profile from that at 60 ms, i.e. Isx(t)-Isx(60ms), for 60.3 ms, 60.5 ms and
60.9 ms is shown in fig. (b). These profiles were computed by the CT
method. Fig. (b) suggests that the plasma is heated in a narrow region
from r/a=-0.05 to r/a=0.25.

5. Conclusion

A quasi-optical ECH system using an 88 GHz gyrotron was installed
on the WT3 tokamak. We confirmed that a well defined Gaussian beam
was focused near the center of the torus with a small spot size of 1.85 cm
in poloidal direction. The transmission efficiency of the system was
measured to be 8 %, and the maximum power injected into the torus
was 220kW. For the current drive experiment, we plan to install the
polarization converter to produce an elliptically polarized beam. The
preliminary ECH experiments suggested that the EC wave was absorbed
in the narrow region around the resonant plane. We will make use of this
ECH system to investigate the effect of the highly localized plasma control
on the MHD phenomena.
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Introduction

The objective of the tokamak TCV (Tokamak a Configuration
Variable) at the Centre de Recherches en Physique des Plasmas is to study
the influence of elongation x (x = b/a = (half height of plasma /minor
radius)) and strong shaping on tokamak performances. The importance of
elongation clearly stems out from the various energy confinement scalings
which all bear a strong dependence on plasma current I* and elongation
kB, where a and B are of order unity. The maximum current I being a
quadratic function of x, there is a very strong interest in assessing the
validity of the scaling laws as a function of x in particular, but also in
general as a function of the plasma shape. Note also the scarcity of the
data base in the regime of high elongation (x > 2).

Since the plasma in TCV can be created with a large variety of shapes
(elongation x from 1 up to 3, D and inverse-D shapes, etc....), the
auxiliary heating must be insensitive to the plasma configuration. Of all the
heating methods (Alfvén Wave Heating, Ion Cyclotron Resonant Heating,
Neutral Beam Injection, and Electron Cyclotron Resonant Heating
(ECRH)), ECRH has the best operational flexibility for heating of a wide-
range of different configurations, relying on steerable mirrors to deliver
the power locally to the plasma. Moreover, mode control, current drive
and current profile modifications by off-axis heating are other features
which can be achieved with Electron Cyclotron Wave (ECW).

In this report, we shall present the theoretical predictions for the
absorption of and current drive (CD) efficiency due to ECW in TCV
(Section 2). The description and the status of the implementation of the
ECW system is described in Section 3.
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Electron Cyclotron Resonant Heating and Current Drive
Calculations for TCV

a) The Tokamak TCV

The main characteristics of the tokamak TCV are given in Table 1.

Major radius R 0.88 m
Minor radius a 0.25m
Aspect ratio R/a 3.5
Maximum plasma height 2b 1.50 m
Maximum elongation x = b/a 3
Maximum design plasma current I 1.2MA
Operating Magnetic field BT 143T
TABLE I
Main Characteristics of TCV

To allow the creation of a large variety of plasma configurations and
their control, sixteen independent poloidal coils are installed in TCV
(Fig. 1). A set of internal coils connected to a fast power supply will be
put into operation to control the plasma position at high elongation [1].
Scenarios for obtaining various plasma configurations have been
elaborated. For example, it was shown that ITER-like shapes (x ~ 2),
fully elongated (x ~ 3 ) as well as multiple magnetic axes configuration
[2] (Doublets) could be created in TCV. Experimentally elongation K up to
2.05 and plasma current of 0.81 MA were achieved [3]. Both limited and
diverted plasma were also produced during the different experimental
campaigns [4]. More recently, a Doublet configuration was obtained
during about 10 ms [2].
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Figure 1

Schematic of TCV. A launcher for the X2 system
is shown on the low-field side on the left of the machine.
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b) Parameters of the ECWS

The frequencies of the ECW system have been chosen to maximize the
density which can be reached below cut-off. Second harmonic at
82.7 GHz and third harmonic at 118 GHz, both in the extraordinary
mode X (called hereafter X2 and X3) allow heating at the operating field -
BT = 1.43 T in high densit plasmas the cut-off density for X2 and X3
are respectively 4.3 X 1019 m-3 and 1.15 x 1020m-3. As will be shown
in the next sub-section, the use of combined X2 and X3 modes allow to
heat plasmas with central density neg up to 7-8 x 1019m-

A total power of 3 MW in X2 and 1.5 MW in X3 will be installed.
The pulse length of the gyrotron is 2 s, so that the heating pulse is longer
than the expected current diffusion time (0.2 s for a 0.2 MA circular
plasma, about 1 s for a fully elongated (x = 3) 1 MA plasma).

¢) Heating and current drive simulations

Ray-tracing simulations of the accessibility of the resonance from the
low field side of TCV through lateral and top ports (Fig. 1) was computed
using the codes BANDIT 3-D [5] and TORAY [6]. The equilibrium
magnetic field corresponding to the desired configuration and a parabolic
density and temperature profiles were used in the calculations. A value of
about 1 keV was used as the central temperature Teg in the Ohmic regime.
A RF beam divergence of about 2° was assumed. In the calculations the
accessibilty and heating of plasma configurations with elongation x of 1
(circular plasma), 2 and 3 were assessed.

Heating at the second harmonic extraordinary mode X2 can be
performed in all regions of the plasma by injecting the ECW from the
upper lateral and middle ports from the low field side [7] by adjustment of
the poloidal launch angle. Technically a system of steerable mirrors could
be installed on the low field side of the tokamak. 100% first pass
absorption in the central region (x = r/a < 0.4) is achieved if the density
is below cut-off on axis (Fig. 2). An X2 wave launched from an upper
lateral port is also efficiently absorbed close to plasma edge (x = 0.7) for
central density above the cut-off density (Fig. 3). The localization of the
normalized radius x of the absorption region at different central density is
also given in Fig. 3.
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Heating at the third harmonic extraordinary mode X3 is used to
increase the accessible density. For the TCV plasma parameters
(BT = 1.43 T), the optimum frequency range is around 125 GHz with
the final frequency choice for the X3 gyrotron being at 118 GHz. Since
absorption of third harmonic wave is reduced compared to the one of the
second hammonic, it is necessary to increase the path over which the RF
beam interacts with the resonant layer. This is achieved by a quasi-vertical
launch from a top port (Fig. 1). Moreover, since the optical depth T of the
X3 wave is proportional to neTe2, the interaction should occur close to the
temperature maximum. The computed value of the optical depth was
found to be in excellent agreement with measurement performed at low
power in the tokamak Tore-Supra [8]. With the frequency of the X2 wave
being 82.7 GHz, the third harmonic resonance is located on the low-field
side of the second harmonic layer. The two layers are separated by
Ar/a = 0.2 and central heating is thus possible using RF waves at both
frequencies. This could be exploited in heating scenarios where firstly a
low density plasma is brought to high temperature with the help of the X2
and X3 waves and secondly the density is raised and central heating
performed by the X3 wave. In such heated plasma, the absorption is
nearly complete (>95% for temperature above 2 keV) even at moderate
elongation, x =2, and at density neg less than 4.3 x 1019 m-3 (Fig. 4). -

Current drive efficiency at the second harmonic was computed
using the codes BANDIT-3D and the package CQL3D and TORAY [9].
Both codes show that with electron temperature about 1.5 keV and at an
electron density of 2 x 1019 m-3, one can obtain 0.05 — 0.06 A/W,
correspondmg to a normalized efﬁmency Y20 = Neo,20 RIcp/P = 0.05
A/(Wm?2). With the full available power in X2, it is therefore possible to
drive the total plasma current for a circular shape plasma. Note however
that at the power level P of 3.0 MW non-linear effects mlght have an
mﬂuence on the CD efficiency smce the ratio P[W cm-3]/ n2 13
(1013 ¢cm- ] (= 10 — 30 W/cm-3) largely exceeds the threshold
(0.5 W/cm-3) for electron tail formation given in Ref. 10. This subject is
also discussed in Ref. 11.
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The Electron Cyclotron Wave System

The Electron Cyclotron Wave System (ECWS) [12, 13] is
distributed in three clusters delivering 1.5 MW each, two clusters being at
82.7 GHz and the third one at 118 GHz. The system is designed to meet
the following physics requirements. For the X2 system the RF beam must
be elliptically polarized and be steerable in the poloidal direction (between
about -79 and -55° to reach the center of the plasma for all elongations
from an upper lateral port) and toroidal direction (in the same range) for
current drive. The design beam divergence in the plasma from the launcher
is 20 — 30, For the X3 system, the antenna shoud be movable in the
radial direction to adjust the beam location with respect to the resonance
layer in the plasma.

An evacuated transmisson line (0.5 MW per line) was chosen
because of the requirements caused by the design of windows capable of
handling high power in long pulse.

Each cluster of 3 gyrotrons is energized by a single regulated high
voltage power supply (RHVPS) delivering 85 kV and 80 A. The RHVPS
is a solid state power supply based on the Pulse Step Modulator
technology developed and built by Thomcast AG [12, 14].

a)  The X2 system at 82.7 GHz

The gyrotrons are manufactured by Gycom and deliver 0.5 MW in
pulse of 2 s and are described in Ref. 15. They were developed from the
existing short pulse (0.5 s) 0.5 MW gyrotrons made by Gycom. The
cavity mode is the TE1q, 4, which is converted internally into a mode
which is compatible with the use of a BN window (Diameter: 104 mm)
which is cooled at the edge by water. This mode is then converted to a
Gaussian beam matching the input of a 63.5 mm diameter corrugated
waveguide. The design beam diameter at 1/e in power is 20.4 mm; the
measured values show some asymmetry in the beam shape with two
values for the diameter across two perpendicular axis, respectively
229 mm and 20.4 mm The matching optics include two focussing
mirrors and two flat, corrugated mirrors used as polarizers [16]. The
whole optics is enclosed in a vacuum vessel. The stray RF beam is
absorbed by plates coated with TiO2 (Thickness: about 0.3 mm). High
power measurements of the Gaussian content ng of the beam after the
matching optics gives a value around 95%. The power measured after two
meters of corrugated waveguide is 552 kW for a beam current and voltage
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of 70kV and 22.5 A, respectively.

The schematic of the transmission line is presented in Fig. 5. The
typical length of a full line is about 30 m. The main elements are straight
sections of Al corrugated waveguides, miter bends with and without
power monitor, bellows, DC breaks, pumping Tee, microwave switch
and a high power load capable of sustaining 0.5 MW in pulse of 2 s.
These components have been designed and manufactured by Spinner
Gmbh (Germany) and General Atomic (USA). The computed ratio of
transmitted power to input power is 95% The waveguides have lengths up
to 2.1 m and are supported at distance about 3 m using simple holders on
which the waveguides rest. The alignment was performed using a simple
three axis laser device and was referenced to fixed points with respect to
the tokamak. The bumn patterns obained at the input of the transmission
line and at its end are shown in Fig. 6. They are well centered and show
no deformation along the line. High power test of the line was performed
first with the line under air, then in vacuum. In test under atmosphere, 0.5
MW was transmitted through the whole line during pulse of 0.1.s without
any need of conditioning and without arcing. The measured ratio of the
input power to the transmitted power is estimated around 93%. The line
was then pumped down using a 500 1/s turbo-molecular pump located at
the vacuum vessel of the matching optics unit (another turbo-molecular
pump is located near the tokamak, downstream from the microwave
switch but was not used in this experiment). Typical base pressure is in
the range of 4 x 10-5 mbar after one day of pumping. At the time of
writing of this paper about 310 kW was transmitted through the line into
the load during pulses of 2s. We are presently extending the total energy
delivered to the load aiming towards the full specifications, namely 0.5
MW, 2 s. In this process, a conditioning is necessary since the large
energy (in the order of 0.6 MJ) absorbed in the load gives rise to a
pressure increase in the line (Ap = 10-3 mbar).

The launcher consists of four mirrors and meets all the physics
specifications given above. The mirrors are made out of OFHC copper
except for the last one which is TZM. TZM, a Molybdenum alloy, is
selected since it has low sputtering and goed electrical and thermal
properties and is machinable. During a 2 s pulse at 0.5 MW, the
temperature increase of the TZM mirror is about 470 ©C, but due to the
low duty factor (about 0.3%) the mean temperature is computed to be
around 110 OC with radiative cooling only. The characteristics of the
output beam from the launcher were measured at low power and good
agreement was found between theory and experiments.
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Figure 5
Schematic of the transmission line from the MOU to the launcher at TCV.
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(a) at input

Ficures 6 a) and b)

Burn patterns in unevacuated transmission line.
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Presently the first cluster is already installed and experiments could
be performed as the commissioning of the gyrotrons and the transmission
lines progresses.

b) TheX 118 GHz

The main element of the X3 system is the 118 GHz gyrotron, for which a
development programme is running in collaboration between the
Associations CEA-Cadarache (France), CRPP (Switzerland), FZK
(Germany) and the industry Thomson Tubes Electroniques (France). The
parameters of the 118 GHz gyrotron are given in Table II. This tube will
be used for the ECWS of both TCV and the CEA superconducting
tokamak Tore-Supra (TS), for which the specification on pulse duration is
210 s.

Frequency 118 GHz

Output power in a HE11 waveguide 0.5 MW

Pulse length 2 s (for TCV)
210 s (for TS)

" Cathode voltage 80KV
Modulation anode voltage 30kV
Electron beam current 22A

Table II

Characteristics of the 118 GHz gyrotron

A description of the gyrotron design and the status of the high
power tests are given in Ref. 17. The main design features of the tubes
are: operating mode TE27 6, window: sapphire cooled at the edge by
liquid Nitrogen [18], pattern at the window: gaussian, spent electron beam
swept along the collector. The coupling of the output beam into a
corrugated waveguide (diameter: 63.5 mm) is performed via a matching
optics consisting of three mirrors, two polarizers and a focussing mirror.
We have recently achieved 0.5 MW as measured in a calorimeter after 2 m
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of corrugated waveguide in pulses of 2 s. During these tests no attempt
was performed to maximize the efficiency. In spite of this, the measured
efficiency is about 28%, close to the minimum specified value of 30%.
The optimization and characterization of the prototype gyrotron is
presently underway and factory acceptance test is foreseen in the very near
future.

Conclusion

The main features of the ECRH and ECCD on the tokamak TCV were
reviewed. Numerical calculations show that good absorption is achieved at
X2 (82.7 GHz) and X3 (118 GHz). The implementation of the ECWS
requires the development of long pulse gyrotrons at both 82.7 GHz and at
118 GHz. Of significant importance is the development programme related
to the 118 GHz which paves the way to the obtention of CW gyrotron at
higher power level. Test on TCV is expected in the next months.
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STATUS OF LOWER HYBRID HEATING AND
CURRENT DRIVE RESEARCH ON TORE SUPRA

D. Moreau

Association Euratom-CEA
Département de Recherches sur 1a Fusion Contrdlée
Centre d'Etudes de Cadarache
13108 St Paul lez Durance Cedex, France

Abstract

The TORE SUPRA long-pulse lower hybrid (LH) system coupled
up to 6.5 MW at 3.7 GHz through two multijunction launchers, and
power densities of 24 MW/m? were achieved during 75 seconds.
Successful experiments on high-power wave coupling at distances up
to 15 cm from the plasma have provided new potentialities concerning
far-distance coupling in a reactor environment.

In the longest plasma discharge (2 minutes - 3.9 Teslas - 0.8 MA),

the total injected LH energy reached a record value of 270 MJ during
a 110 s LH pulse, at a power level of 2.5 MW. Thanks to a feedback
control of the primary flux, fully non-inductive discharges have been
sustained during 70 s (3.9 Teslas - 0.62 MA - 2 x 1019 m-3).
_ These plasmas belong to the so-called "lower hybrid enhanced
performance" (LHEP) category in which the (flat or hollow) central
current density profile and (peaked) electron temperature profile are
fully decoupled. They exhibit a large improvement of the global
confinement (60% during 2 minutes) with respect to conventional
auxiliary heated plasmas. Heat transport and MHD stability in LHEP
plasmas is discussed. Lower hybrid current drive (LHCD) has also
been combined with fast wave electron heating experiments. This has
produced stationary improved confinement with improvement factors
up to 2. With a combined power of 6.3 MW, the LH-driven and
bootstrap currents accounted for 70% of the total current.

Progress in the understanding and modelling of LH power
deposition profiles are also reported, and possible applications of
LHCD in near-term fusion research are mentionned.

1. Introduction

During the last few years, thermonuclear fusion research has made
remarkable progress with the observation that transient modifications
of the current density profiles could lead to strong improvements in
the confinement and stability of large tokamak plasmas [Hugon,
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1992 ; JET Team, 1994 ; Levinton, 1995 ; Kimura, 1996 ; Rice,
1996]. Performance is generally measured with respect to empirical
scaling laws which have been pushing tokamak reactor designs
towards higher and higher dimensions and plasma current operation.
Now that significant departures from these scaling laws are commonly
being observed, an advanced reactor concept has emerged, with lower
plasma current and with a potential for steady-state operation since a
large fraction of the total current could be self-generated by the
bootstrap effect [Kikuchi, 1990].

Lower hybrid waves have for a long time been recognized as the
most efficient means for generating non-inductive currents in
moderate temperature plasmas. They are therefore a potential
candidate for controlling the current profile in an advanced steady-
state reactor, especially in the low-f early phase of the discharge, when
most of the current shaping would have to be made to ensure high-Q
fusion gain and stability during the burn.

A large part of the TORE SUPRA program is dedicated to long-
pulse non-inductive operation with emphasis on current profile
control and its effect on plasma confinement and stability both during
transients and in steady-state. We shall give here an overview of the
status of this research and conclude with near-term perspectives
regarding the possible use of LH waves in ITER. Reviews of earlier
results regarding LH-assisted current ramp-up, sawtooth stabilization,
and fast electron transport can be found for example in [Equipe
TORE SUPRA, 1995] and references therein.

2. The TORE SUPRA Lower Hybrid System

The 3.7 GHz / 8 MW lower hybrid system installed on TORE
SUPRA is made of 16 cw klystron amplifiers delivering up to 500 kW
each [Tonon, et al.,, 1993]. The power is transmitted to the launcher
through oversized waveguides over about 20 m with a measured
transmission factor reaching 94 %. Transmission lines are terminated
by a 3 dB hybrid junction which divides the power delivered by each
klystron and allows to power simultaneously an upper and a lower
antenna module.

The LH power is coupled to the plasma via two multijunction
launchers made of 16 modules (8 juxtaposed in the upper row and 8
in the lower row), and mounted on two adjacent ports of the machine.
Each module consists of 2 rows of 4 reduced-size waveguides whose
electrical lengths are successively shifted by 90 degrees and whose
front end is coated with a thin layer of boron carbide. Spectrum
flexibility is obtained by phasing the modules. This allows to launch a
travelling wave whose peak refraction index (ny) in the direction
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parallel to the static magnetic field can be chosen between 1.4 (- 90°
phasing) and 2.3 (+ 90° phasing). In each antenna, the number of
reduced waveguides facing the plasma is 128 (32 in each row) and
therefore the ny, spectrum is quite narrow (full width at half maximum
Any = 0.2).

A maximum power of 6.5 MW has been coupled to the plasma
during short pulses and during long-pulse operation, the LH energy
injected into the plasma reached a world record value of 270 MJ
(about 2.5 MW during 110 s). This corresponds to a moderate steady-
state average power density of 15 MW/m# on the two launchers. This
was not the limiting factor, however, since in other experiments 2 MW
were launched during 75 s with only one launcher which then
corresponds to 24 MW/m? (the power in the second launcher was then
reduced to 0.5 MW) [Froissard, et al., 1996 ; Rey, et al., 1996]. The
results and limitations of these long-pulse experiments will be
discussed in more detail in section 3.

Global reflection coefficients in the range 1-3 % are obtained
routinely in a wide range of plasma edge densities for phase shifts
between modules ranging from 8¢ = - 90° to 8¢ = + 90°. The various
scattering matrix elements of the multijunction waveguide array have
been measured together with the plasma density in front of the
launchers (Langmuir probes). When the density at the waveguide
apertures is at’least around 3 to 4 x 1017 m-3, i.e. roughly twice the
cutoff density, good coupling is achieved, and the linear theory
describes fairly well the observed reflected and cross-coupled signals
[Litaudon, et al., 1992]. Such a density readily exists at distances of
the order of 1-2 cm from the plasma edge, but in view of reactor
applications, experiments on far-distance coupling have been recently
performed [Froissard, et al., 1996]. It was found that the LH power
produces in front of the launcher a plasma density increment An, =
1.5 £ 0.7 x 10!7 m-3/MW, rather independently of the distance to the
last closed plasma flux surface and of the pre-existing density at the
launcher before the power is applied. This was observed at sufficient
power even when the launcher aperture was positioned in the
underdense layers (i.e. below cutoff). The overall LHCD efficiency
was then independent of the coupling distance. Figure 1 illustrates this
phenomenon and shows the clear density increase (from below to
slightly above cutoff density) and the concommitant drop in the
average reflection coefficients (from nearly 40% to a few percents)
when the LH power was raised above 0.5 MW in both launchers at a
constant distance of 14 cm from the main plasma. Thanks to this
technique, up to 4 MW have been launched while the antennas were
15 cm away from the plasma edge.
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Fig. 1. Time evolution in seconds of the
plasma current (Ip), loop voltage (Vloop),
line-integrated density (nl) in 10!° m2,
internal inductance parameter (li), LH powers
in both launchers and total power (Plh),
electron density at the launcher apertures
(neC2) in 107 m3, reflection coefficients in
both launchers (R1, R2), and distance from
the launcher apertures to the last closed
plasma flux surface (Dx).

Far-distance coupling can
be beneficial in TORE
SUPRA to reduce or
eliminate some very localized
heat loads which have been
observed during high power
experiments. Power handling
and coupling are sometimes
affected by the appearance of
hot spots on the guard
limiters of the antennas or on
other plasma facing
components which are
magnetically connected to
the various rows of
waveguides composing the
launchers. Such hot spots,
which were observed mainly
at low plasma current, are
thought to be due to the .
acceleration of nearly
thermal electrons in the very
proximity of the waveguide
apertures, up to energies of a
few keV [Goniche, et al.,
1996]. The numerous high-
ny electrostatic components
generated by the relatively
sharp edges between
waveguides and the large
oscillating electrostatic fields
thus excited could indeed

produce stochastic acceleration of electrons from the 100 eV range to
several keV, especially when the field lines make a small angle with
the waveguide arrays (high-q operation). Suprathermal electrons
would therefore stream within very narrow beams originating at mid-
height of each row of waveguides, where the HF fields are maximum,
and following the magnetic field lines until they encounter some
material structure. Such high-n;, components exist in both toroidal
directions ; they carry very little power (a few %) and should rapidly
decay a few millimeters away radially from’ the antenna ‘Precisely
because of their resonant interaction with edge electrons. The strong
poloidal and radial localizations of the phenomenon would indeed be
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consistent with experimental observations not only on TORE SUPRA
but also on TdeV [Mailloux, et al., 1996]. More detailed analyses are
being pursued both through self-consistent quasi-linear calculations
and particle-in-cell simulations [Rantamiki, et al., 1996] to assess its
validity and dependence upon plasma edge parameters (temperature,
density, safety factor, ...).

3. Long-Pulse TORE SUPRA Operation

With its superconducting toroidal field coils, the TORE SUPRA
tokamak has been designed
for long-pulse operation and
one of the main research 3.0
program of the Euratom- 2.5 —
CEA Association for Fusion 2.0
is indeed related to the 1.5

physics and technology 1.0 I, (MA)
aspects of high-power steady-  o.sff w1 (v) P
state tokamak operation. 12

During the last 1996 Flux (Wh)
experimental campaign, a 8 1 1 1 1 1
record discharge duration of 3R Zeff—g -~ _._ 4

2 minutes gfig. 2) was ’
achieved in a partially non- N
inductive regime [Equipe 2.
TORE SUPRA, 1996] by
combining the LH power
drive (which accounted for

1.6 Neo 10" ’m3)
1 ) 1 i

90% of the total 0.8 MA _Te (r/a=0.4)
current) with a slow 2 L .
consumption, up to its full  ©-20 vT('MT'—'
exhaustion, of the available 1 h

0.10 -

15 Wb primary flux (loop "~ P----a-
voltage of 0.1 V). These . . ‘:ve-RLIW (M.J) .
long-pulse discharges were 0 20 40_60 80 100 120
performed with deuterium Time (s)

lasma - Fig. 2. Two-minute-long LHEP discharge
gensiti(szsato}ml;l 151: l?)zegrarie_g (#19980) : Time evolution in seconds of the
d . g LH power (Plh), internal inductance parameter
and a toroidal field Qf 3-? T. (i), plasma current (Ip), loop voltage (VI),
The plasma was maintained primary flux consumption, Zeff, central
against the 12 m2 water- density (neo), central safety factor (qo),
cooled graphite inner wall. central electron te_mperature (Teo) and
Pre-conditionnin of the temperature at r/a = 0.4, electron energy
g ¢ content (We) and Rebut-Lallia-Watkins

Chamber by boronization and prediction (We-RLW).
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helium discharge cleaning insures a good pumping capability of the
walls, and the plasma density remained nearly constant despite a
continuous D, gas injection at the rate of 2x1020 particles per second.
Present limitations to the long-pulse performance of the machine
are sometimes due to the limited primary flux swing, but also to the
steady-state power exhaust capability of the plasma facing
components for powers above 2.5 MW. Furthermore, various internal
parts of the chamber which are not specifically designed to handle
large power fluxes are not actively cooled. They may suffer a
continuous temperature increase and, during long discharges, this may
lead to some uncontrolled
outgassing and/or impurity
production. In fact, a slight
density increase can be seen on
fig. 2, starting at 65 s, which can
be attributed to such a
phenomenon. Zggs is around 2.4 +
0.3 during the whole discharge
and less than 30% of the power
input is radiated. The main
impurity is carbon, but,
. . simultaneously with the density
0 ol a2 03 04  iDCTEase, smﬂl amounts of oxygen
RLW prediction (MJ) and silver impurities appear and

Fig. 3. Electr tent of also increase continuously.

g. 3. ectron energy content o . :

various plasma discharges versus RLW To conclude this section, let us
prediction. Ohmic and auxiliary heated NoOte that the global electron
L-mode plasmas (circles) and improved energy content of this discharge
Con o oo oA sosont vy Was cnhanced by a factor Hyww =
?f;lrgP), or by fg:st wave electron 1.6 as comPaIed with the Reput-
heating (FWEH), or combinations of Lallia-Watkins (RLW) prediction
both (triangles). [Rebut, et al., 1989]. The RLW
global scaling was found to be
quite representative of a large
variety of TORE SUPRA discharges, from those with ohmic heating
only, to those with up to about 8 MW of ion cyclotron and/or lower
hybrid additionnal heating [Hoang, et al., 1994]. Electron heated
plasmas which significantly depart from this scaling and exhibit an
improved confinement are those in which the current density profile is
strongly altered in the outer half of the discharge (increase of the
magnetic shear), either by transient phenomena (current ramps) or,
more interestingly, by an important non-inductive drive which led to
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HgrLw factors up to 2 (fig. 3). The latter were therefore obtained at
low plasma currents by two independent means :

- with nearly full LHCD (the so-called lower hybrid enhanced
performance, "LHEP", mode) which tends to produce current density
profiles which are steep in the temperature gradient region and flat in
the center, with an overall increase of the plasma self-inductance
parameter (l;) but also an increase of the central safety factor (qo),

- with strong central electron heating by fast magnetosonic waves
in the electron Landau damping/transit time magnetic pumping mode
[Bécoulet, et al., 1996], which tends to generate large fractions of
bootstrap current and significant drops of the loop voltage (fast wave
electron heating, "FWEH", mode).

The record two-minute-long discharge was indeed of the LHEP
type, with a central electron temperature varying between 6 and 8 keV
while the ion central temperature was 1.5 keV. It demonstrates the
steady-state potential of this "hot electron” improved confinement
mode. Further analyses related to heat transport and MHD stability in
the LHEP regime will be developed in section 5.

4. Fully Non-Inductive Operation and Plasma Control

To overcome the pulse length limitations which are due to the
primary transformer flux exhaustion, and realize genuine steady-state
discharges in & systematic and reproducible way, various modes of
operating TORE SUPRA have been studied.

In conventional tokamak operation, the plasma current is
controlled and maintained to a reference value through a feedback
loop on the external voltage applied on the ohmic primary circuit,
Von. To obtain non-inductive discharges over durations of several
minutes the loop voltage must vanish with a fair degree of precision so
that no flux is consumed on the average. This would therefore require
a prior knowledge of the efficiency of the LH current drive system
and of the bootstrap current fraction in the resulting and evolving
plasma conditions. To cope with uncertainties on the non-inductive
current sources (profile dependences, non-linearities in the driven
current and heat transport, ...) one can, in order of increasing
complexity :

i) fix Vo and the LH power, Py, to constant values and let the
coupled plasma/poloidal field (PF) system slowly evolve to an
equilibrium in which all currents (Ip, Ion) are steady ;

it) vary Vop such that the primary flux is constant, and let the
plasma current float at a value determined by the LH power, the
effective current drive efficiency and the bootstrap current ;
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iii) simultaneously vary ° [— =
Von and Py, so as to control Flux (W)
the primary flux and the ,,°
plasma current, respectively,
through two independent
feedback loops.

These scenarios have
been modelled [Kazarian-
Vibert, et al., 1996] and new
feedback loops have been
implemented in the machine
operation software for
experimental investigations
[Wijnands, et al., 1996]. In
the first "open loop" scenario
(i) the time scale required to ™
reach the equilibrium is the —
longest characteristic time Time ()
scale of the coupled Fig. 4. 70-second-long fully non-inductive
plasma/PF system, namely LHEP plasma (#19249): Time evolution in
about 60 s. Since the plasma seconds of the consumed primary flux,

parameters keep eVOlVing plasma current (IP), LH power (Plh), central

. s g s s density (neo), central electron temperature
Q“fmg ,thls time, this is . of (Teo), internal inductance parameter (li), and
little interest for routine central safety factor (go).

operation and plasma physics
studies. On the other hand,
varying Vop for constant flux operation (ii) amounts to adjust the
equilibrium current in the ohmic transformer coils in such a way that
further evolution towards equilibrium takes place along the
eigenmode of the coupled system which has the shortest characteristic
time scale since it is precisely the flux-conserving time scale. Internal
ohmic current relaxation within the plasma still requires several
seconds in this mode. The third mode of operation (iii) is even faster
since the required LH current is created in situ and almost
instantancously replaces the ohmic current if the feedback gain is
large enough. The effective loop voltage inside the plasma then nearly
vanishes at the same time as the surface one is kept zero. Resistive
diffusion then only has to smooth out second order radial modes in
order to adjust the current density profile to the non-inductive one.
Using this last feedback control scenario (iii), an MHD-stable fully
non-inductive LHEP discharge (Hrpw = 1.4) has been sustained at
0.62 MA for 70 s, with a -45° LH.antenna phasing (n/, = 1.5)
(Fig. 4). The discharge termination was programmed at 75 s and the
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total injected energy was 195 MIJ. In the initial ohmic phase, the
plasma current was first ramped up to a plateau of 1 MA. Att=35s,
the feedback control was switched to constant flux operation (if) with
Py, = 0. This led to a rapid decrease of the plasma current at a rate of
about 0.5 MA/s. The LH power (Py, = 2.5 MW) was then applied at t =
5.7 s using the control scheme (¢ii) with proportionnal gains only, and
it rapidly stabilized and
maintained the plasma

current close to the reference 2
value which was set at 0.65
MA. Towards the end of the
discharge, the power
increased in response to a
continuous density increase
(cf. section 3). The improved 12 . . . .
confinement character of 02 W‘"’ - I
such discharges will be 04 Woo T a—
discussed in the following
sections. e

[}
Az ®
3 er: 1
5. LHEP Discharges and *i I \‘"ﬁ ik
4
2

Hot Electron Core LHEP
Transitions

= Fo (MW . . .
A stationary improved s s 12 16 20
confinement regime named TIME (5)

"LHEP" has been observed
when the current density and
electron temperature profiles
are strongly decoupled [e.g.
Equipe Tore Supra, 1995].
This occurs when sufficient
LH power drives most of the
plasma current non-
inductively (Pjp = 2.5 MW
for I, < 0.8 MA, ne(0) = 2.5 -
3x1019 m-3). This regime,
which is characterized by

Fig. 5. Fully non-inductive discharge (cf. §4,
operation mode ii) with 0° LH phasing)
showing a transition to a "hot core LHEP
phase” and a temperature collapse (#16337).
Time evolution of the internal inductance
parameter (1;), plasma current (I,), loop
voltage (Vioop), MHD activity signal, central
safety factor (q,), electron energy content
(Wekin) and RLW prediction (Werpw),
electron thermal diffusivity at normalized
radii r/a = 0.2 and 1/a = 0.5, central electron
temperature (T,,) and LH power (Py,).

current density profiles which differ from those observed during
inductive operation, was already defined at the end of section 2 where
the global confinement time of the 2-minute pulse was discussed.

One of the most interesting characteristic of this regime is an
apparent multi-valuedness of the electron temperature profiles (and
hence thermal diffusivity) in the inner part of the plasma. Indeed,
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spontaneous transitions to what we now call a "hot core LHEP phase"
often occur when the magnetic shear vanishes or is even negative due
to the off-axis character of the LH power and current deposition
[Litaudon, et al., 1996]. Such an event is seen on fig. 2 att = 60 s and
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0 0.2 0.4 0.6 0.8 1.0
Normalised radius

Fig. 6. Comparison of magnetic shear
and electron temperature (T,) profiles at
time t = 1.7 s for discharges #19646
(dotted lines) and #19648 (full lines)
with the same current ramp and different
LH power waveforms (Py;,). The central
and minimum values of the safety factor
(9os Gmin) are indicated for the discharge
with negative shear.

also more typically on fig. 5 att =
8 s. It can be reproduced rather
reliably during constant flux
operation (cf. section 4) when the
plasma and LH wave parameters
are chosen in the appropriate
range. It must be said for
clarification that reference to the
acronym "LHEP" was originally
restricted to this phenomenon
[Moreau, et al., 1993] and was
later extended in the Tore Supra
database to all LH-driven
discharges with improved global
confinement (cf. fig. 3). In fact
the already high global electron
energy content of the plasma is
hardly enhanced further by these
transitions since, up to now, they
affect only a small volume in the
plasma core. Non-linear couplings
between the current density
profile, electron heat diffusivity,
bootstrap current and LH wave
deposition profiles (cf. section 6)
are almost certainly responsible
for this behaviour.

The direct link between the
reduction of the heat diffusivity
and the weak central magnetic
shear was recently assessed by
specific experiments including
various simultaneous power and
current ramps in order to modify
the transient evolution of the g-

profile [Equipe Tore Supra, 1996]. Fig. 6 shows a comparison
between two such scenarios in which the LH power differed by only
20% while the electron energy content was following the RLW scaling
on one case and was 30% above in the case with slightly negative
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Fig. 8. LHEP phase after a fast current
ramp during a heating phase to "freeze"
the evolution of the central safety factor
. (#19649). Time evolution of the plasma
8.5 9.0 9.5 10.0 10.5 current (Ip), LH power (Pry), loop voltage
Time (s) (V)), central safety factor (q,), central
Fig. 7. "Constant-flux" non-inductive electron temperature (T,,) and temperature
discharge (#20035) showing a transition at normalized radius r/a = 0.4 (Te).
to a "hot core LHEP phase" followed by

temperature relaxation oscillations and .
collapse. Time evolution of the plasma shear. The plasma rotation was

current (I,), LH power (Py), MHD activity ~measured to be similar in both
signal, central safety factor (qo) and cases and therefore the negative
central electron temperature (T,). The shear seemed to be the only
bottom frame shows a zoom between . A
t=85sand t = 105 s. cause for the large difference in

confinement. It was found from

the whole set of experiments that
the electron diffusivity at r/a = 0.2 continuously decreases when the
local shear (sp) decreases from about 0.15 down to - 0.15, and it
reaches neo-classical values for sy, = - 0.15.

MHD stability of the LHEP discharges, especially after several
seconds in the hot core phases, is often a problem. The high electron
temperature sometimes collapses while low-n modes appear,
destroying the good confinement properties of the plasma which
returns to the normal L-mode regime. Nice illustrations are shown on
fig. 5 and 7. The latter discharge was conducted at constant flux and 4
Teslas and shows a first transition from Teg = 6 to 8.4 keV att = 7.5 s.
Although qo= 1.6 and is therefore significantly above 1, this phase
exhibits "sawtooth-like" temperature relaxations while low amplitude
m/n = 2/1 and 3/1 modes are present. After a short (0.4 s) quiescent
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phase, the temperature rises above 9 keV and the collapse appears,
followed by a steady, MHD-active, degraded phase with sawtooth-like
relaxations inverted near the q = 2 surface [Equipe TORE SUPRA,
1996]. In an attempt to eliminate the q = 2 resonant surface,
simultaneous power and current ramps (1.2 MA/s) were applied on a
0.4 MA plateau with 2.2 MW of pre-heating LH power with poor
directivity (180° phasing), when qo was about 2.5 (fig. 8). The LH
phasing was switched to - 60° for good current drive efficiency while
the power was raised to 3.5 MW and the current to 0.8 MA. This
resulted in a fully driven plasma (zero loop voltage) with Teg = 8 keV
and qo between 2 and 3, but regular relaxation oscillations were still
present, with an even larger amplitude (= 4 keV) and an inversion
radius at r/a = 0.4 where q = 3. Further analyses and research will be
required to fully understand these phenomena and adequately control
the current density profile. Ballooning modes are expected to be
stable [Equipe Tore Supra, 1995], but tearing, double tearing or
infernal modes can be possible triggers.

Reversed shear LHEP plasmas provide steady-state access to the
second ballooning stability
regime. They are an ideal target
for applying strong central

heating power in the ion or 6l Teo (keV) A
electron cyclotron frequency
range in the aim of increasing 4 -
both the normalized beta and the

bootstrap current fraction and 2
driving the required seed current 0
to demonstrate steady-state .20}
advanced tokamak operation. -
Recently, LHCD has been 0.10_ /-~ T WeRLW
combined with fast wave (FW) - &

Ih MW) MPry (MW)
1

A=masey

1 A

electron heating. The maximum Ag - T
injected power was 72 MW 2 x 5l ra=0 s4 ‘R i
3.6 MW). An example is shown § p A

on fig.9 B=28 T, I, =06 2°F A A
MA, neo = 3.9 x 1019m'3) in 1} ) ; r/a=0.3
whlch the confinement 3 5 7 9 11
improvement factor reached Time (s)

= Fig. 9. Combined LHEP/FWEH discharge

(Iilrlli\ll‘e“lll aﬁ; ngo%)tstrg6 C’Il.‘lt:'?el;lg #19383. Time evolution of the central
p electron temperature (T,,), lower hybrid

were 250 kA and 180 KA, and fast wave powers (Py, Pry,), electron
respectively, and accounted for energy content (W) and RLW prediction

70% of the total current (Vigop = (WerLwW), electron thermal diffusivity (xe)
P at normalized radii r/a = 0.5 and r/a = 0.3.
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0.14 V). The fact that the heat diffusivity remains small and nearly
constant in the central part of the plasma, despite the strongly peaked
deposition of the FW power (2.3 MW) is a clear signature of the good
confinement in the internal weak shear region.

6. LH Wave Deposition Profiles and Multiple-pass Absorption

Since the early days of LHCD physics research, one has had to
cope with the uncertainties inherent to the propagation of the wave
along trajectories which are spiralling a long way around the torus
before the power is absorbed. The absence of a wave resonance makes
it difficult to predict the radial and spectral power deposition profiles.
One generally relies on ray-tracing/Fokker-Planck models and careful
comparisons of the results with hard X-ray measurements and other
experimental data have to be made before assessing the validity of the

modelling. Although toroidal
couplings seem dominant in

1.0 modifying the wave spectrum

(a) X - —--Ray-Tracing such that strong quasi-linear

0.8} ——Wave Diffusion| 4 interaction with the electron
X HXR(a.u.)

population can take place,
other effects such as the
magnetic field ripple
[Peysson, et al., 1996], or
density fluctuations [e.g.
Baranov, et al., 1996] can
alter the predictions.

For usual tokamak
aspect-ratios, the orbits of the
launched LH rays are chaotic
in the Hamiltonian sense, so
that, in situations of weak
single-pass damping, the
wave energy diffuses in phase
space within a domain which

0o 0.2 0.4 0.6 0.8 1 is determined by the LH
Normalized radius dispersion relation. During

Fig. 10. Comparison of the absorbed power this process, the well-known
density profiles calculated by the wave spectral gap between the
diffusion model (full lines) and ray-tracing phase velocity of the

gdotted lines). Results are shown for two Jaunched waves and the
ischarges, at 2.2 Teslas (#14386, top) and : :

1.3 Teslas (#14409, bottom). Abel-inverted vleloc1ty of mfchlalhan
hard X-ray emissivity profiles are also shown €l€Ctrons 1is nearly always
for 75 keV photons (x). bridged, sometimes at the

Pabe » HXR profiles (a.u)

Pebs » HXR profiles (a.u.)
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expense of finite parasitic edge damping which can reduce the current
drive efficiency at low temperatures [Kupfer, et al., 1992]. For the
parameter regimes typical of many present day LHCD experiments,
including those on TORE SUPRA, part of the power can be absorbed
after one or two bounces on the plasma edge cutoff, but often the
whole spectrum of waves can be involved in the diffusion process, €.g8.
in situations when the central hot plasma is hardly accessible to the
waves (low magnetic field or
high density).

In the former case, the
predicted power deposition
profiles can be strongly
sensitive to all perturbations,
and modelling requires that
proper account be taken of
many different effects such
as those mentionned above,
and that the excited
wavenumber spectrum be
divided into a sufficiently
large number of rays
[Bizarro, et al., 1993].
Although this is rather costly
in terms of CPU time, it is
often the only way of
obtaining predictions which
are stable with respect to
small variations of the various

0 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Normalized radius

Fig. 11. Wave diffusion/Fokker-Planck
calculations for three different g-profiles (a)

plasma or wave parameters.
The latter case of full
multiple-pass damping is
simpler in a sense since a
statistical description can be
made [Moreau, et al., 1989 ;

during an evolution towards reversed shear
(pulse #14386). Corresponding absorbed
power densities and limits of the wave
propagation domains are shown in 9’) and
(c), respectively. A constant n;.T,!2 curve
(bold) is also shown in (c). The parameters
for the calculation are nj, = 1.8, By =22 T,

Kupfer, et al., 1993], so that
the results are insensitive to
small perturbations. The
problem amounts to solving two coupled quasﬂmear equations for the
wave energy density and the electron distribution function, and the so-
called wave diffusion/Fokker-Planck numerical code (WDFP) has been
written for this purpose. Many of the experiments of the LHEP type
can indeed be modelled using this theory and in particular those with
significant shear reversal for which the wave and plasma parameters

I; = 0.4 MA and T, = 3.5 keV.
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have been carefully selected in order to prevent wave penetration near
the core [Litaudon, et al.,, 1996]. A comparison between WDFP
predictions and ray-tracing calculations including a very large
number of rays can be seen on fig. 10 for two discharges, and the
measured hard X-ray emission profiles are also shown to be quite
consistent with the calculated power deposition profiles. Because the
wave parallel index is determined from the toroidal (n) and poloidal
(m) numbers through the safety factor (ny < n + m/q), there can be an
important non-linear coupling between the g-profile evolution and the
power deposition profile when a reversed shear configuration is
established. This is illustrated in fig. 11 where one sees clearly that
power absorption takes place at the intersection between the domain
accessible to wave propagation, which varies with the g-profile, and a
curve determined by a local Landau damping condition (n/.T.1/2 =
constant). This dependence of the power deposition profile on the g-
profile has been verified through the simulation of the time evolution
of many LHEP discharges. It was indeed necessary in order to
reproduce consistently the transient variations of the measured
Faraday rotation angles as well as other magnetic data, and also the
resistive relaxation of the ohmic current density profile.

7. Summary of Progress and Future Prospects

- We have prgsented here a brief overview of the main areas of LH
research which are being pursued on TORE SUPRA. Encouraging
results have been obtained and important progress have been made in
many domains, from the technology involved in high-power density
HF transmission and coupling to the plasma, to the physics of wave
propagation and absorption, current profile modifications and their
influence on tokamak transport.

Far-distance coupling seems to be efficient at high power density,
which is encouraging for the prospect of applying LHCD to reactor-
grade plasmas.

Stationary enhanced plasma performance has been achieved in
weak - and/or reversed - shear discharges for up to 2 minutes, and the
control of fully non-inductive LHEP plasmas over long durations is
now possible. A comprehensive understanding of plasma transport
and stability in this regime is still lacking, but further investigations
and analyses will surely bring new advances and lead to the
implementation of new feedback loops for current profile control.

As far as modelling of the wave power deposition profiles is
concerned, recent progress have been decisive for the understanding
of TORE SUPRA experiments and the conceptual differences between
the extreme régimes of (i) strong single-pass damping and (i) full
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multiple-pass damping are now well understood and implemented in
numerical codes. Some difficulties remain in the intermediate regime
where the predictions can be sensitive to small changes in the
parameters. Even though present day experiments either fall in this
category or in (if), large 10-30 keV plasmas considered in reactor
studies are mostly in regime (i) so that reliable predictions can be
made more easily.

An upgrade of the steady-state power exhaust capability of TORE
SUPRA, including the design of a pumped toroidal bottom limiter is
under study, and operation at higher density will be necessary to
benefit from edge radiation and for particle control purposes. The LH
physics program will aim at the demonstration of steady-state
operation with intense ICRH/FWEH heating, improved confinement,
and high bootstrap current. A major question to be investigated will
be the MHD stability and profile control of such plasmas at higher f.

The benefits of using LH waves in ITER are also: being
investigated through european collaborations [Eur. CCLH, 1994].
With about 50 MW of installed power, such an LH system could serve
three functions :

- extend the pulse length in the non-reactive commissioning phase
of operations for long-pulse divertor studies,

- avoid the occurence of sawteeth during the first S00 s (or more)
of the burn phase in the standard 21 MA scenario by inducing a deep
reversed-shear configuration during the current ramp-up, before the
o-particle heating "freezes" the profile on a resistive time scale,

- perform and possibly control steady-state "advanced tokamak"
discharges with high bootstrap fractions and large scale shear reversal
at reduced currents (< 15 MA) so as to study the potentialities of this
concept.

For the design of an ITER Tauncher [Eur. CCLH, 1994, Rey, et al.,
1996], a robust, efficiently cooled, and remotely replaceable plasma
facing structure has been proposed [Bibet, et al., 1995], in which high
individual waveguides (oversized in the poloidal direction) are
separated by relatively thick walls which allow for active heat removal
and neutron shielding. In order to excite slow waves which can radiate
into the plasma, the edge of the thick septa are grooved to form short
passive waveguides which act as reflectors of an adequate depth
(= M4). The result was called a "reflector array" or an "active-passive
antenna" because the waves in the reflector (passive) waveguides
combine coherently with those in the driver (active) waveguides so as
to build up the desired high-directivity wavenumber spectrum.
Numerical calculations using the SWAN code show that such a
reflector LH antenna should have a coupling efficiency and a
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directivity similar to those of present multijunction launchers
(=75 %). This concept would have to be tested, possibly on TORE
SUPRA, in the near future if it was to be considered for ITER.
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Abstract

ECRH physics experiments at W7-AS are performed with a two
frequency system running at 70 GHz and 140 GHz. Three distinct
topics are diséussed: In the first section we focus on ECR-heating of
low density plasmas and the experimental and theoretical investigation
of mechanisms, which determine the power deposition profile. In
particular the role of trapped particles is investigated.

In the second section we focus on the heating of high density
plasmas beyond the limitations given by the cut-off condition for
standard heating scenarios. Mode conversion heating via the Ordinary
mode-Extraordinary mode-Bemstein mode (O-X-B conversion) is a
candidate and was successfully applied. Effective plasma heating was
measured in W7-AS far beyond the X2 cut-off density and in the
absence of the EC-resonance. The different steps of the mode-
conversion were identified.

In the third section we report experimental results on the response
of the energy confinement on magnetic shear in the almost shearless
vacuum configuration of W7-AS. Stationary profiles of the rotational
transform with positive or negative magnetic shear are inferred by
inductive and/or EC-driven currents in the direction co-and counter to
the confining magnetic field. The role of resonant values of + under
different shear conditions is discussed.
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1 . Introduction and experimental set up

Net current free plasma build-up and heating is achieved at
W7-AS with up to 0.4 MW microwave power at 70 GHz and 0.9 MW
at 140 GHz in long pulse operation (< 3 s). The corresponding
resonant magnetlc induction is 2.5 T, with a cut-off density of n
6.2 x 1019 m-3 for 1% harmomc O-mode (O1) at 70 GHz and n n, .
1.25 x 1029 m-3 for 2" harmonic X- mode (X2) at 140 GHz
operation. The 70 GHz System was operated also at 125 T (X2) at a
reduced cut-off density of n, ... = 3.1 X 101 m=3. Two microwave
beams at 70 GHz (0.2 MW each) and two beams at 140 GHz
(0.45 MW each) are combined at one poloidal plane and each beam
can be steered independently by movable launching mirrors inside the
vacuum vessel. The beams can be adjusted to toroidal launch angles
of up to 40° with respect to perpendicular and poloidal launch angles
which provide off-axis heating up to r/a = 0.6. The polarization of
each beam can be individually adjusted from O- to X-mode launch.
This experimental flexibility together with a high quality of the
launched microwave beams is a necessary prerequisite for the
investigations presented below. We have operated W7-AS in different
magnetic field configurations with different magnetic mirrors to
modify the number and drift orbits of trapped particles, which
influence the ECRH power deposition. In the same framework we
have studied the absorption of O- and X-mode polarized waves which
have different absorption properties in phase space.

The experiments on power deposition under various launching
conditions and the theoretical modelling are presented in Section 2.
Experiments on mode conversion heating with the O-X-B process
(Ordinary to Extraordinary to Electron Bernstein Modes) are
presented in Section 3. Here we make full use of the capability to
launch the waves in a narrow beam with plane phase fronts at high
oblique angles. The O-X-B mode conversion process was proposed in
1973 and provides a possibility to operate beyond the density limit
for electron cyclotron resonance heating (ECRH). It is shown, that the
cut-off restrictions and the restriction given by the resonance
condition for EC-wave absorption can be overcome by mode
conversion heating. Finally EC-current drive experiments were
performed to investigate the effect of shear on the confinement in
W7-AS. Some selected experimental results are reported in Section 4.

€, Cl‘lt

2. Power Deposition in low density plasmas

The absorption of electromagnetic waves at the ECR-frequencies
depends sensitively on the mechanism of the wave-particle interaction.
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We have followed two experimental scenarios to investigate the
absorption process by i) modification of the wave polarization from
O- to X-mode and ii) variation of the fraction of trapped particles.
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Fig. 1. Level curves of the quasi-linear diffusion coefficient from
ray-tracing calculations (averaged within r < 2 cm). Left:
Fundamental O-mode. Right: Second harmonic X-mode.

b

R 0 60
¢ deg
Fig. 2. Magnetic field strength on-axis, normalized to the resonant
field at the ECRH launching position, versus the toroidal angle within
one field period for 1, ~ 0.345. The solid line refers to the "standard"”
configuration of W7-AS, the dashed and the dotted lines correspond
o the "minimum B" and the "maximum B" launching scenarios,

respectively.
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The ECRH is characterized by the quasilinear diffusion
coefficient, which has significantly different contours in the velocity
space for different heating scenarios (O1 and X2) as seen in Fig. 1.
The fraction of trapped particles was changed by changing the
toroidal ripple on the magnetic axis in the toroidal position of power
launching as seen in Fig. 2. We have restricted the analysis and the
experiments to the case of perpendicular, on-axis heating.

2.1 Results of the power deposition analysis

The deposition profile in low density, high temperature plasmas,
was derived from the analysis of the electron heat transport in ECRH
power modulation experiments, with the time dependent electron
temperatures from ECE measurements (see Fig. 3). The ECRH-power
was modulated with an amplitude of 10 - 30 % and different
frequencies from 0.05 - 5 kHz. This kind of analysis requires a
proper modelling of the transport effects in the transient energy
balance. The heat transport was described by a purely diffusive
model. No evidence for a significant convective contribution was
found. Moreover, it has been pointed out that neither a clear
dependence of the heat diffusivity on the electron temperature nor on
its gradient is indicated [2].

Peaked deposition profiles are usually obtained for both O- and
X-mode heating from a 3D Hamiltonian ray-tracing code based on
the assumption of a Maxwellian electron distribution function (single
pass absorption). From the heat transport analysis of modulation
experiments we obtain similarly peaked absorption profiles, but
additionally a much broader contribution is present (see Fig. 3),
whose width and relative integral contribution with respect to the
"thermal" peaked part depends on the particular heating scenario and
magnetic configuration. Taking the broader component of the power
deposition profile into account, the input power is recovered by the
heat transport analysis within the errors, i.e. no indication of "missing
power" has been found.

The effect of the magnetic configuration on the electron
distribution function in the different heating scenarios being
considered, was clearly shown by means of a non-linear 2D bounce-
averaged Fokker-Planck (FP) code, which is well suited for the
simplified magnetic field geometry close to the magnetic axis of W7-
AS [1]. In a heuristic approach, the broadening of the thermal power
deposition profile is expected to be related to the radial transport
(determined by the VB-drift) of the locally trapped suprathermal
electrons generated by the ECRH. The particles drift vertically in the
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local magnetic ripple, becoming passing particles by pitch angle
scattering, and therefore contributing to the energy fluX in the outer
plasma region without direct ECRH deposition, through
thermalization on the flux surfaces.

— — ——rTT
15 0 10 15
r cm r cm

O -

Fig. 3. The temperature modulation amplitudes, \T .|, and the time
delays, At, versus radius, r, for different modulation frequencies,
Jmod = 92, 200, 400, 800 and 2000 Hz (upper left and right plots)
Jfrom ECRH power modulation experiments at By = 2.5 T (O1-mode,
70 GHz) with on-axis deposition, n, = 1019 m-3. The power deposition
profile (on the lower left) consists of a highly peaked part,
corresponding to the "ray-tracing profile" shape (dashed line) and a
much broader part. The plot on the right gives the "effective” heat
conductivity, x.(r) (solid line). For comparison, the X.(r) profile
obtained from the stationary power balance analysis, with the power
deposition profile from the ray-tracing calculation is also shown
(dashed line).
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The results of the power deposition analysis for scenarios in the
"standard" magnetic configuration with Bg = 2.5 T (see Fig. 2) are
summarized in Fig. 4a. The measured power deposition profiles with
Ol-mode (70 GHz) and X2-mode (140 GHz) are shown for two
plasma densities. The power deposition is clearly broadened for the
lower density case both for the Ol-mode and the X2-mode launch.
These findings support the picture of significant heat transport by
suprathermal ripple trapped electrons since both the level of the
suprathermal tail decreases and the collisional detrapping increases
with increasing density. The formation of the suprathermal tail in the
ripple trapped electron distribution is expected to be more
pronounced for X-mode launch [2] (see Fig. 1), leading to a stronger
broadening of the "effective" power deposition profile. For the O-
mode scenarios, however, the lower single pass absorption and the
effect of wall reflections may lead also to an enhanced broadening of
the power deposition profile.
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Fig. 4. Power deposition profiles from ECRH power modulation
experiments versus the effective radius r. a: By, = 2.5 T. The solid and
the dashed lines refer to Ol-heating (70 GHz), for n, = 2 x 1019 m*3
and n, = 1019 m*3, respectively. The dotted and the dash-dotted lines
are the corresponding results for X2-heating (140 GHz). b: B, =
1.25T, and n, = 2 x 1019 m-3. The solid line refers to the "standard"
configuration, the dashed and the dotted lines to the "minimum B"
and the "maximum B " magnetic configurations, respectively.
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The effect of direct heating of ripple trapped electrons becomes
more clear from Fig. 4b, which shows the results of a scan of the
toroidal ripple at Bg = 1.25 T with X2-mode launch. In the "standard"
configuration, the deposition is broadened as compared to the case of
X2 launch (140 GHz) at 2.5 T shown in Fig. 4a, and this effect may
be attributed to the stronger VB-drift of the trapped electrons. In the
"maximum B" scenario, where trapped particles are expected to play a
minor role in the power deposition region, the deposition profile
derived from the heat wave analysis is fairly close to the ray-tracing
results (assuming inherently a Maxwellian distribution), and the
broadening of the deposition is of minor importance. For the
"minimum B" scenario, a stronger broadening is found. All results on
the power deposition are consistent with the heuristic model given
above.

2.2 Convective Fokker-Planck model

In order to simulate the broadening of the thermal power
deposition profile, a simple FP model has been used, which describes
the radial VB-drift of the toroidally trapped suprathermal electrons
generated by the ECRH. In a first approach, collisional or collisionless
detrapping can be treated as a loss term, i.e., the detrapped electrons
are assumed to thermalize on the flux surfaces. Taking further
trapping of these detrapped particles into account leads to a kind of
diffusive modelling (with inward and outward VB-drifts). Neglecting
this effect gives a convective model and the ECRH driven deviation of
the trapped particle distribution from the Maxwellian defines the
initial value for this convective FP model. Both an analytical model
and the solution of a time-dependent bounce-averaged FP code [1]
are used for the initial distribution function. The drift of the
suprathermal trapped electrons generated by the ECRH is described
by means of the FP equation

afet 3 t t t
((vwB)z )b 5, = ( Clin (fe) ) = Cw(fe) + Calfe) 0]

where fet represents the bounce-averaged distribution function of the
trapped particles, vyp the drift velocity due to the gradient of the
magnetic field, and the angular brackets denote the bounce-averaging
procedure, ( ... )p = $ ...(ds/vy))/$ (ds/vy), s being the coordinate along
the magnetic field lines.

Stationary conditions are assumed. The presence of a radial
electric field is omitted, so that the drift of the toroidally trapped
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electrons is mainly in the vertical direction z. The model is thus valid
in the central part of the plasma, where the radial electric field is
negligible. Note that the experiments were performed with on-axis
heating to meet this constraints. The collision operator is linearized by
assuming a Maxwellian background which is quite reasonable outside
of the ECRH deposition zone. The linearized collision operator, Clin,
is written as the sum of a diffusive term in w = mv2/2Te(z=0) (o<
energy), and a diffusive term in A = v{B/v2B (> magnetic moment)

Cw(f) =
_2ve(@ 3 (2) 3 n(wy)
\/C_ ow {[27](“72) n(wz)] f +Te(0) \/;V \/;Vz fe },
t
CAE = 2ve() WV Lot ai[( Loy, 2 ] ,

respectively, with B(s) = B(s)/Bo.
ve(z) = T V2 e ne(2) log A / mi2/2 T2(0)

is the (local) collision frequency, with log A the Coulomb logarithm,
wy = mv2/2Te(z), and “

(W) = erf (Vwy) = W exp(- wp) ,

vz
Ti(wy) = erf (V) - o2

Eq. (1) is solved with difference schemes in w and A (1mphclt
difference formalism in z). The boundary condition f (7&-7»10)- 0is
used, where the function Aj(z) = 1/Bm(z), represents the width of the
trapped particle region, for different vertical positions z, By being the
maximum value of the normalized magnetic field strength B. The
derivative of the distribution function at the loss cone boundary,
of,/OA(A=A|c), measures the collisional loss of the trapped electrons,
while the collisionless detrapping is determined by the rate of
changing of the function Aj(z).

This model is well suited to describe the effect on the
"broadening" of the ECRH power deposition profile of the loss cone
size (i.e., the impact of the different magnetic field configurations),
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- the magnetic field strength (vyp o« 1/B), and the electron density,
which enters via the initial value problem as well as via the loss rate
due to collisional detrapping (the collisional slowing-down is of minor
importance).

0.1

0.1

0.014

Pabs

.001 4 E .001 5

L[t - —
1.0 0 2 4

zia

1074

o+
-

1.0

Fig. 5. Fraction of the absorbed power deposited at the outer
radii. a: "Standard " configuration. The solid line is the result for B
= 1.25T, and n, = 1019 m3 the dashed line for By = 2.5 T and n, =
1019 m*3 and the dotted line for By = 2.5 T and n, = 2 x 1019 m-3.
b: Bg = 1.25 T and n, = 1019 m-3. The solid and the dashed lines are
the results for the "standard" configuration and the "minimum B"
scenario, respectively.

2.3 Simulations of the experiments

In the computations for W7-AS scenarios, the loss-cone width A
has been assumed constant. Fig. 5a shows the power, normalized to
the initial absorbed power, which is deposited at outer radii, in
dependence of various parameters. The results are relevant to the
"standard" configuration (Ajc = 0.97). The behaviour can be simply
explained by the dependence of the ratio between the drift time, Tp,
and the collision time, T¢ = 1/v¢ on the magnetic field strength and
plasma parameters

Tp/te = neBo / TOWS2 | (2)

having neglected the variations with z of temperature and density, and

the weak dependence of the Coulomb logarithm on the electron

density. The broadening of the power deposition turns out to be

larger in the case of low density and high temperature, and for

decreasing magnetic field strength. Moreover, from Eq. (2) it results
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that the power deposition profile has a very strong dependence on the
energy localization of the initial suprathermal trapped particles
distribution function. The higher the velocity, where the EC resonance
region is localized, the bigger is the effect of broadening of the power
deposition profile.

The "standard" configuration (A = 0.97) and the "minimum B"
cases (Ajc = 0.90), are compared in Fig. 5b. For increasing loss cone
width, the power is deposited on a broader radial range, and the
particles could even be lost at the plasma boundary, before being
thermalized. In the opposite limit of a narrow loss cone, the particles
are detrapped by the pitch-angle scattering in a very short time, and in
our model contribute to the power deposition only in a narrow region
close to the axis. The theoretical predictions of this simplified model
for the broadening of the power deposition profile, in particular its
dependence on the plasma parameters and the magnetic field strength,
are therefore consistent with the experimental findings.

3. Mode conversion heating via the O-X-B Process

The commonly used ECRH scenarios provide a good single pass
absorption and are 15t harmonic O- or X-mode and 2"d harmonic X-
mode launch. These scenarios have intrinsic density limitations by the
cut-off condition, which is, e.g. for the 140 GHz system in X2-mode,
given by 1.2 x 1020 m3, In view of reactor relevant conditions it may
be desirable to have ECRH-access to even higher densities. This is
provided by O2-mode launch, which has a weak absorption at W7-AS
parameters, but is a promising candidate at W7-X [4]. Another
candidate is the O-X-B mode conversion process [5] as a possibility to
overcome the density limitations. Here O, X, and B are the ordinary,
extraordinary and Electron-Bernstein-Mode. The essential part of this
scheme is the conversion of the O-wave launched by an antenna from
the low field side into an X-wave at the O-wave cut-off layer. This
mode conversion requires an oblique O-wave launch near an optimal
angle. ‘

As shown in Fig. 6 the transverse refractive indices Ny of the O-
wave and X-wave are connected at the optimal launch angle with a
corresponding longitudinal (parallel B) index N opt = VY/AY+1) with
Y = wee/w (w is the wave frequency, wce is the electro? cyclotron
frequency) without passing a region of evanescence (N, < 0). For
non-optimal launch an evanescent region always exists near the cut-
off surface whose geometrical size depends on the density scale length
L = ne/(dne/dx). A considerable fraction of the energy flux, however,
can be transmitted through this region, if L becomes small [6].
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Density fluctuations generally lead to a reduced O-X conversion
efficiency and are taken into account in the modelling. A significant
heating efficiency is obtained only at a very small density scale length
(i.e. steep gradients) or a very low fluctuation amplitude. After the O-
X-conversion the X-wave propagates back to the upper hybrid
resonance (UHR) layer where the refractive index of the X-wave is
connected to that of the electron Bernstein waves (EBW) as shown in
Fig. 6 and conversion into EBW's may take place. The EBW's
propagate then towards the plasma centre where they are absorbed
near the electron cyclotron resonance layer or in the nonresonant case
by collisional multiple pass damping.
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Fig. 6: Refractive index N, versus (a)p/a))2 for the O-X-B
conversion process at optimum launch angle.

The experiments were performed with two 70 GHz beams
launched into a neutral beam (NBI) sustained target plasma at
resonant (1.25 T) and nonresonant (1.75 T, 2.0 T) magnetic fields.
The launch angle of the incident O-mode polarised wave was varied at
fixed heating power (220 kW). An example of the nonresonant case is
shown in Fig. 7. Due to technical limitations of the maximum launch
angle, only the left part of the reduced transmission function could be
proved experimentally. The increase of the total stored plasma energy
(from the diamagnetic signal) depends strongly on the launch angle,
which is typical for the O-X-conversion process, and fits well to the
calculation. Here the power transmission function was normalised to
the maximum energy increase. The central density was 1.5 x 1020 m-3,
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which is more than twice the cut-off density for 70 GHz, the central
electron temperature was 500 eV. Resonant heating at the plasma edge
could be excluded since for 1.75 T no electron cyclotron resonance
exists inside the plasma.
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Fig. 7: Measured plasma energy increase by O-X-B heating
versus the parallel refractive index N, of the launched O-mode for
nonresonant conditions (Bg = 1.75 T).
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Fig. 8: High frequency spectrum of the parametric decay waves
generated in the X-B-process. The incident wave frequency is 70 GHz
and the LH frequency is about 900 MHz. The spectrum is measured
with the ECE receiver.
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In the X-B-conversion process near the UHR parametric
instabilities are expected, which allow to identify the X-B process.
Decay waves are generated with frequencies of the incident pump
wave ® plus and minus the harmonics of the lower hybrid frequency
oy and the low frequency lower hybrid (LH) wave itself. With the
electron cyclotron emission (ECE) receiver a spectrum of the decay
waves with maxima at ®tnwpy was measured for a resonant magnetic
field of 1.25 T and is shown in Fig. 8.

The pump wave is suppressed and the ECE-spectrum is clearly
nonthermal since the density was twice the 70 GHz cut-off density.
The low frequency LH-wave itself could be detected with a broad
band loop antenna and is shown in Fig. 9. A high degree of
correlation between the high frequency decay waves and LH-wave was
measured.

4 ”’}H
I\

. \ir
10, b
I\-

; b

0 500 1000 1500 2000 2500
Frequency [MHz]

Amplitude [a.u.]

Fig. 9: Low frequency spectrum of the lower hybrid decay wave as
measured with a loop antenna.

EBW's experience a cut-off layer at the upper hybrid resonance
(UHR) surface (see Fig. 1), which in the nonresonant or higher
harmonic (n > 1) field totally encloses the inner plasma. The radiation
is then trapped inside the plasma and can escape only in the small
angular window for O-X- and X-O-conversion, respectively. In the
absence of an electron cyclotron resonance in the plasma the EBW’s
may be absorbed due to finite plasma conductivity after some
reflections at the UHR-layer. In both the resonant (1.25 T) and
nonresonant cases (2.0 T) efficient heating was observed. Two 70
GHz beams in O-mode polarisation (110 kW power each) were
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launched with an oblique angle of 40° into a NBI (700 kW) sustained
target plasma with a central density of 1.6 X 1020 m-3 and temperature
of 560 eV. More than 70 % of the heating power was found in the
plasma taking into account the power scaling of the energy
confinement time (P-06).

4. Confinement and shear

The confining magnetic field in the W7-AS Stellarator is
generated by a modular set of external coils with a 'built in' flat profile
of the rotational transform, t. The shear, d In t/d In r is weakly
positive (up to + 2 %) above t = 0.4 and weakly negative below (up to
- 2%). Low order rational values of t+ can thus be excluded from the
confinement region by a proper choice of t. A wide range of 0.25 <
t < 0.65 is accessible by additive or subtractive superposition of a
purely toroidal magnetic field to the modular magnetic field which
has a built-in rotational transform of 0.4. The global confinement
depends sensitively on t and exhibits excursions of about 30 % with
maxima in the close vicinity of the low-order rationals t = 1/2,
1/3...[1,2]. The total stored energy from the diamagnetic signal is
shown in Fig. 10 as a function of the edge value of t(a) for ECR
heated plasmas with low B and zero net current.

Under such conditions one may expect to operate close to the
vacuum field conditions. The low shear configuration of the vacuum
magnetic field is, however, modified by the pressure driven bootstrap
current and Pfirsch-Schliiter (PS) currents under finite-f conditions
[8]. By far most of the W7-AS data are obtained under net current
free plasma operation, where the edge t is feedback controlled by
compensating the bootstrap current with small inductive currents (OH
transformer). It should be noted, that although the plasma net current
is zero, the internal plasma currents do not cancel locally and thus
modify the internal profile of the rotational transform. This is quite
obvious for cases where the bootstrap current, which is peaked in the
pressure gradient region, is compensated by an inductive current,
which is peaked on the plasma axis where the electron temperature is
highest. An elegant tool to provide externally-controlled plasma
currents is Electron Cyclotron Current Drive (ECCD), because the
radial location of the driven current profile can be controlled by
tuning the resonance layer or steering of the microwave beams. The
EC-driven current is decoupled from the plasma conductivity profile
even under steady state conditions in contrast to the inductive current.
The magnitude of the EC-driven current is controlled by the launch
angle of the incident microwave beam [9,10]. The experiments
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reported here are performed with an edge rotational transform around
t(a) = 0.34 in an optimum confinement regime at By = 2.5 T (140
GHz, X2) in a wide range of densities from neg = 0.17 x 1020 m-3) up
to neg = 0.75 x 1020 m-3. Note that the current drive efficiency scales
like Te/me. With increasing density both the EC-driven current as well
as the bootstrap current become smaller, whereas the PS currents
become more important. In the experiments reported here the plasma
net current was feedback controlled (I, = 0 = 200 A) by
compensating both the bootstrap current and the EC driven current
component with an inductively driven current.
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" Fig. 10: Total stored plasma energy as a function of the edge
rotational transform for low-B plasmas in W7-AS. The density is 0.2 x
1020 m-3, the ECRH power is 0.2 MW, the plasma net current is zero.
Some rational values of + are indicated.

The modelling of the radial plasma current distribution, which
defines the profile of the rotational transform, is based on the
assumption of a linear superposition of the different current
contributions. The bootstrap current is calculated by the DKES code
[11] and the inductively driven current is calculated assuming
neoclassical conductivity, both current components are calculated for
each discharge based on the measured profiles of temperature and
d_ensity. The EC- driven current is calculated in the framework of the
linear theory [12] within' the 'adjoint approach' [13] taking into
account the measured profiles of n, and T, and trapped particle
effects with a 3D Hamiltonian ray tracing code. The modelling of the
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different current contributions was investigated in specially tailored
experiments [e.g. 9,10] with respect to magnitude, radial distribution
and plasma parameter dependence. Because the internal current
density distributions cannot be measured with a sufficient accuracy,
the comparison of modelling and experiment is done by the current
balance. The balance of theoretically predicted currents is in
reasonable agreement with the measured net currents. The basic
features of the t-profile are, however, insensitive to the uncertainties in
the modelling of the different current contributions.

Inductive compensation of both the EC-driven current and the
bootstrap current allows an easy control of the edge value of t. It
should be noted that the modification of the t-profile by finite
pressure effects (diamagnetic currents and PS-currents) needs to be
included in the analysis and becomes important already at moderate
B-values (about 0.5 %). In general, with increasing B the t-value
increases in the plasma centre and decreases in the outer plasma
region as compared to the vacuum case [8]. Typical profiles from net-
current-free discharges with 0.4 MW ECRH power at 140 GHz (Bg =
2.5 T, X2) at high (neg = 0.75 X 1020 m-3) and low density (neg =
0.17 x 1020 m-3) with B on axis of 0.6 and 0.3, respectively, are
shown in Fig. 11.
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Fig. 11: Radial profiles of n, and T, from Thomson scattering for
ECR-heated discharges with 0.4 MW input power at high and low
density.
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For both types of discharges a launch angle scan, i.e. a scan of the
EC-driven current, was performed to modify the balance between the
contributing internal plasma currents while maintaining zero net
current. Fig 12 shows the calculated EC-driven current and the total
stored plasma energy as a function of the launch angle for both types
of discharges.
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Fig. 12: Calculated EC-driven current (top) and total stored
plasma energy (bottom) vs. the toroidal launch angle of the
microwave beam for low and high plasma density.

The total stored energy and thus the global confinement changes
from 11.5 kJ at full counter current drive to about 8 kJ at full co-
current drive in the high density case. Note, that the bootstrap current
is compensated by the inductive current alone at perpendicular launch
(no ECCD). The increase of the stored energy is due to a steepening
of both the density and electron temperature gradients. The density
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profiles are typically flat in the centre and thus the gradient region is
localized close to the plasma edge (see Fig. 11). In the low density
case a much smaller (7 %) but reproducible dependence of the stored
plasma energy on the EC-driven current is observed, which points into
the opposite direction, i.e. slightly better confinement at co-CD as
compared to counter-CD. Whereas, in the high density case, the edge
value t(a) is somewhat below 1/3 due to the finite B effect, it was set to
0.345, slightly above 1/3 in the low density case. As a consequence,
the resonance is crossed under counter-CD conditions in the low
density case and at co-CD conditions in the high density case, which
supports the hypothesis of confinement degradation due to rational
values of t. Both the bootstrap and EC driven currents are of
comparable magnitude and much larger in the low density case (about
6-8 kA) than in the high density case (about 2-3 kA). Thus higher
shear is introduced in the low density case, which reduces the
degradation due to rationals (stabilization of resonant modes or
reduction of island width). The calculated t-profiles in the high
density discharges for three cases with co, counter and no ECCD are
shown in Fig. 13. In contrast to the corresponding low density
discharge, the resonant t = 1/3 is met with weak shear in the co-CD
case giving rise to a flattening of the stationary temperature profile. In
the case of no ECCD, ¢ is almost constant over the minor radius and
low order rational values of t+ are avoided. In this sense this discharge
represents an ideal example for the shearless stellarator. Good
confinement is achieved under this condition (see Fig. 12, launch
angle 0°), however, the discharge is difficult to control and sensitive to
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Fig. 13: Radial profiles of t for the high density case of Fig. 11 at
maximum co-CD (launch angle +8°), no CD (launch angle 0°) and
maximum counter-CD (launch angle -8°).
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minor changes of the discharge parameters. For counter-CD a more
robust situation is achieved, but it has to be accepted, that the natural
resonance at t+ = 5/16 with its influence on the confinement (see Fig.
10) appears at the plasma periphery.

5. Conclusions

The deposition profile of ECRH in low density, high temperature
plasmas is affected by the wave interaction with trapped particles. The
measured profiles consist of a very narrow peaked component, which
contains the main power fraction (70 - 100 %) and is consistent with
the ray-tracing results. This part is attributed to absorption by the
thermal bulk of the electron distribution function. A second
component contains up to 30 % of the total power and is much
broader. This part is strongly influenced by the number and
distribution of trapped particles as derived from experiments with
different magnetic mirror configurations, density and magnetic field
strenght. Theoretical modelling of the experiments with a bounce
averaged FP-code have verified, that the measured broadening of the
deposition profile is attributed to the fast transport via the drift orbits
of trapped electrons in the long mean free path regime. It is worth
noting, that taking into account this effect results in a full power
accountability of the launched power.

Mode conversion heating via the Ordinary- to Extraordinary to
Electron Bernstein Modes (O-X-B) was investigated experimentally.
This heating scheme extends the ECRH application towards high
densities, because it inherently works only at densities beyond the cut-
off density of the O-mode. Efficient O-X-B heating was clearly
demonstrated for the first time for resonant and nonresonant fields at
W7-AS. Both, the angular dependence of the O-X-conversion and the
parametric instability which is typical for X-B-conversion could be
experimentally verified. The efficiency of the process is determined
by the density gradient scale length as well as density fluctuations at
the O-X-conversion layer. The steep density gradients, which are
typical for W7-AS are favourable. By a rough estimate assuming a
confinement time scaling like P-0-6 we obtained 70 % heating
efficiency under optimized conditions.

_Electron cyclotron current drive together with inductive current
drive was used to control the local current densities and to modify the
rotational transform profile. The influence of rational numbers of ¢
on the energy confinement was investigated under different shear
conditions. It is shown that low order rational values in the t-profile
affect the confinement properties as indicated by a flattening in the
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stationary electron temperature profiles. Nearly shearless operation
with optimum confinement was shown at high densities, if major
resonances are avoided in the rotational transform. In cases, where the
t = 1/3 resonance is inferred with small shear, a confinement
degradation of about 30 % occurs. Plasma bifurcation was observed
under weak shear conditions in the neighbourhood of low order
resonant t-values. With strong shear, however, this effect is much less
pronounced. The measured behaviour supports the strategy of
advanced stellarators with intermediate shear, where the internal
currents (PS and bootstrap) are minimized and the t-profile remains
almost unchanged even at high B.
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Abstract

A new 106.4GHz electron cyclotron resonance heating (ECH) system
has been installed and operated for second harmonic extraordinary-mode
plasma heating in the Heliotron-E helical device. The waveguide
transmission line is effective for high power and high frequency ECH as
well as the quasi-optics transmission line. Plasma experiments using this
" 106.4GHz ECH showed that the accessible electron density was doubled,
and plasma parameters such as electron temperature and energy
confinement time were improved. Focused Gaussian beam and good single
pass absorption allow us to study the plasma response to the change in the
power deposition profile and the effect of magnetic shear on the wave
propagation. Plasma production is also discussed in terms of the difference
between fundamental and second harmonic ECH breakdowns.
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1. Introduction

Electron cyclotron resonance heating (ECH) has been applied in many
magnetic confinement fusion devices for the purpose of direct electron
heating, current drive, plasma start-up, plasma profile control and
transport study. Past works on experiments and theory of ECH and ECCD
are reviewed in several papers [1-3]. In helical systems, particularly, ECH
has been an essential tool for producing high electron temperature plasmas.
In the Heliotron-E device which belongs to heliotron/torsatron
configurations (H/T), we have been conducting fundamental and second
harmonic plasma heating experiments using 28GHz, 35GHz and 53.2GHz
ECH. Energy and particle confinement of ECH plasmas and ECH effects
on the ion confinement in NBI plasmas have been studied [4]. .

Most of the plasma experiments in Heliotron-E have been performed
using 53.2GHz ECH. The accessible electron density was limited up to 3.5
%10"m, which is the cut—off density for fundamental ordinary (O)-
mode, giving rise to the difficulty in heating the high density plasma locally.
In order to overcome this density limit and make the power deposition
easily controlled, we have introduced a new 106.4GHz second harmonic
ECH system by replacing the 53.2GHz modules. The launched Gaussian
beam is focused, and its polarization can be controlled. The advantages of
106.4GHz second harmonic ECH are that the cut-off density for the
extraordinary (X)-mode is high, ne°=7.0x10"*m™, which is twice as much
as for the O-mode in the 53.2GHz fundamental ECH, and that it has a
good single pass absorption nearly 100% in usual Heliotron-E plasmas
where the optical depth at the core region is larger than unity. Thus the
power ' deposition can be localized at the desired resonance region.
Possibility of controlling the resonance position and polarization would
give us a clear sight on the plasma response to the change in the power
deposition profile.

It is important to study the launching condition for optimum heating in

90



H/T. The effect of the magnetic shear on the wave propagation has been
investigated from the viewpoint of plasma diagnostics such as electron
cyclotron emission diagnostics [5], reflectrometer [6], polarimétric
measurements [7]. The numerical calculation method used for above
diagnostics is applicable to investigate how the launched wave for ECH
can access the resonance region. Polarization control experiments can be
performed by using a polarizer installed in the transmission line, and the
results are compared with the theory.

In this paper, we will present the technological development in the new
106.4GHz ECH system using waveguide transmission line in Heliotron-E,
and the second harmonic plasma experimental results, comparing with the
previous fundamental and second harmonic ones. Heliotron-E and its ECH
system will be described in Sec. 2. Plasma experimental results related to
the improvement of plasma parameters, plasma production, plasma
response to the power deposition control and magnetic shear effect will be
described in Sec. 3. Conclusion is found in Sec. 4.

2. Heliotron-E and ECH System
2.1 Heliotron-E Device

Heliotron-E is a non-axisymmetric helical system, which has a
winding law of /=2, m=19, strong magnetic shear, and built-in divertor
configuration [8]. The major and minor radii are 2.2m and 0.21m,
respectively, for standard configuration, and the maximum magnetic field
strength is 1.96T. Parameters of the magnetic surface such as plasma
radius, magnetic well, magnetic shear and resonance position can be
controlled by using additional vertical, toroidal and perturbation (m/n=1/1)
coils. Hydrogen and deuterium gases are used for plasma production, and
the density is varied by gas puffing or hydrogen pellet injection. Recently
the boronization by 2.45GHz ECH discharge has been introduced for wall
conditioning [9][10]. The boronization is more effective than the titanium
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gettering for reducing light impurities, making it possible to sustain not
only high density ECH plasma but also low density collisionless NBI
plasma.

2.2 ECH system for Heliotron-E

ECH system which has been used for Heliotron-E is summarized in
Table 1. Four different frequencies of ECH, 28GHz, 35GHz, 53.2GHz and
106.4GHz, were applied for fundamental and second harmonic ECH. Note
that all the injection positions of the outside, inside and top corresponds to
the low field side injection in heliotron/torsatron configurations. First
currentless plasmas were successfully produced and heated by the 28GHz
fundamental ECH [11]. The plasma parameters were Te(0)=500eV,
Ti=100eV and Te=0.4x10"’m™. Then the powerful 53.2GHz ECH were
carried out to extend the plasma parameter regime [12]. The accessible
density reached the O-mode cut—off density, 3.5 X 10°’m=, and Te(0) was
increased to 2.0keV at the low density regime. The 35GHz gyrotron, which

Frequency | Injection Mode 'SLZ?:;S: Power cvl::;ﬁ
28GHz TEO2 outside 160kW | 0.04sec
35GHz & VEO1 outside 130kW | 0.2sec

TEO2/ .
Gaussian inside / top

106.4GHz | Jocused | outside/ | geny | 0.2sec

top

Table 1 Summary of ECH system for Heliotron-E
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was loaned from Oak Ridge National Laboratory, was used mainly for
edge heating [13] and high § [4] experiments. The transition phenomena
were observed during the second harmonic edge ECH, in which the
detached-like state was formed and the particle confinement was improved.

Though the 53.2GHz ECH produced the high Te plasma, the
experiments were limited up to the O-mode cut-off density, and the
launched waves were TEo2 circular mode or non-focused linear polarized
Gaussian beam [14]. Since the single pass absorption was not good and the
power deposition was expanded to the edge region, it was difficult to heat
the plasma locally and effectively. In order to sophisticate the launching
condition, that is, to focus the wave beam and to control the polarization,
we have introduced a new ECH system. Of course, such a system
improvement has been accompanied with great progress in millimeter wave
sources, gyrotrons [15][16].

2.3 Waveguide line for 106.4GHz ECH

There are two concepts for high—power long—distance transmission
line. One is clpsed, oversized, corrugated or dielectrically lined, HE11 mode
waveguide, and the other is open, quasi-optical TEMoo transmission using
metallic reflectors as phase correcting elements [17]. In Heliotron-E, we
havg been developing the waveguide line and using it for the 106.4GHz
ECH system [18][19]. Figure 1 illustrates a schematic view of 106.4GHz
ECH system. The system consists of a gyrotron with 0.5SMW 0.2sec
Gaussian beam output, matching optics unit (MOU), waveguide line,
launching system and vacuum window for Heliotron-E. The transmission
line is operated at atmosphere pressure with a small amount of CO, gas
flowing, The whole system is so perfectly closed for human safety that
spurious modes do not escape into the free space but are absorbed within
the system. The transmission efficiency measured in the high power test is
about 85%, so that the power of 0.4MW can be launched into the plasma.

Combining the previous 106.4GHz ECH system, total power of 0.6MW
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power is possible to launch into a plasma for the second harmonic heating.

/

Gyrotron 2.5inch Corrugated Waveguide

Launching System

Fig.1 Schematic view of 106.4GHz ECH system for Heliotron-E

The diode type gyrotron is equipped with a built-in quasi-optical
converter transforming the cavity output mode, TE154, into the Gaussian
beam. To couple with the HE11 waveguide mode effectively and filter the
wavebeam irradiated from the gyrotron, the MOU including two adjustable
mirrors is placed between the gyrotron and the corrugated waveguide. The
power is transported from the MOU to the Heliotron-E device through
waveguide line using 15m corrugated waveguides and four miter bends
with flat mirrors. Since the waveguide is higlﬂy oversized, a/A=11.3, the
plane reflector can be used at the miter bend. The corrugations are
continued up to the mirror, reducing the mode conversion loss be half
compared with the case without the corrugations [20]. Polarizer is easy to
install in the HE11 waveguide line by replacing the flat mirror for the one
having sinusoidal grooves rotatable with accuracy of 0.5°. The wave
radiation is launched from the outside horizontal port of the Heliotron-E
device after being focused by the two adjustable mirrors in the launching
system. Since the Heliotron-E port is too small to set the movable mirror
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system into the vacuum chamber, the focused beam is launched almost
perpendicularly to the plasma in the experiment.

The beam pattern at the launcher output is measured with an infrared
camera, and it is confirmed to be circular through the propagation path.
Figure 2 shows the beam trajectory in the poloidal cross section. The beam
waist is 1.4cm, which is much smaller than the averaged plasma radius,
21cm, so that the power deposition can be localized at the desired

resonance position. The power is expected to be absorbed at 1/ap=<0.1 in

case of on-axis heating, where aj, is the averaged plasma radius.

Fig.2 Poloidal cross-section for standard magnetic configuration
of Heliotron-£ and launched beam trajectory.

The total transmission efficiency from the MOU output to the
launcher output measured in the high power test is 86%. This suggests that
the waveguide transmission line effectively works as well as the quasi-
optical transmission line. Most crucial power losses may be caused by the
coupling between the Gaussian beam and HE11 waveguide mode, and the
mode conversion at miter bends. The TEMoo free space mode is known to
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have a good coupling to the HE11 mode, ideally 98%, because of similar
field distribution. However, the imperfection in the system, especially,
tilting and offset of the injected beam, gives rise to a reduction of the
coupling efficiency. Figure 3 indicates the ratio of the HE11 and higher
modes as a function of the tilting angle and offset distance. The numerical
calculation is based on the mode matching method using orthogonal
normalization [21]. It is assumed that the injected beam is purely Gaussian,
the beam waist is 26mm diameter experimentally measured, and the waist
point is 3mm from the waveguide mouth (inside the MOU). In ideal case of
no tilting and offset, the fraction of the modes is HE11 97.12% and HE12
2.3%. The coupling efficiency is slightly reduced ~1% due to a smaller
beam waist than the optimal one. At the tilting angle experimentally
adjusted, a=0.3", with no offset, the calculated ratio is HE11 95.7%, HE12
2.45%, HE21 0.63% and TMo2 0.62%. At the offset distance, 2mm, with
no tilting, the HE11 fraction is 96.1%. Combining both tilting and offset
effects, the coupling efficiency under the actual imperfection is estimated
as 94.8%.

Gaussian-Beam Waveguide Mode

y (mm)

(a) (b)
Fig.3 Power fraction of waveguide modes, (a) dgpendence on
tilting angle of injected beam and (b) dependence on offset distance.
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Theoretical power losses in the 106.4GHz ECH system are
summarized in Table 2. Summation of the theoretical power losses,
15%, is in good agreement with the high power experimental results,
14%.

Losses Values
Non—Gaussian beam content 3%
Coupling loss to HE11 mode 5.20%
Losses in waveguides (15m)

ohmic loss 0.02%
mode conversion losses
radius change 0.54%
radius offset 0.50%
elliptical offset 0.17%
tilt 0.54%
curvature 0.35%
Losses in miter bends (4 pieces)
ohmic loss 2.05%
mode conversion loss 0.56%
Losses in launching system 3%
Total loss 14.95%

Table 2 Theoretical power losses in 106.4GHz ECH system

3. Experimental Results
3.1 Improvement of plasma parameters

Second harmonic plasma heating experiments using the 106.4GHz
ECH are mainly performed at B=1.90T standard or -2cm shifted
configurations in which the resonance layer is located around the magnetic
axis. In this section, we will show the plasma experiments using only the
new 106.4GHz ECH. Figure 4 shows the density dependence of the central
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electron temperature, Te(0), and averaged ion temperature, Ti. Here e,
Te(0) and Ti are measured with far-infrared interferometer (FIR),
Thomson scattering system and neutral particle analyzer (NPA),
respectively. The accessible line-averaged density is extended to
Tie=5.0x10"°m™ at Ppci=250-350kW, where ne(0) reached the X-mode
cut—off density, 7.0x10”’m™. The density profile is broad or slightly
hollow, as usually observed in tokamaks and helical systems [22]. Te(0) is
improved over the operational density regime. It reaches 2.8keV in the low
density ( Ne=0.5x 10”m) inward shifted (Av= -2cm) plasma. Ti is not
increased with the electron density, but kept constant around 250eV in
contrast to the theoretical prediction of collisional coupling between
electrons and ions.

B=-1.90T, STD, w/o Limiter B=-1.90T, STD, w/o Limiter
25 T T \ T T 25 T 10
63036-63077 #63227-63234
#68889-69141 ¥71472-71483
2r A714s4-71483 O 53GHz 400kW
O 53GHz Te(0)
{ ° |oscu: T:m ® 106GHz 300kW .
— O saGHzTI &
E 15} { M 106GHz T ?.§
g I f* k B =
- ¢l !, &
§ 3‘ ﬁ* 53GHz
§ <] }f- 106GHz
g4 § /
os} 3 : oSN
Mﬁb mo O q:g' L § . ° o
1 1 1 1 1 1 0
0 2 4 6 0 05 1
n, (10'°m-?) r/a

Fig.4 Density dependence of Fig.5 Comparison of ne and
Te(0) and Ti at standard Te profiles.

configuration.

Figure 5 shows the comparison of ne and Te profile at the low density,
ie=1x10""m™, The Te profile is more peaked than in the similar power of
53.2GHz fundamental ECH. The peaking factor, n=Te(0)/Te(a/2), is
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2.6+0.6 in the 106.4GHz ECH, while it is 2.0+0.5 in the 53.2GHz ECH,
implying that the single pass absorption is higher and the power deposition
is localized in the central region. The global stored energy, Wp, calculated
from measured profiles, increases with the electron density up to
Tie=3.0x10"*’m™, then saturates around 8kJ in a similar way in the SOC

regime of tokamaks. The energy B=-1.90T, w/o Limiter
fraction deposited in the ions 40 .

increases from 15% at the low psscindid

density, Te=0.8x10"m™ , to o[ © ®o=°™

30% at the high density, § o
Te=4.0x10"m™>. The energy 520 i vos ta
confinement time, Tz, is found to ;':‘

be improved by 10-50%, 10} a o
compared to the LHD scaling

[23] as shown in Fig.6. Here ¢ is ) L )
underestimated  because  the 0 10 Temf?msec) 30 40

launched power is used as an Fig.6 Comparison of global

in, . i .

put power. The improvement of energy confinement with LHD
the energy confinement may be
associated with the fact that the
power is deposited in the central region where the local confinement is

better.

scaling.

3.2 Plasma production

Build-up of the electron density during the plasma breakdown shows
different aspects between the fundamental and second harmonic ECH.
Figure 7 shows the time evolution of the electron density profile measured
with a seven channel FIR. At the second harmonic ECH, the breakdown
occurs near the magnetic axis, then expands to the edge region. The
electron density is peaked until the density clamping happens. The time

T*
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delay of the edge density rise is also observed at other frequencies of
second harmonic ECH. At the fundamental ECH, on the other hand, the
edge density rises up as soon as the breakdown starts.

106.4GHz ECH 300kW 53.2GHz ECH 400kW
5 5
[ #7141871480 A 0.5msec [ 24263244 A 05msac
L 8 8 B 15msec L #63 B 2.0msec
C 20msec C 40msec
D 10 Omsec ar D 10 Omsec
E 20 Omsec L

F 30.0msec
G 40 Omsec

n, (10 m?)
n, (10 m?)

10

(a) (b)
Fig.7 Time evolution of electron density profile, (a) 106.4GHz
second harmonic ECH and (b) 53.2GHz fundamental ECH.

The second harmonic ECH has a narrower magnetic field regime for
plasma production. This property is commonly observed in all the
frequencies of ECH as shown in Fig.8. The accessible magnetic field
regime is the narrowest in the 106.4GHz ECH. This is because the
launched beam is a focused Gaussian, which easily uncrosses the
resonance layer as decreasing the magnetic field strength. The density
build-up is fastest when the resonance layer is placed on the magnetic axis.
Therefore the best conditions for plasma production in H/T is that the
launched beam should cross the resonance layer at the magnetic axis.

The fact that the breakdown firstly occurs at the central region in the
second harmonic ECH may be related to the confinement of accelerated
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electrons. It is considered that the nonlinear interaction of a cold electron
with the wave plays a role in the second harmonic plasma breakdown [25].
The nonlinear interaction is very large if the electron is trapped near the
resonance in a saddle point of the magnetic field. The resonance layer
should be tuned in the central region so that the accelerated electron can be

well confined. 1

T - - - v T

A 53GHz 1st ——-
O 106GHz 2nd —— ]
V 83GHz2nd -----
0O 35GHz2nd —--—

Ng / ng®

Fig.8 Magnetic field regime for plasma production. ne", a, and @
are cut-off density, central resonance and wave frequencies,

respectively.

3.3 Response of Te profile to the change in power deposition

Since the magnetic field contour is a saddle geometry at the plasma
central region, control of the total field strength makes the injected beam
propagate with/without crossing the resonance layer. When the central
magnetic field strength is larger than 1.88T, the resonance layer is located
in the low field side, so that the launched beam crosses it directly. The
lower the field strength is, the less the focused beam crosses the resonance
layer, resulting that the one—pass dominant absorption is changed into the
multi~pass dominant one. Figure 9(a) shows the Te profile at several
magnetic field strengths. The profile is changed from a peaked one (n=2.4

at B(0)=1.90T) to a broad one (n=1.4 at B(0)=1.86T). When the magnetic
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field is in the range of 1.90T-1.96T, the resonance position weakly moves,
and the Te profile is not much changed. The marginal field strength agrees
with a drastic decrease of the single pass absorption from 98%
(B(0)=1.90T) to 2% (B(0)=1.86T) evaluated from the ray tracing

calculation.

15 20
#69028-69033 #71797-71817
ne=3*10""m3 ne=15*10""m3
18 A& 9= 00(deg)
O 0=45.0(deg)
O 8=67.5(d
= % § (deg)
g x 10H
2 2
05|
1 1
o%o 05 1.0 °‘°oo 05 1.0

r/a r/a

Fig. 9 Te profile change (a) by moving the resonance layer at
e=3.0x10"m". profiles and (b) by controlling the polarization

at ne=1.5x10"m>.

The difference between one—pass and multi-pass absorptions can also
be investigated by controlling the polarization of the launched wave. The
polarizer rotates the electric field of the launched wave. Figure 9(b) shows
the dependence of the Te profile on the mirror rotation angle. The Te
profile is changed from a peaked one to a broad one as observed in the B
scanning experiment. The reason why the profile change is weaker than in
B scanning experiment is that the launched wave does not become a pure
O-mode due to the magnetic shear effect which will be discussed in Sec.
34

Localized off-axis heating is conducted by moving the magnetic axis
or tilting the launching angle. The magnetic axis is shifted by 8cm inwardly,
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or the launching angle is slightly tilted by 2°, corresponding that resonance
position is moved to r/a=0.43 in the former and r/a=0.24 in the latter.
Figure 10 shows the Te profiles in NBI and NBI+ECH plasmas. They
become hollow, and their peak positions are shifted to the resonance
position.

From these experimental results, it is concluded that the Te profile is
closely associated with the power deposition profile determined by the
resonance position and single pass absorption rate. Modification of the
power deposition leads to a change in the Te profile.

B=-1.90T, -8cm, 106GHz B=-1.90T, -2cm, 106GHz off-axis inj.
15 T 2
#72315-72342 ;7(:1:502;57;::9
ECH 0 3MW ot 3o
NBI 2MW
© NBIECH 15} @ NBI+ECH
1t ONBI ] O N8I
3 s
[ (]
= £
'_. ,_. 1 i ‘
! P 5 ¥pd
05} .
1 0 0.5 1
r/a
(@) " (b)

Fig.10 Te profiles at off-axis heating (a) by shifting the
resonance layer and (b) by tilting the injection angle. Open and
closed circles denotes NBI and NBI+ECH plasmas, respectively.

3.4 Magnetic shear effect on wave propagation
From the viewpoint of wave propagation through a plasma, the most
important difference between tokamaks and H/T is that the toroidal and
poloidal components of the magnetic field are of comparable magnitude in
H/T. The difference of the magnetic field direction between the resonance
region and the plasma boundary is quite large. In Heliotron-E, for example,
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the magnetic field at the last closed magnetic surface is tilted by 45
Furthermore, the space-dependent magnetic field affects the wave
propagation. The O- and X-modes, which rotate with the magnetic field,
do not propagate independently, resulting that their fraction is changing
through the propagation path.

To analyze the magnetic shear effect on the wave propagation, the
following second order coupled equations [25] [26] are solved for both the
O- and X-modes,

d’E, o* d¢

dz 2 (Cz N2 ¢ )E// = 2¢ dZ J_ (1)
d’E w? dE, d
o (N -, - 2¢7ZLL df E, @

where w is wave frequency, E, and E, are parallel and perpendicular
components, N, and Ny are refractive indices for the O- and X-modes in a
cold plasma, respectively. The shear, ¢=d6/dz, is defined to be angular
gradient of the magnetic field. '

Figure 11 shows one example of the electric field of a 106.4GHz wave
through the Heliotron—E plasma. The wave number vector and electric field
are set to be perpendicular to the resonant magnetic field. The launched
wave is coupled to plasma propagating modes at the boundary, then the X~
mode is strongly damped around the second harmonic resonance. The
numerical calculation results show that the magnetic shear can not be
neglected for a good single pass absorption in H/T, and the launched wave
should be elliptically polarized even in the conventional perpendicular
launching case. As shown in Fig.12, the calculated optimum conditions for
Heliotron—E are tilting angle, 30’, ellipticity, 15°, and right-hand rotation at
the medium density regime.
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It is possible to examine the magnetic shear effect experimentally by
controlling the polarization of the launched wave. One mirror is used for a
linear polarizer [27]. Figure 13 shows the dependence of Te on the mirror
rotation angle. Te(0) drastically decreases from 2keV to 1keV, while
Te(a/2) is almost constant. This means that the absorption is changed from
a single—pass localized heating to a multi-pass uniform one. The mirror
rotation angles, ®=0’, 90", correspond to 62" tilting of the electric field in
respect to the resonant magnetic field. These optimum angles are in good
agreement with above mentioned theory including the magnetic shear.
Dependence of the polarization of the launched wave on the mirror rotation
angle is not experimentally determined in the cold test yet. More detailed
comparison between the experiment and the theory is underway.

»

4. Conclusion

The 106.4GHz ECH system has been installed and operated for
Heliotron-E. The 0.5SMW high power millimeter wave from the gyrotron
source can be effectively transmitted through the waveguide line, and the
focused Gaussian beam is injected into a Heliotron-E plasma. The second
harmonic heating experiments were made and compared with the previous
experimental results. Te(0) increased to 2.8keV in the low density plasma,
and ne(0) up to 7.0x10°m™ was accessible. The global energy
confinement time was improved up to 50%. The difference of plasma
production between fundamental and second harmonic ECH was also
discussed. The magnetic field regime for plasma production is narrower in
the second harmonic ECH, which may be related to the confinement of
accelerated electrons. It was clearly shown that the power deposition can be
changed by controlling the resonance position and polarization. The Te
profile is sensitive to how the ECH power is deposited. The magnetic shear
has an important role in. the wave propagation in H/T. It was
experimentally and theoretically shown that the launched wave should be

elliptically polarized even in the conventional perpendicular launching case.
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RECENT DEVELOPMENTS IN THEORY OF
WAVE SCATTERING IN PLASMAS

HBindslev
JET Joint Undertaking, Abingdon, UK

Abstract. Recent developments in kinetic/microscopic theory of
wave interaction and scattering in plasmas is outlined and quantita-
tive predictions are compared to those of earlier models.

1 Introduction

The theory of collective Thomson scattering (CTS) integrates sev-
eral distinct areas of plasma physics which are interesting in their
own right and relevant to a range of applications other than CTS.
They are primarily the theory of microscopic fluctuations and the
theory of bilinear wave interaction. The latter includes the problem
of wave emission. When CTS is used as a diagnostic the modelling
also includes the propagation of waves in inhomogeneous anisotropic
media (magnetized plasmas).

In CTS a powerful monochromatic incident wave (i) is scattered
by spontaheously occurring broadband fluctuations (6) in the plasma.
The spectrum of fluctuations, and with them the spectrum of scat-
tered waves, depend on a wide range of plasma parameters. Detection
of the scattered waves (s) thus potentially provides a highly versatile
diagnostic, sensitive to many aspects of the confined plasma. Its wide
range of sensitivities is a major strength, but also a serious difficulty
when analyzing the detected spectrum [1].

The incident wave generally has a frequency which is high com-
pared with the ion plasma and cyclotron frequencies. It thus primar-
ily interacts with the fluctuating electron distribution and associated
fields. CTS diagnostics are, nonetheless, potentially very good diag-
nostics of the ion distribution. This is because an ion, when traveling
through the sea of electrons, draws a wake much like a swan travers-
ing a pond; with a proper model of the wake a swan leaves we may be
able to deduce the phase space density of swans from the fluctuations
in the surface of the pond.
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To model CTS we first need an appropriate theory of the fluctua-
tions. They are driven by the thermal motion of the discrete charged
particles in the plasma and are therefore sometimes referred to as
thermal fluctuations, though this does not imply that we limit our
considerations to plasmas in thermal equilibrium. The ensemble av-
erage of the fluctuating fields and distributions are zero unlike the
ensemble averages of their products, implying that the fluctuations
are microscopic. We can only measure macroscopic quantities, so
computable expressions for the fluctuations need only cover ensem-
ble averages of quadratic terms; a considerable simplification, without
which tractable expressions could not be provided.

Having a model of the fluctuations we need a model of their in-
teraction with the incident wave. This problem is most conveniently
split into two parts accounting for: a) the source current arising from
the interaction and b) the scattered wave that results from the source
citrent. Here it should be noted that because the fluctuations are
microscopic the scattered wave is also microscopic, so the theory of
the interaction must be derived from a microscopic model.

Finally the incident and scattered waves need to propagate in
and out of the inhomogeneous plasma. Modelling of this part of
the problem is required to establish where and with what geometry
the scattering takes place. If the spectrum of detected fluctuations
includes propagating waves, the spectrum of received scattered light is
very sensitive to the beam intensity distributions of the emitter and
receiver, in which case this part of the modelling becomes critical,
generally requiring that beam diffraction also be taken into account.

Existing collective Thomson scattering (CTS) experiments for di-
agnosing fast ion distributions in fusion plasmas [2, 3, 4] have stim-
ulated a range of theoretical developments in the modelling of CTS.
They include dielectric coupling effects in cold [5] and relativistic
plasmas [6], scattering from electromagnetic fluctuations [7, 8, 9] and
kinetic models of scattering [8, 10, 11]. In the course of this review
discrepancies between cold fluid and kinetic models of wave interac-
tion have received considerable attention [10, 12-18].

Here we seek to outline a model of CTS which includes many of
the recent developments, which is valid for most ranges of interest
in magnetically confined fusion plasmas and which has been imple-
mented in codes and proven to be an effective tool for predicting per-
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formance and analyzing CTS data. The model presented here does
not accommodate scattering from propagating waves with damping
lengths larger than the linear dimensions of the plasma, considered
by Piliya et al. [19], nor is it accurate for scattering at the electron
cyclotron resonance and its lowest harmonics. The model is outlined,
indicating its physics basis, and where appropriate comparisons are
made with earlier models.

2 Microscopic description of the plasma

The behavior of electromagnetic waves and fluctuations in plasmas
are described by Maxwell’s equations for the microscopic fields,

V x EM = -6tBM , VX BY = Ko (603tEM +jM) ’ (1)

where jM is the microscopic plasma current,
M=q. [viMap, @)

and fM = ¥°.6(x — x;(t)) (x = (r,p)), the microscopic distribution
function, is governed by the dynamic equation [20, Section 24]

LM=—-FM.g, M. (3)

Here

L=0;+v -0 +g(vxB©).d,, (4)

is the linear operator representing the total derivative along unper-
turbed orbits in phase space, B(?) is the static magnetic field and

FM = g, (EM +v x (BM - B(O)))

is the force electromagnetic fields exert on an electron. It is assumed
that there is no static electric field.

Macroscopic quantities are ensemble averages of microscopic quan-
tities, f = (fM), E = (EM), B = (BM). They are approximately
identical to the time or space averages over scale lengths separat-
ing microscopic and macroscopic descriptions. Microscopic fluctua-
tions are the differences between the microscopic and macroscopic:

f=M_f E=EM_-E, l1§;=BM—B. It follows from the
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definition that the ensemble average of a microscopic fluctuation is
identical zero while the average of the product of two microscopic
fluctuations in general is not. This is significant here because much
of the present considerations are concerned with the observation of
microscopic fluctuations by diagnostic methods which involve spa-
tial and temporal integration over scale lengths which are large com-
pared with the scale lengths separating microscopic and macroscopic
descriptions.
Taking the ensemble average of (3) gives

Lf+F-apf+(F 3pf) =0, (5)

which governs the macroscopic distribution. The last term represents
the effect of binary interactions and is consequently often referred
to as the collision integral. Neglecting this term (5) reduces to the
Vlasov equation.

Subtracting (5) from (3) we get

LF+F-0pf+F-opf +F-0pf = (F-0pf) =0,  (6)

which governs microscopic fluctuations. Neglecting collisions elimi-
nates the last two terms.

3 Bilinear wave interaction

We start with this topic to set out which fluctuating quantities we
will need to derive expressions for.

3.1 Kinetic description of two wave interaction

The system of equations describing waves in plasma is bilinear due
to the term on the right hand side of (3), which causes waves in plas-
mas to interact. The fact that the nonlinearity is limited to second
order implies that the interaction of a larger number of waves can
be considered as a sequence of two wave interactions. Integrating (3)
along the characteristics of £ (the unperturbed orbits) and inserting
the result in (2) we find the plasma current jM expressed as a linear
integral operator, o, acting on the bilinear term, FM . Op M.

M=o {FM. 8, M} (7
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Eliminating BM from Maxwell’s equations we obtain the wave
equation

M_ b .M
AGE]S = P (8)

~a ke
Aij=€ij+N2{kikj-6ij} » N=—,
where €;; = ;;+ Xij. Xi; accounts for the plasma response associated

with fields acting on the macroscopic equilibrium distribution, f (0),
—iwsox;jE?A = O’;jE.I;A = Ui{FM . apf(o)} )

while the source current, j°M, is due to the interaction of the fields
with the distribution function perturbations

3™ = o {FM - 95 (M - fO)}. (9)

The inhomogeneous wave equation (8) together with the expres-
sion for the source current (9) and the dynamic equation (3) com-
pletely describe wave interactions in plasmas.

Note that expression (9) retains the complete microscopic descrip-
tion of the plasma. If we are concerned only with the interaction of
macroscopic waves we require only the macroscopic source current
which is given by the ensemble average of (9),

i = 0i{F - 0p(f - 1) + (F -85 f)}. (10)

The last term represents the effect of collisions. Neglecting this term
the expression reduces to that which could be derived from the Vlasov
equation, and has the same form as the microscopic expression (9).
The interaction of a macroscopic wave with a microscopic fluc-
tuation gives rise to a scattered wave which is also a microscopic
fluctuation, driven by the microscopic fluctuating source current,

3 = oF Op(f - FO) + F-0pf +F-8pf - (F-6pf)}. (11)

The last two terms represent the fluctuations in the collision integral.
Neglecting these terms (11) also attains the form of expression (9).
Because of the similarity when collisions are neglected we do not
distinguish between microscopic fluctuations and macroscopic waves
in the rest of this section.
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Assuming now that the bilinear interactions represented by the
source current (9) are weak we can usefully approximate the solution
with a perturbation expansion. Taking this expansion to second order
we describe the bilinear interaction of two waves a and b in the first
Born approximation. The field, E°, of the resulting scattered wave s
is then given by

AES = '_Ojg (12a)

3¢ = oi{F*- 0pf° + F°. 35 f2} . ~ (12b)

This set of equations describe the bilinear wave interaction of arbi-
trary waves a and b and makes no assumptions about s other than
that its amplitude must be much smaller than those of a and b. If this
is not an acceptable assumption higher order Born approximations
may be obtained by considering a sequence of bilinear interactions
involving scattered waves.

Although it is straight forward to write down the expression for
the operator o [21, 10] it remains numerically intractable.

3.2 Low Temperature Kinetic model

The complexity of the kinetic expression for the source current (12b)
is connected with the fact that it involves the full detail of the distri-
bution function pertﬁrbations, f2 and f®, associated with the inter-
acting waves. Its complexity can, however, be significantly reduced
by assuming that thermal effects are small at the frequency and wave
vector, (k®,w®), of the scattered wave, or more precisely that (f° )
(Lf° =F2-9pf° + FP - 9, f2) is significant only when

v ) kj vy kS ‘
-<1; W <1, nez; =L <1, (13)
c ws 4+ nw, We

where w, = —¢.B©) /m, and || and L indicate components parallel

and perpendicular to B, With these assumptions the expression
for the source current reduces to a numerically tractable expression
which involves only the zeroth and the first order moments of the
distribution perturbations associated with waves a and b [10],

sab

6 1
il = :(0‘;’6{ o‘E’6 + €mn?® BP + Y,mn—v Eﬂ} . (14)
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Here 5:% = 6a.a6b,3 + 6ba6aﬂ,

n":/f"‘dp, v = /vjf“dp,

and o° is the cold electron conductivity at the frequency of the scat-
tered-wave, while

S k;c -1
Yimn = ;s—rijab(‘san6bm + 6amébn) ’

p-1 (e + Giamip) 20%6ia€jo + (1 = 2Q%)miamj
ijab T 1 — 402
iac'b + Cia. b — i Cia{ b + é.iac'b
+7l J 77.71_9(2 J J)+CiaCjba

and Q = w./w®, gi; = §;; — 6i30;3, &ij = €53, Cij = 6i3bj3.

It is remarkable that although the low temperature kinetic (LTK)
expression for the source current (14) involves only the zeroth and
first order moments of f2 and f it nonetheless introduces no new
assumptions about the nature of the interacting waves a and b relative
t?) the full kinetic expression which involves the full detail of f2 and
fe.

Till this point the source current expression has been symmetri-
cal with respect the interacting waves a and b. We now break this
symmetry by assuming that the plasma dielectric response is cold at
the frequency and wave vector (k',w') of one of the interacting waves,
hence forth referred to as the incident wave, i, while maintaining the
generality for the other wave which we will refer to as the fluctuations,
é.

This permits us to use the cold plasma relations to express Bi,
Ji and ni all in terms of Ei. We then find that the source current is
given by [10] '

8

, 0% . 1 i 1
]f = n—(z(‘;—)E; { 61117&6 + z (fjkmemnlN;z + Yjskl'E) 52 (15)

ol 1 .
+ __qu [fjkai + = (656N + Vi) E:‘f] } :

e
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where o' is the cold electron conductivity at the frequency of the
incident wave and N J‘ = k}c Jw! is the refractive index of the incident
wave. :

In a wide range of scattering experiments in laboratory plasmas
the frequencies of the incident and the scattered waves are sufficiently
high that the plasma can be treated as cold for these waves. The
phase velocity of the observed fluctuations are, however, typically of
the same order or smaller than the thermal velocities of the electrons
and uncorrelated motion may also have to be taken into account,
both of which makes it unacceptable to regard the fluctuations as
cold collective oscillations. In this case we can make use of the low
temperature kinetic model of scattering with the source current given
by (15).

Solving for E® in (12a), taking the ensemble average of the square
of E° and accounting for the transfer of power through an anisotropic
inhomogeneous plasma in the WKB approximation [22] we find the
equation of transfer for a scattering system [23, 10] giving the power
received by a diffraction limited receiver:

S

?95 — = PIo, (A)*r2n©® 2%2. (16)
A = wife, re = ¢2/Amegmec? is the classical electron radius and
Oy is the beam overlap which is defined in terms of the normalized
beam intensities, Z, for the transmitter and receiver beams and which,
in the case of uniform beam intensities and perfect intersection, is
identical to the ratio of the scattering volume, V, to the product of
the beam cross sectional areas, A:

i s ~ Vv
Op = /RaI(r)I (r)dr= YR 17)

Op will have some frequency dependence due to varying refraction
but most of the spectral variation of the received scattered power,
P5, is due to the scattering function, ¥, defined as

_ _ @) 1 @) &(8)» '
Y= azﬁ Yop, Xap= w_;}SiSs G,’ (aiﬂi’> G,’l s (18)

with o;,8; = E;, B, jiyn and the dielectric coupling operators, é,
defined as

GM = (ef)xyel (19)
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~ (B " 'wi

ch ) = (es) ijejmk % Xmlel (20)

~ (i .1 ki . 1\

Gg) = (63) q_e (X?jejkmfmnlw—? + X,'klz) 6’1 (21)
Y A~(E * iwl €0

G = (e (i X2 ) d. @)

The normalized flux and field of the incident radiation is defined by
S' = Ni|ki-Re{(k-€')(e')*}|, &' = EV/|E'|, N' = Ke/w' , K = ki/K .

Similar expressions for &° and e® relate to the received scattered
radiation. All quantities in X refer to conditions in the scattering
volume.

(i) is the ensemble average of the product of two microscopic
fluctuating quantities, i.e. the correlation function, which is macro-
scopic. The diagonal elements, such as (@f), are the power spectra
of the microscopic fluctuations in the particular quantities. It is im-
portant to note that the scattered power depends also on cross cor-
relations between fluctuating quantities represented by off diagonal
elements such as (B;i).

We have now outlined in which form we need to derive expres-
sions for the microscopic fluctuations. This is the subject of the next
section.

4 Kinetic model of electromagnetic fluctuations

Kinetic models of electrostatic microscopic fluctuations have been
studied extensively (see for instance [25, 24, 20, 26]). Using Liouville’s
theorem ROSENBLUTH and ROSTOCKER [25] established the much-
used dressed particle approach in the electrostatic approximation.
This approach has also been applied to electromagnetic fluctuations
[21, 7, 8]. Liouville’s theorem cannot readily be applied to such fluc-
tuations. It is, however, straightforward to extend the microscopic
kinetic discussion of electrostatic fluctuations due to KLIMONTOVICH
[20] to allow for electromagnetic interactions. We give a brief sketch
of this here, which will serve to outline the physics basis of the model
We use and confirm the validit.y olf1t7he dressed particle approach also



for electromagnetic fluctuations under appropriate assumptions. The
discussion follows our development in [9] closely.

The microscopic fluctuations, ( f,E, ]:3»), are governed by Maxwell’s
equations and the dynamic equation (6). Neglecting collisions elim-
inates the last two terms in (6). Neglecting the influence of other
waves on the fluctuation spectrum, f and F simplify to f = f(©),
F = 0, where f(© is the unperturbed macroscopic distribution func-
tion. Equation (6) then takes the form

Lf+F -8,/ =0. (23)

Integrating along characteristics we find that f= f(o) + f(l)
where the complementary function,

O, x,0) = f(p'(T),¥(T),T), (24)

is the soloution of

L) = (25)
and

(1)(p,r t)= /Tt F(r'(r),7)- (?pf(o)(p'(r)) dr, (26)

is the particular integral. The characteristics, (r'(7), p'(7)), are the
solutions to the coupled equations

a,x'(r) = p'(r)/m, 8,p'(r) =q(vx BO) (27)

P(H)=p, r(t)=r.

We have chosen fr}l)(p, r,T)=0,so f(o)(p,r, T)= f(p,r,T).

We note that the fluctuation in the distribution function natu-
rally splits into two parts, f;o) and f}l). f}o) represents the evolution
of the microscopic distribution f from time T if particle interactions
were neglected, i.e. the free streaming of fictitious particles along
characteristics given by (27). In the following discussion we consider
fO = fg) where ¢ — T" is much larger than all characteristic times
associated with the plasma dielectric response, and only formally let
T' tend to minus 1nﬁn1ty after ensemble averages have been taken.
fO = limp__eo fT given by expression (26) is the dielectric re-
sponse of the plasma to the m1cii>scop1c fields (E B) Writing the



current jJ) = ¢ [v f) dp as the dielectric response, —iweoxE, and
letting jO =4 fv f© dp be the current associated with the motion
of non—interacting charges, we have

N —i = (a
AiJ'EJ:(k')w) = w_go Z]i( 0)(k,w) (28)

where €;; = 6;; + ), X(“) and ¢ indicates charged particle species.

In the dressed particle picture f© represents the unscreened test
particles while f f(1) represents the screening of the test particles.

Inverting (28) and making use of the relations wB = k x E,
5@ =30 — jweox(OE and we.n(®) = k - J(©), we have

Q; = ’S‘flc:z) Z“?'.I(caO) + §$:e)3£60) y Q= -E‘ia Bia Jis 1, (29)
a#e

where we have introduced the fluctuation operators:

8B - A1 b

ik ik weo (30)
s = ke,ﬂk s(E) (31)
SP = X9z, 8§ =80+ (32)
a(na) ki &G0) .
S; ol Si’, a=t,e. (33)

The transform of the correlation of any pair of the set of field and
fluid variables can now be written

(abo) = 857 (GEOFE7) 80R + 859 (Fe0547) 86, (30)
so for instance

=1 A—=1x%
i\ g (7030 §Ex _ M A [7(0)x(0)
() =50 (03 st = 20 (o). o
Here <~.(i0)~.(i0)> - Ea#e(JI(caO)]]g?O)) and (J£0)1(0)> O(tO)](zO)) +
(U 305 (eO)> In numerical calculations it is generally most efficient

to retain the operator form. 119



The correlation tensor for the unscreened currents,

(#35%) = ¢ [ oo (FO@)/w)) dpdp’,  (36)

can, for a homogeneous and stationary plasma, be expressed in terms
of the unperturbed macroscopic distribution function for species a,
£(39), by solving expression (25) in the form

Lo (7O (x, 1), #)) = 0 (37)
with the initial condition
(7, #) O, ¥)) = 6(x - ) fO(x).  (38)

The latter assumes that initial correlations at time 7" can be ignored
as (' = T) — oo. This is reasonable bearing in mind that the cor-
relations are due to particle interactions which are absent for the
fictitious test particles that f(2) represents. The test particles are
identical to the real particles at time T', so some time must pass be-
fore the correlations existing at that time are lost. Carrying out the
integrations we find

%(a0)(a aqa
<J( 05 0)> (2)? |y ./dpJ.PJ. Z cici f O (pr,my)  (39)

where
Iwca

Jl(k.LP)
bW = lwe,
C = -wLJl(klp) ) p= mak_“ . (40)

o Ji(kLp)

Here || and L indicate the components of a vector parallel and per-
pendicular to B(©), J; are Bessel functions of the first kind of order !
and J] their derivatives, p = v /we, and we, = q.B©® /my,.

5 Comparative investigation of scattering model

The model of microscopic fluctuations, bilinear interactions and scat-
tering, developed in the preceding sections is in many respects more
comprehensive than earlier models. In this section we investigate the
significance of the various physics aspects which have been included

here and compare with simpler and earlier models.
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5.1 Scattering from density, current and field fluctuations

In the present model we have included scattering due to density, cur-
rent and field fluctuations. Frequently only scattering due to density
fluctuations is included. This is in many situations an excellent ap-
proximation. Under certain conditions, which are of present experi-
mental interest, scattering due to fluctuations in the other quantities
is important and the phase relations between the fluctuations, ac-
counted for by the cross correlations, is essential. To see this we
note that the scattering function, ¥, consists of diagonal elements
such as ¥,, and ¥pp and off diagonal elements such as ¥,5. All
elements satisfy the symmetry ¥,5 = Zfaa’ so Yo, considered as a
matrix with indexes (o, (), is Hermitian. It follows that the diagonal
elements and the sums ¥,3+ X g, are all real. While the diagonal ele-
ments are positive definite the real parts of the off diagonal elements
may be either positive or negative. The off diagonal element X,z
has a maximum magnitude of (4,2 ps)'/? and can thus significantly
affect the scattering function when scattering from for instance den-
sity and magnetic field fluctuations are both important. Depending
on the phase between the fields scattered from these fluctuations ¥
may in some conditions be much smaller than the trace, ¥, + XpB,
or indeed twice that. The scattering function and diagonal elements
plotted in Figure 1 demonstrate the former for near perpendicular
scattering for parameters relevant to the CTS at TFTR.

Figure 1: X, (solid curve) and X,
and Xpp (broken curves, nn and BB),
versus »5. v = 70 GHz, B® =5 T,
ne = 102°m=3, np = ny = 0.48n,,
ng = 0.02n,, T. = 20 keV, Tp =
Tr = 30 keV. Alpha particles: classical
slowdown distribution, Ej = 3.5 MeV,
ve = 0.07vr,. 0 = £(k', k%) = 20°, ]
¢ = £(k°,B®) = 86°. X to X mode  wi s —ar—ar—ar—a—a.
scattering. e

The structure at low frequencies is due to damped ion—Bernstein
modes while the peak at v® ~ 6(}5117 GHz is due to the fast magne-



tosonic wave. We note that there is a range of frequencies in which
Y is smaller than ¥, by up to two orders of magnitude and that in
this range X,, ~ Xpp while ¥,p + Xp, % —(X,.r + XBB), resulting
in near cancellation of scattering from 7 and B.

5.2 Electromagnetic contra electrostatic

07 10
138 1385 130 1305 140 1406 141 1415 142 137 138 ()
Froquency / GHz

Figure 2: Electromagnetic and electrostatic versions of T versus v, Vi =
140 GHz, B® = 34T, n, = 6x10°m=3, np = nr ~ 0.5, ne = 0.003 n,,
Te = 12 keV, Tp = Tr = 20 keV. Alpha distribution as in Figure 1.
6 = 20°. (A): ¢ = 88° O to O mode, electromagnetic (solid curve), and
electrostatic (broken curve). (B):¢ = 70°, X to O (X-O) and O to O (0O-O)

for electromagnetic (m) and electrostatic (s) models.

Another common simplification is to compute the microscopic
fluctuations in the electrostatic approximation, that is, the screen-
ing of the test particles (we are referring here to the dressed particle
picture discussed briefly in the preceding section) which is due to
the dielectric response of the plasma is accounted for only in the
electrostatic approximation as opposed to the full electromagnetic
description used here. Again this is an acceptable approximation
in many situations. It is not acceptable if the spectrum of fluctu-
ations includes weakly damped electromagnetic waves, such as the
fast magnetosonic wave, as demonstrated in Figure 2(A). It is also
not generally acceptable for cross mode (eg. X to O) scattering as
shown in Figure 2(B). For the O to O mode scattering, also shown
in this figure, the electrostatic approximation is very good.
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5.3 Moments models

The last difference we will discuss here between the present model
and earlier models is the derivation of the source current used in
the modelling of the bilinear interaction of waves. Until recently the
most comprehensive and tractable model was derived from the cold
fluid set of equations. Our model is based on a microscopic or kinetic
description. There is no computational saving in the cold fluid model.
Whether it is conceptually simpler is a matter of debate. The cold
fluid model does, however, have important limitations in its range
of validity which have only recently been uncovered [10, 12-18]. In
particular it does not correctly describe scattering from microscopic
fluctuations, a use to which it has often been put.

The fact that the low temperature kinetic expressions for the
source current, (14) and (15), involve only zeroth and first order
moments of the distribution functions of the two interacting waves
suggests that the source current may be derived with the same gen-
erality from a sequence of moments of the kinetic equation (5). The
simplest set of equations we will consider consists of the zeroth and
the first moments of (5) (with (F-8p f) = 0). In order to truncate the
sequence of connected moments equations we assume that the second
moment of the distribution function,

;0 = /Ui'vjf dp , (41)
is related to the lower moments as
oy = L (42)
n

This is in fact the cold fluid model which Sitenko [27] and others
used for deriving expressions for the source current. In these deriva-
tions the solution was found by a perturbation expansion of the fluid
velocity u; = 7;/n. The result is

. o E¢nf m
3= 63%{% + aflqmnuf‘nt - q - af,u?k;-"u? . (43)
€

Replacing a and b by i and é and then using the linearized continu-

ity equation, the linearized momentum equation, u} = oi; E1/(g.n(")),
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and Faraday’s law, all for i, expression (43) can be written as

. . a'i.lns Ufjfjkmo‘}czBfn i
Ji = E;(T;(O) + nOgq, + . ki NVibim (44)

. . wi . .
+ o3 lN;6lm = 81N ~ —3 Xk («%kkin + 6jmki)] }ufn> ,

p

where w? = n(%¢?/(m.eo). This expression for the source current

of the scattered field in a magnetized plasma is identical to [28, ex-
pression (20.3)] and [27, expression (11.5)], except that we have used
ST units. This model is accurate in the limit where the two inter-
acting waves (in the case of scattering, the incident wave and the
fluctuations) and the resulting scattered wave all are cold collective
oscillations [13]. In this limit the predictions of the cold fluid model
coincide with the predictions of the low temperature kinetic model.
When one or both the interacting waves are not cold collective oscil-
lations, as in the case of scattering from thermal fluctuations, then
the cold fluid expressions (43) and (44) are not guaranteed to be
, accurate [10], indeed large errors may occur for collective scattering
experiments in fusion plasmas [14]. For these situations the low tem-
perature kinetic model given by expressions (14) and (15) should be
used instead.

In [10] we noted that the failure of the cold fluid model in de-
scribing the interaction of arbitrary waves is due to the fact that the
set of equations is solved by expansion in electron fluid velocity rater
than electron flux and that the sequence of moments equations was
truncated too early by assuming (42). We further showed that if the
sequence of moments equations is truncated by assuming instead that
the third moment of the distribution is zero,

U050k = /vivjkadp =0, (45)

so that the second moment ;v; is given by the second moment equa-
tion, and replacing the expansion in fluid velocity with an expansion
in flux we recover the low temperature kinetic expressions (14) and
(15).

We now consider in turn the effect of the early truncation (42)

and the expansion in fluid velocity. Carrying out the expansion in
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flux but applying the early truncation (42) we have [10, equation 96]

ik3m
{naE{’ + €maeBP — —2 e-a#?} . (46)

g 5153% -
n©g, '

TS0

The derivation of the low temperature kinetic expression for the
source current (14) is based on an expansion in powers of velocity
of the kernel of the integral operator o; (c.f. equation (12b)). The
zeroth order terms of this expansion led to the terms nbE;‘+ n“E,b +
€imn (05, B2 + 92, BE) in (14), which we note have been recovered
in (46). The first order terms in the expansion of the kernel of o;
led to the term Y2, (95, E2 + 3 E®) /c which is not recovered in
(46). We thus find that the difference between (46) and (14) is of first
order in the small variables introduced in (13). Therefore, provided
the conditions imposed by the inequalities in (13) are sufficiently well
satisfied that the first order terms can be neglected the expression (46)
like (14) is valid for arbitrary interacting waves a and b. When first
order terms cannot be neglected (46) and (14) coincide in the limit
where a and b are cold collective oscillations but not for arbitrary a
and b.

To see the effect of expanding in fluid velocity rather than flux we
turn now to comparing (46) with ‘the cold fluid result (43). First we
note that for arbitrary fluctuations the two expressions differ even in
the lowest order terms. Making use of the relation k® = k® + kP we
can rewrite (43) on the form

o _ 0?16:% ___7._1'_ aya pofB + ime —-akﬁ B (47
I O iwgw XikZk T qen(o)vl i )
ikim
B8 _ M1 —af
+€Imn5$an n(o)qe-ﬁ(lxvj} ’

where [T = —iw®5;; +weei;xBY/|B©)]. Note (w®/iw)IEx3, = Sik.
In the limit where both interacting waves a and b are cold collec-

tive oscillations E¢ = (g./ 6owg)llf‘ﬁ?‘ , a = a, b, and we have

T X Efn® + —— s TpkE TS = Efn
P et
and similarly with a and b interchanged. When these relations hold,

(43) and (46) coincide. It thus appears that the effect of expanding in
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fluid velocity rather than flux is to limit the range of validity of even
the lowest order terms to the interaction of cold collective oscillations.

To understand where the difference between the two expansions
arises we observe that the flux is linearly related to the distribution
perturbation f while the fluid velocity is non-linear in f. Thus the
fluid velocity perturbation, u®, with frequency and wave vector of the
scattered wave involves also the velocity distribution perturbations
associated with the interacting waves, a and b:

v vanb 4 vbpa

20 T T ()2

u

(48)

By perturbation expansion of the first moment equation in v we
find that the flux associated with the scattered wave satisfies the
relation

0,v% — ;Zf(n(o)Ef + €T3 BL)) (49)

= -0, 00 + :z_e [naE}D +nPE2 4 €k (i)“;-‘B,E + F?Bz)]

(4

This equation can also be obtained as the first moment of
LfS=-F-8,fO —F>.0,f> —F°.9,f° (50)

which is the second order perturbation of the kinetic equation (5).
When solving (49) with (42) for the scattered wave instead of (50) we
approximate the detailed behavior of f* by the behavior of its lowest
moments and thereby introduce the low temperature approximation
for the scattered wave. This does not prevent us from letting the
interacting waves be governed by the first order kinetic equation

Lf*=-F*.8,fO  a=a,b. (51)

In contrast to this, when expanding in u we find that the fluid
velocity perturbation with the frequency and wave vector of the scat-
tered wave is given by

_ugpor, u?
n(0)

dut — = (B} + eijpus BY) = 625 { + qeeijkﬁ‘;‘Bf} (52)
Me Me
from which the cold fluid source current is derived. Expression (52),

unlike (49), does not in general permit the interacting waves to be
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governed by (51). To see this we multiply (52) by n(9), subtract (49)
and make use of (42) to find

§2bn™ {3 T, — ;7,_ (n(O)E’@ + €k B( ))} 0. (53)

As n® and nP are independent the identity in (53) generally only holds
when the content of the curly bracket is identically zero,

3[(7? - ;q;—e (’n(o)Eiﬁ + eijkﬁfB,(co)) =0, fB=a,b. (54)

(54) is the truncated first moment of (51) which holds only for cold
collective oscillations. Hence we see that expanding in u rather than
¥ has the consequence of imposing the approximation implicit in the
truncated sequence of moments equations not only on the scattered
wave, but also on the two interacting waves. It is possible to show
the more general result that if the expansion is carried out in a set of
variables which is non-linear in f and the kinetic equation is approx-
imated e.g. by a truncated sequence of moments then the limitations
implicit in this approximation apply not only to the scattered wave
but also to the interacting waves, while the limitations apply only to
the scattered wave if the expansion is linear in f. It therefore matters
which set of variables the expansion is carried out in, except when
the complete kinetic model is applied.
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EXPERIMENTS ON THE COLLECTIVE THOMSON
SCATTERING OF POWERFUL 140 GHZ RADIATION
AT W7-AS

E.V. Suvorov, A.B. Burov, Y.A. Dryagin, A.A. Fraiman,
L.M.Kukin, A.V.Kostrov, L.V. Lubyako, D.A. Ryndyk,
A.M.Shtanyuk, N.K. Skalyga, O.B. Smolyakova, V. Erckmann¥,
H. Laqua*, T. Geist*, M. Kick* W VII-AS Team* ECRH Team?*,
NBI Team*, E. Holzhauer’, W. Kasparek’

Institute of Applied Physics, Nizhny Novgorod, Russia
*Max-Planck-Institute fiir Plasmaphysik, Garching, Germany
TInstitute fiir Plasmaforschung, Universitet Stuttgart, Germany

Powerful gyrotrons have a good principle prospects for using in collective
Thomson scattering (CTS) experiments aimed to the investigation of ion
distribution function. Their advantage as compared to e.g. CO, radiation
sources is the possibility to use 90 degree scattering (instead of practically
forward scattering) with good spatial resolution. Among other sources D,O
have demonstrated very good ability for ion temperature measurements in
moderate size tokamaks !"?, but these sources have very limited pulse
duration which strongly reduces the sensitivity of CTS technique based on
.them. Powerful gyrotrons developed for electron cyclotron heating and
current drive at present reached pulse duration of order of few seconds and
now are challenging cw operation. This gives opportunity to increase es-
sentially the sensitivity of CTS systems based on gyrotrons due to averag-

ing procedure by so called radiometric gain G = \/Af ® 7, where Afis the

bandwidth of the spectral channel and 7 is the averaging time. With the
typical bandwidth of order of hundred MHz the gain of 2-3 orders of
magnitude and even more can be reached. This is the main reason why
CTS experiments with the gyrotron as radiation source were planned and
performed at a number of fusion installations %) the other reason is the
fact that at present gyrotrons are available in many laboratories being in-
volved in ECRH and ECCD experiments. In the present communication
taking as an example CTS experiment at W7-AS we discuss the main
problems related to using gyrotron as a radiation source in a moderate size
installations. Some estimates will be given for possible gyrotron applica-
tion to a-particle diagnostics in reactor-scale tokamak using CTS tech-
nique.
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Installation, plasma parameters, scattering geometries

W?7-AS is one of the biggest stellarators which may be considered as a
moderate size fusion installation (major radius about 2 m, averaged minor
radius about 0.2 m). Operating regimes of the installation are related to
existing ECRH system based on gyrotrons delivering powerful radiation at
70 and 140 GHz (see more in detail e.g. Paper H6 of the present volume),
this implies that magnetic field in the stellarator is around the values 1.25
T (the second cyclotron harmonic for 70 GHz) and 2.5 T (the first har-
monic for 70 GHz and the second harmonic for 140 GHz). Microwave
power is injected into stellarator in sections where plasma column has el-
liptical cross-section strongly elongated in vertical direction; the magnetic
field structure in these sections is close to that of a tokamak with rather
low shear and radial variation with a scale length about 1.5 m. The typical

plasma parameters are: n, = (02—1) 10" cm?, T, = (1-2) keV, T, =
(0.2-0.4) ke V. -

|
%
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Fig. 1 Fig. 2
CTS geometry in Section 1. CTS geometry in Sectrion II.
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Two antenna blocks for CTS at 140 GHz are installed in two ECRH
sections; both of them are using existing launching antenna systems for
ECRH at 140 GHz. Receiving CTS antennae installed at present are es-
sentially different from each other. Antenna installed in Section I is a circu-
lar monomode waveguide surrounded by reflecting mirror to form qua-
sioptical rf beam in the plasma volume (see Fig.1) which introduces rather
strong additional attenuation (25-30 dB) into receiving transmission line.
This antenna is rigidly attached to the movable mirror of launching an-
tenna for powerful gyrotron radiation thus forming a fixed scattering ge-
ometry close to back-scattering; this fixed antenna beam crossing geome-
try may be scanned both in vertical and horizontal directions. Receiving
antenna installed in Section II is the conical hom with two reflecting mir-
rors (one is focusing and other is flat) with rather low losses and practically
immovable vertical receiving radiation pattern (see Fig.2): Two 140 GHz
gyrotrons are installed in this section; both of them provide scanning of
horizontally launched rf beams in vertical and horizontal directions and
may be used in principle for CTS with approximately 90 degree scattering
geometry.

The polarization of radiation launched into the plasma is controlled by
the universal polarizer in every rf beam. The scattered radiation may be
analyzed in two orthogonal linear polarizations in Section I; in Section IT

“only linear polarization corresponding to O-mode propagating transverse
to the magnetic field may be analyzed. All rf beams (probing and receiv-
ing) are quasioptical with the circular cross-sections in the plasma, beam
diameters are about 4 cm. This means that in Section I there is no spatial
resolution along major radius of a torus, while in Section II there is a pos-
sibility to provide local measurements with the dimension of scattering
volume about 4 cm.

Gyrotrons for CTS experiments at W7-AS

At present gyrotrons used in collective scattering experiments are designed
as powerful microwave sources for plasma heating. However there are
some essential differences in gyrotron parameters required for plasma
heating and for collective scattering. For ECRH it is necessary to provide
high power in a long pulse at the frequency corresponding to ECR condi-
tion. For collective scattering usually it is enough to have moderate power
with moderate (sometimes even short) pulse duration, but additional rather
strong requirement are: the mode purity, low frequency drift during the
?iasurements and very high from-shot-to-shot stability of gyrotron operat-

131



ing regime. Besides in order to diminish the level of ECE noise accompa-
nying the scattering signal it is highly desirable that the frequency of
probing radiation should be somewhere between electron cyclotron har-
monics.

A rather serious problem for the moderate size installations is high
level of the stray radiation. It has a few aspects. First of all it is necessary
to protect the mixer of the detection system; to provide this notch-filters are
very useful, in order to avoid overloading in some cases it is necessary to
introduce additional attenuation at the input of the receiver which, of
course, diminishes the level of scattered signal as well. Another problem is
CTS measurements in ECRH regimes of W7-AS operation. As it was
discovered in experiments, it is impossible to perform measurements of
CTS signal in ECRH regimes when a number of tubes are operating simul-
taneously. Because of slight difference in operation frequencies of various
tubes these frequencies are as a rule within detection system band of
analysis and outside the suppression band of notch-filter; stray radiation of
these tubes result in overloading of the detection system under arbitrary
experimental conditions. Moreover even the operation of 70 GHz ECRH
system overloads detection system due to scattered radiation at the second
harmonic of tube operation frequency. The best solution of this problem

~would be using for collective scattering a specially designed tube at the
different frequency; another approach is the construction of step-tunable
tube which in the main regime provides powerful long pulsed radiation for
ECRH and in auxiliary regime provides output power at slightly different
(by 10-15 %) frequency with moderate power and pulse duration satisfying
all necessary conditions for probing radiation. And, finally, with the stray
radiation at the probing frequency an eigen noise generated by the gyrotron
besides the main line comes to the detection system as a parasitic signal
which cannot be eliminated by the notch-filter; the only way to minimize
this noise is to provide as good as possible decoupling between emitting
and receiving antennae.

Investigations of frequency drift and of from-shot-to-shot stability of
operation regimes were performed for four 140 GHz gyrotrons with pos-
sess rf pulse parameters presented in the Table I

Table I Gyrotron Power Pulse duration Section
ALPHA1 0.5 MW 05sec 1
ALPHA I 0.4 MW 1.1sec 1
CHARLY 0.5 MW 30sec 1II
ECHO 0.5 MW 30sec 11

132



10 MHz/div

0 s 550.0000000 ms
a) ALPHA I

100 MHZ/div

|

P R
|
|

o
6 s 1. 60000Goao

b) ALPHA II

| S S

Fig. 3

Evoluion of radiation frequency of
“short” pulse tubes.

The frequency variation for
tubes ALPHA I and ALPHA 1I
are presented in Fig.3 (a and b).
It can be seen that these tubes
demonstrate two different types
of frequency evolution during rf
pulse: the total frequency varia-
tion for ALPHA I does not ex-
ceed 25 MHz during 0.5 sec
pulse; for ALPHA 1I there is
practically linear frequency
drop during 1 sec pulse with the
rate -100 MHz per second. Both
tubes have very high from-shot-
to-shot stability of operation
regime (within few GHz of fre-
quency deviation). For long
pulse tubes CHARLY and
ECHO three-dimensional plots
spectrum versus time are pre-
sented in Fig.4. For these tubes
programmed establishing of
quasi-steady-state regime of
microwave power generation is
provided; during this stage
rather fast frequency drift of the

main line takes place. These transient regimes are strongly different for two
tubes: for CHARLY during transient time about hundred ms the variation
of central line frequency is about 600 MHz; the corresponding values for
ECHO are ~ 70 ms and ~ 70 MHz. From-shot-to-shot stability in the
transient regime for CHARLY is not satisfactory; so it is practically im-
possible to use this for CTS measurements in a short pulse. With ECHO
this is possible due to higher repetition stability. In a quasi-steady-state
stage of rf pulses repetition stability is satisfactory for both tubes.
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Detection system

The detection sys-
tem is based on the
superheterodyne

receiver with the
Shottkey balanced
mixer and BWO
local oscillator with
the output power
about 50 mW tun-
able within fre-
quency range 110-
170 GHz; nominal
heterodyne  power
needed for the mixer
operation is about 5
mW. The noise tem-
perature of the re-
ceiver referred to the
mixer is about 0.2
eV. LO phase

Fig. 4 locking system pro-
Spectrum evolution of radiation of ides relative fre-
long pulse tubes. quency stability

better than 10°®.

At the receiver input notch-filter for suppression of stray radiation and
high-frequency attenuator are introduced. Tunable notch-filter based on the
monomode rectangular waveguide with a number of cylindrical cavities
coupled to it ! provides attenuation more than 40 dB in the + 20 MHz
band from the line center; attenuation outside + 100 MHz band from the
line center in not more than 3 dB. Electrically controlled attenuator at the
receiver input increases the dynamical range of the detection system op-
eration within 0 - 50 dB. It also provides protection of the mixer (by means
of programmed gating at -50 dB level) from the stray radiation which may
be presented outside the notch-filter suppression band in some regimes of
stellarator operation or in transient regime of gyrotron operation.

In spite of syperheterodyne receive the main regime of the detection
system operation is based on the “homodyne scheme” in which LO fre-
quency coincides with the frequency of probing radiation. This scheme
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assumes that the scattered radiation spectrum is symmetric with respect to
the probing radiation line and up- and down- shifted frequencies after
mixing are summed into the same IF range. So the analysis of scattered
spectrum is performed at intermediate frequencies. IF spectrum analyzing
system includes two filter banks. The main frequency analyzer cover the
range of analysis from 50 to 1200 MHz and consists of 32 closely packed
channels with the relative bandwidth of every channel and the relative fre-
quency difference between adjacent channels being about 10 %. Decou-
pling between centers of adjacent channel is better than 20 dB. The main
frequency analyzer is capable to cover the thermal ion feature in a rather
wide range of plasma parameters (D and H plasmas, ion temperatures from
0.1 to 2 keV, scattering angles from 60 to 180 deg.) “Zoom” frequency
analyzing covers total band of analysis about 100 MHz. It consists of 20
identical channels with the bandwidth about 5 MHz and the same separa-
tion between adjacent channels. “Zoom” system is tunable within total
band of the main frequency analyzing system and provides principle oppor-
tunity to investigate possible fine structures in the spectrum of scattered
radiation. Intrinsic integration time of the detection system is about 1 ms
which provides “radiometric gain” from ~50 (in narrow channels) to ~200
(in wide channels).

Analog outputs from all 52 channel comes to data acquisition system
in which ADC with high sampling rate (essentially higher than inverse
natural integration time of the system) provides storage of digital informa-
tion during the whole plasma shot up to 1 sec duration. A number of rou-
tines provide data processing of stored information, in particular, it is pos-
sible to increase “radiometric gain” using long gyrotron pulses for CTS.

Calibration of the detection system

The laboratory calibration of the detection system was performed using
gas discharge noise source and demonstrated that expected sensitivity was
achieved.

The experimental results obtained up to now are mainly related to the
scattering geometry in Section I with using ALPHA II tube. Due to the
fact that the receiving antenna in this Section is looking practically in the
direction of major radius there is a very nice possibility to perform absolute
calibration throughout the whole receiving transmission line (including
receiving antenna) using black-body plasma radiation at the second elec-
tron cyclotron harmonic as a calibration source. In order to avoid all dis-
turbances from the gyrotron operation the calibration was performed with

135



the plasma supported by NBI
heating system only. Comparing
output signals from gas discharge
noise tube and from the plasma

3

2 Pl L oaeee gives opportunity to estimate the

U . signal attenuation in the trans-
mission line which is within 30-
35dB.

v "3 ronm T Fig.5 presents the result of

ECE measurements at the fourth

Fio. § cyclotron harmonic. It can be

& clearly seen that in spite of strong

Spectrum of ECE at the 4-th harmonic attenuation in the transmission

registered by CTS detection system. line flat ECE spectrum is regis-

tered at a rather low level (about

2 eV) which confirms the sensitivity of the registration system. Absolute

value of ECE radiation temperature at the fourth harmonic is also con-

firmed by independent measurements with routine ECE diagnostic system
operating at W7-AS.

Unfortunately the possibility of absolute calibration does not exist in
the scattering geometry in Section 1I. Relative calibration can be per-
formed there using either gas discharge noise source or “grey-body” ECE
at the second harmonic. Only some indirect considerations can be used for
estimates of the absolute values of scattered signal.

Experimental results

The main aim of CTS experiments at W7-AS is the detection of thermal
ion features in the scattered signal. The signal value in terms of noise
equivalent temperature may be estimated as (see also m)

T,(eV) = 350G,G,P,(MW) .( L

) 4cm
20cm lO"‘ m [T(keV) keV

where G, and G, are polarization factor and emitting-receiving antenna
beam crossing factor respectively, P, is the probing radiation power in MW,
L is the length of scattering volume in the direction of probing beam
propagation, d is the diameter of emitted and receiving beams; the remain-
ing values are quite evident. The estimate is presented for the probing ra-
diation frequency 140 GHz used in W7-AS CTS experiment. Due to un-
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certainty of G, and G, factors the :
expected signal level is uncertain as x

well and may be estimated as being empty chamber
equal from ten to few tens of eV. So B30w
in order to avoid strong ECE back-
ground CTS measurements were
performed with magnetic field value
1.25 T. This resulted however in the
enhanced level of stray radiation
because it was practically not ab-
sorbed by the plasma which cir-

cumstance limited pulse duration of ST T

the probing radiation. e eeeno L

To minimize the stray radiation ' o !
level a number of gyrotron pulses fm“mg,zam 04
were fired into the empty chamber
with the different orientations of Fig. 6
launching-receiving antenna block. )

In the optimal position the stray ALPHA II.n01se spectrum (01'05535)
radiation level at the receiving an- together with ALPHA I noise spec-
tenna input was less than 100 w  trum from [8] (dashed line).
which corresponded to antenna de-

coupling about up to 40 dB.

Shots to the empty chamber were used for the measurement of the
spectrum of eigen gyrotron noise in the band of the detection system
analysis. The resulted spectrum for optimal antenna position is presented in
Fig.6. The dashed line presents the spectrum of eigen noise of ALPHA 1
tube normalized to the same power which was measured in IAP ® using
quite different high-voltage power supply and different measurement pro-
cedure. These noises are comparable by the order of magnitude but possess
rather different spectra. The reason of this discrepancy is not clear; it may
be due to different power supply or due to difference of two tube designs or
even possibly due to additional amplitude noises resulted from the detection
of phase noises at the slope of notch-filter characteristics which was not the
case in the first measurement presented in ). CTS measurements in the
half magnetic field regimes may be performed only with short enough rf
pulses because launching of high power in a long pulse into the empty
chamber (or into nor absorbing plasma) is not desirable. The duration of
pulses used in reality was not longer than ~ 50 ms.

Tke¥)
9.3 0.4

0.2

0.1

o 42
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Fig. 7

Examples of ion feature in CTS spectra for

plasma densities 410" cm™ (solid line)

and 710" c¢m™ (dashed line).

Measurements of CTS
thermal spectra were per-
formed in altemative se-
quences of gyrotron shots into
the empty chamber and into
NBI supported plasma with
toroidal magnetic field 1.25 T.
The spectra resulted due to
scattering of probing gyrotron
radiation by the plasma were
obtained as the difference
between signals measured
with and without plasma with
the same position of antenna
block. An example of CTS
spectra obtained with this
subtraction procedure ! is
presented in Fig.7 for two
different plasma densities. The
signal level is higher for

higher density as it should be expected. Slight decrease in the total band-
width of measured spectrum with the density increase together with more
than proportional increase in the signal amplitude may be qualitatively

understood basing on the refrac-
tion effect. Another example with
more careful fitting procedure
to provide the best coincidence
with  theoretically calculated
spectrum is presented in Fig.8.
Attempts to detect ion feature
in scattering signal on the strong
ECE background in the full mag-
netic field regimes of machine
operation were not successful.
Instead quite unexpectedly a very
strong narrow-band  scattered
signal was discovered in the
lower-hybrid frequency range.
The signal arose simultaneously
with the launching into the plasma

Pq (eV)
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T =4ReV
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of hydrogen neutral beam for charge ex- T
change diagnostics. This peculiarity was 24
carefully investigated with the “zoom™ sys-
tem in a wide range of plasma parameters 1.5
and was interpreted as LH wave instability
triggered by transverse ion beam arriving in
the plasma with the launch of diagnostic
NB into it. An example of measured spec- 0.5
trum is given in Fig.9. For more details on !
the experimental and theoretical investiga- L o . S A mam
tions of this phenomenon see Paper N5 T Y B
presented to this Conference. Fi
ig. 9

Prospects for alpha-particle CTS spectrum from LH
diagnostics turbulence.

Due to long pulse operation gyrotrons in the

frequency range 140-200 GHz seem to be rather attractive for a-particle
diagnostics in reactor scale installations. First experimental results from
CTS experiments at JET are presented in the Paper H12 in this volume.
The main and pleasant difference of large installations from moderate size
one considered in the present communication is an extremely low level of
stray radiation. This removes the problem of gyrotron noise subtraction
from the measured spectra and essentially increases reliability of the data
obtained in experiments. The main noise source remaining in CTS spectra
obtained from large installations is ECE back ground. The estimate of
CTS signal from a-particles may be obtained from the given above for-
mula for 140 GHz probing radiation frequency. Taking beam diameters 4
cm, and scattering angle 30° (which means L = 20 cm) for typical a-
particle energy T, ~ 2.5 MeV one gets the full bandwidth of scattered sig-
nal about 4 GHz. With the moderate bandwidth of analyzing channel 100
MHz and gyrotron pulse duration about 1 sec it is possible to obtain
“radiometric gain” about 10*. This gives that with 1 % of a-particle con-
tent in D-T plasma with the density 10™ c¢m™ signal-to-noise ratio is about
unity for Tgcg ~ 10 keV. So the principle possibility of a-particle detection
exists taking into account higher a-particle content in the buming plasma.
However it is a matter of very careful investigation to search for probing
radiation frequency, scattering geometry and types of normal waves in
Probing and scattering radiation which provide low enough ECE back-
ground coming to the receiving antenna and low cyclotron absorption of

Py (MeV)
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both probing and scattered beams between antennas and scattering volume.
This should be done using ray-tracing technique with the detailed and ex-
act modeling of the density, temperature and magnetic field distributions in
the real installation but preliminary investigations on the rough models
point to some possible solutions.

Conclusions

Both thermal and nonthermal CTS spectra were registered at W7-AS in
the proof-of-principle experiment using gyrotron as a source of microwave
radiation. As it became clear at moderate size installation such as W7-AS
a special care should be provided to diminish the level of stray radiation
which introduced additional parasitic signal to that resulted from scattering
by plasma density fluctuations. It has beed demonstrated also that a sepa-
rate tube with the radiation frequency different from EC harmonics should
be used in CTS exepriments with the intense ECR plasma heating. Another
possibility is to design step-tunable gyrotron which may be used both in
the full power long pulse regime for plasma heating and in CTS experi-
ments with the different (by 10-15 %) frequency. In the last regime ex-
tremely high power and long pulse are not needed, but instead it is neces-
sary to provide high mode purity, low frequency drift during diagnostic rf
pulse and high from-shot-to-shot stability of spectral parameters of probing
radiation.

The next step in W7-AS CTS experiments will be change for Section II
with another tube as source of probing radiation and another (90 deg.)
scattering geometry which provides localization of scattering volume and
therefore more explicit model for fitting with culculated spectra.

The work has been supported by German Bundesministerium fur For-
schung und Technologie.
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COLLECTIVE THOMSON SCATTERING OF
MILLIMETRE WAVES IN JET

H Bindslev, J Egedal, J Fessey, J Hoekzema, T Hughes
JET Joint Undertaking, Abingdon, UK

Abstract

Initial results from The JET Collective Thomson Scattering di-
agnostic are presented along with estimates of its full diagnostic ca-
pability. It is shown that for diagnosis of alpha particle distributions
electron cyclotron emission (ECE) received via wall reflections must
be reduced by installation of a viewing dump and that at the high-
est temperatures down shifted ECE radiation in direct view of the
receiver is a serious limitation. Finally it is shown that significant
anisotropies must be expected in the distributions of thermo—nuclear
fusion products. Methods of diagnosing such anisotropies are being
considered.

1 Introduction

The JET Collective Thomson Scattering (CTS) diagnostic is expected
to be fully operational shortly, providing spatially resolved measure-
ments of the fusion alpha particle and other fast ion velocity distri-
butions. During.initial short pulse operation the bulk ion feature
was observed, with traces of ICRH driven tails. The signal to noise
ratios were in good agreement with theory, indicating that, when
fully operational, the diagnostic should be able to measure fast ion
distributions.

A 500 kW, 140 GHz gyrotron generates the probing radiation.
The frequency of 140 GHz was chosen because the spectrum of scat-
tered light remains sensitive to the fast ion distribution at relatively
large scattering angles, refraction is tolerable and a source with suffi-
ciently high power and long pulse length was available. The injected
power has to be modulated to discriminate between the scattered
radiation and the much brighter (by 2 to 3 orders of magnitude)
background radiation from electron cyclotron emission (ECE). Fluc-

tuations on the background radiation are the main source of noise.
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For standard plasmas with toroidal magnetic fields of 3.4 Tesla, ECE
at 140 GHz emanates primarily from the inner and outer edges of the
plasma where 140 GHz corresponds to the fundamental and second
harmonic of the cyclotron frequency respectively. The ECE back-
ground is consequently at a minimum at the probing frequency. The
launch and receive antennas, placed at top and bottom of the torus
respectively, can both be rotated about two axes providing variable
scattering geometry and permitting the localized measurement to be
shifted spatially.

2 Diagnostic system

A schematic overview of the diagnostic is given in Figure 1. Only
a brief description is given here with emphasis on the initial perfor-
mance. A more detailed description of the system can be found in
COSTLEY ET AL. (1988) and HOEKZEMA ET AL. (1992, 1993).

25A

Modulator Gyrotron Qo universal
100 kV Reguiator 140 GHz polariser

= {= ——f=F

134-148 GHz

data signal heterodyne universal
acquisition detection polanser waveguide

Figure 1: Schematic overview of the diagnostic

The gyrotron can generate 500 kW RF at 140 GHz for 0.5 s. It
is important that the RF output is spectrally clean (i.e. power in
spurious frequencies in the spectral range of interest > 80 dB down
on power in the main frequency) because radiation in spurious fre-
quencies, entering the receiver as stray light, cannot be discriminated
from scattered radiation. Spurious frequencies were observed during
switch-on and switch-off but not during the flat top of the pulse ex-
cept at the highest power levels. For the initial operation the gyrotron
was switched on at 120 Hz for a ilgsmber of pulses of 1 ms duration.



The output of the gyrotron is mainly (> 90%) in a Gaussian
beam. The high power transmission line (Figure 2) uses a combina-
tion of quasi-optical and waveguide propagation. The first part of
the transmission system is quasi-optical. Most of the non-Gaussian
power is lost from the beam in this section which includes a polariser
to produce the desired elliptical polarisation to couple to either the
Ordinary or the eXtraordinary mode in the plasma. The Gaussian
beam is then coupled into oversized (ID 88.9 mm) corrugated wave-
guide in which the radiation propagates in the HE; ; mode. Proper
alignment of the beam into the waveguide and of the waveguide itself
is crucial to avoid significant mode conversion, which would affect the
quality of the beam at the end of the waveguide.

o
» [ 3

waveguide
calorimeter
/

universal
poleriser

quasi optical
tranemission

4

Figure 2: The high power 140 GHz transmission system

With correct alignment, the transmission efficiency of the 60 m.
long waveguide run, which includes 7 mitre bends, was extremely
good and the burn pattern on thermosensitive paper at the end of
the waveguide was closely Gaussian. The RF power level at the torus
was about 370 kW.

The last part of-the high power transmission line is again quasi
optical and a focused Gaussian beam, with a waist radius of 30 mm
at the plasma centre, is launched into the torus via a steerable mirror
from a top port. For the antenna orientations used in the first mea-
surements, only about 10 mW was coupled to the receiver as stray
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The receive beam also has a waist radius of 30 mm in the plasma
centre and the spatial resolution for the measurement is therefore
around 100 mm, dependent on the chosen scattering angle. Via a
steerable mirror, the receive beam is focused into corrugated wave-
guide, which initially has a small diameter (ID 10 mm) to allow cur-
vature around the divertor systems in the bottom of the torus. It
is tapered up to 31.75 mm in the bottom port and is continued for
~ 40 m to the detection system where the radiation is coupled into
fundamental waveguide via a polariser. The attenuation in the main
receive waveguide run is only a few dB. For the initial experiments,
relative calibration was obtained by assuming the radiation from the
plasma (ECE) is constant in the spectral range of interest and ap-
proximate absolute calibration by comparing these signals with those
measured by a cahbyated ECE diagnostic (although this has a differ-
ent viewing line throygh the plasma). Optimum overlap of emitter
and receiver beam patterns was established by scanning the rnain
receiver beam from shot to shot. Before the detection system, 2 fun-
damental waveguide notch filters in series removed the stray light.
The stray light attenuation at the centre frequency was at least 80
dB and the full notch width 200 MHz at -3 dB. The heterodyne de-
tection system measures the spectrum between 134 and 146 GHz in
32 channels. The channel bandwidth is chosen to be proportional to
the frequency shift. For the measurement of the thermal ion feature
only 10 channels closest to the central frequency are of interest. Of
these, calibration of the most central 2 or 3 channels is somewhat
uncertain due to the effect of the notch filters.

2.1 Results

For the initial measurement the O-mode was selected both for injec-
tion and detection. Ray tracing calculations were done to calculate
the required antenna directions and polariser settings for an expected
plasma. The scattering volume was placed in the centre of the plasma
and a scattering vector |[k| = 1500 m~! was chosen. The scattering
angle § = /(ki, k%) = 32° while ¢ = £(k%,B) = 122°. k' and k*
are the wave vectors of the incident and scattered radiation respec-
tively. In operation, only the viewing direction of the receiver beam
was adjusted to optimise the overlap. The scattering geometry is
slightly different for different pla.srsna, parameters, due to the effect
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of refraction, and was recalculated using the actual plasma parame-
ters. In practice, optimum overlap of the launch and receive beams
was lost whenever the plasma magnetic configuration or the density
was significantly changed. Generally, a number of similar plasmas
were required to optimise the overlap. It should be easier to find the
optimum overlap when the slave receivers are operational.

Clear scattering signals were seen from plasmas with By > 3 T
[HOEKZEMA ET AL. (1995)]. A sample of the raw data is given in
Figure 3. These data were taken shortly after a sawtooth collapse.
It is seen that the background radiation is going down (cooling of
the outer region where this radiation is emitted) while the scattering
signal goes up (re-heating of the central region where the scattering
volume is located). For this particular discharge, the scattered radia-
tion in the centremost channels was higher than expected, indicating
there may still be an effect of scattering off non-thermal fluctuations
up to a frequency shift of 100 MHz.

Figure 3: Raw data at Av =
600 MHz from a plasma with
B=31T, n, =3 x 10°m™3,
Te = T; = 3 keV, 1.4 MW hy-
drogen minority heating (ICRH).
Nine 1 ms pulses are injected at
120 Hz.

o 001 002 003 004 006 008 007 008 000
TIME / sec

It is also clearly seen from Figure 3 that during switch-on and
switch-off of the gyrotron the receiver is saturated. This is due to
spurious frequencies generated during switch-on and switch-off which
are outside the notch and enter the receiver as stray light. In some
channels, at'frequencies where spurious signals are present, positive
spikes are seen during these periods. Although the receiver seems to
recover quickly from these spikes, detailed analysis shows that there
are still some saturation effects during the gyrotron pulse. It is pos-
sible that this is due to a relatively high power level at frequencies
where the detection system is blind, i.e. at frequency shifts around 50

MHz where the notch filters start to transmit. For fast ion measure-
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ments, when much smaller scattering signals have to be detected, it
‘will be important to avoid these effects (by using a wider notch filter
and clipping the power during switching). At magnetic field values
below 3 T no clear scattering signals were found. This was expected
since 2nd harmonic absorption starts to interfere around 3 T.

Figure 4: Spectral intensity Ps NO: 35608
of scattered light normalized to
spectral intensity of ECE at 140
GHz. Shot # 35608 at 57.5 sec.
with 5§ MW ICRH, Tgcg = 325
eV. Histogram: Measured sig-
nal integrated over 2 gyrotron
pulses (1.6 ms).

Curve: theoretical fit. Given:
B=3.1T, n.=4.1x10°m™3,
T. = 3.0keV. 6 = 32°, ¢ = 122°.
Fitted: np; = 1.2 x 10°m™3,
TD1 = 3 keV, nNp2 = 0.8 x 0
10°m=3, Tpy = 20 keV, ny =

0.3 x 10°*m~3, Ty = 3 keV.

o

Scattered power / ECE at 140 GHz
o
o

T

An example of a scattering spectrum is given in Figure 4. The
histogram represents the measured spectral intensity in each channel
normalised to that of ECE at 140 GHz, which in this case was at
a rather low level of 325 eV (for comparison, the alpha feature will
only have a radiation temperature of a few eV). A theoretical fit is
also given, based on B, n. and T, values from other diagnostics while
the ion parameters are fitted. The fit is only illustrative. It assumes
that the central peaks are due to Nitrogen. The shift of ~ 30 MHz
could be induced by a toroidal drift velocity of 1.6 x 10° m/s. Power
accountability is quite good (although the absolute calibration is only
approximate): The absolute level of the measured spectral intensity is
~ 70% of that predicted by theory for perfect beam overlap. The post
detection signal to noise ratio, defined as the ratio of the scattered
signal to the fluctuations on the total signal, varies over the spectrum
between ~ 10 and ~ 100. Similar values are found for other spectra.
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3 Assessing diagnostic capability of the JET CTS

Collective Thomson Scattering (CTS) spectra, while sensitive to the
distribution of fast ions, depend on a wide range of plasma parame-
ters. In the presence of noise in the measured spectra, these do not
provide sufficient information to estimate all the relevant parameters
with acceptable accuracy; indeed masking, where certain variations
in parameters lead to no change in the predicted spectrum, makes it
impossible to settle the parameters without imposing external con-
straints, even in the most ideal conditions. These constraints can
take the form of parameters measured by other diagnostics or es-
timated on the basis of theoretical considerations. When assessing
whether it is possible to resolve a certain feature, in for instance the
fast ion distribution, it is not sufficient that the spectrum be sensitive
to this feature, there must not be any other unconstrained pertur-
bation of parameters which gives rise to the same spectral variation.
Such masking would lead to large uncertainties in the estimate of the
particular feature. Inaccuracies in the constraints can significantly
affect the diagnostic capability of CTS, and must be accounted for
when analyzing data and assessing diagnostic capability.

Extraction of fast ion distributions and other plasma parameters
from CTS spectra is generally done by some fitting procedure. For
the best use of the data this fitting should be based on a maximum
likelihood estimator which takes into account not only the spectral
noise but also uncertainties in constraints. Such an estimator was
presented in BINDSLEV (1995) and discussed in detail in BINDSLEV
(1996 b). The spectral noise and uncertainty in constraints gives rise
to uncertainties in the estimated parameters. This uncertainty can
be represented by an error distribution in the space of estimated pa-
rameters, which can be visualized as the normalized density of an
ensemble of estimates. Directions in which the distribution is nar-
row are well determined parameter combinations while directions in
which it is wide are poorly determined. The best resolved feature
in the fast ion distribution corresponds to the direction in parame-
ter space in which the error distribution for the fast ion parameters
is narrowest. This is the direction of the first principal component
of the distribution. The next best resolved feature, statistically in-
dependent of the first, is represented by the direction of the second

principal component, etc. The directions and variances of the prin-
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cipal components of the error distribution provide a complete set of
independently estimated features and associated uncertainties, and
thus provides considerable insight into the diagnostic capability of
the system. A detailed analysis of the diagnostic capability of CTS
and other complex diagnostics can be based on the error distribution
and its principal components, and their relation to noise and uncer-
tainties. We will employ some of these relations here but for a more
detailed discussion of the method and its applications the reader is
referred to BINDSLEV (1996 b). A brief discussion of the underlying
mathematics is also given in BINDSLEV (1995, Section 4).

3.1 Principal components and L,

In this analysis we base theoretical predictions of the spectral in-
tensity of the received scattered light, P°/dv*, on the equation of
transfer [BINDSLEV, 1993],

oPs
ovs

where the scattering function, X, [BINDSLEV, 1996 a] depends on the
scattering geometry and plasma parameters.

A realistic list of parameters on which the JET CTS spectra de-
pend is given by the set in Table 1 and parameters describing the
fast ion distribution (the list could be extended arbitrarily by as-
suming more complicated plasma conditions). In the present study
we assume that the parameters in Table 1 are constrained with the
uncertainties given there.

In addition to the constraints given in Table 1 the bulk ion species
(deuterium, tritium and impurity ions) are assumed to have the same
temperature, the alpha particle distribution, f,, is assumed to be
isotropic and features in f, occurring on velocity scales less than
vp/7 are ignored. The free parameters are those which describe the
alpha particle distribution, excluding the low energy range which is
masked by uncertainties in the bulk ion feature. For the numerical
analysis the parameters in Table 3.1 are used. These parameters are
at present the best estimate of the conditions expected for the coming
deuterium, tritium experiments.

To investigate which departures of the fusion alpha particle dis-

tribution from the classical slowdown distribution can be detected
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Constrained parameter A o

0 scattering angle 90° 0.02
¢ | Lk B) 90° 0.02
¥ | see caption 90° 0.02
B | |B|, modulus of magnetic field 1 Tesla 0.1
ne | electron density 4.5x 10°m=3 | 0.1
Te | electron temperature 12 keV 0.05
N; | ni/ne, normalized carbon density | 0.03 0.3
Rt | n7/(nq + nr), fuel ratio 0.5 0.3
T; | bulk ion temperature 10 keV 0.2
Oy | beam overlap 5.8 (6=20°) |05
Soi fa(’l),‘),’l:=0,..., 3 fai 0.5

Table 1: Set of constrained parameters. A is the dynamic range of the
parameter and o is the uncertainty of the constrained parameter relative to
its dynamic range. v = azimuthal angle of B(®) when Z || k® and X || k! x k.
fa(®) = f(0)/(1 + (v/vc)3), is the classical slowdown distribution with
ve = 0.09 x (Te/2me)1/2. v; = (i/14) X vy, where v is the birth velocity. Oy
is a measure of the extent to which the emitter and receiver beam patterns
overlap.

with JET’s CTS, the principal components of the error distribution
for the free alpha parameters were computed.

Figure 5 shows the first four of a typical set of principal com-
ponents. In each subfigure the central solid line is the unperturbed
classical slowing down distribution. The dotted and dash—dotted lines
above and below the central line are the classical distribution plus
or minus the perturbation represented by the dynamic range of the
principal component 1. The dashed lines are the distribution plus or
minus one standard deviation along the principal component and thus
indicate the accuracy to which this feature is resolved. The standard
deviation increases with increasing structure (number of oscillations
in the perturbation to the velocity distribution). This ordering of
best to worst resolved feature persists throughout the range of rele-
vant parameters.

!The definition of the dynamic range of principal components is discussed in
detail in BINDSLEV (1996 b). Here it is sufficient to note the graphical represen-
tation of the range given in Figure 5. The relative errors, and hence the signal to
noise ratios for principal components, refer to the absolute error in relation to the
dynamic range of the principal componizxsls



parameter | value
0 10° to 30°
¢ 80°
¥ 0°
Table 2: Parameters usedinnu- | B 3.4 Tesla,
merical analysis of diagnostic po- Ne 4.5 x 101°m =3
tential. No = nqo/n is the nor- T, 12 keV
malized alpha density, P! is the
power into the plasma. f,(v) = Ni 0.03
F2(0)/(1 + (v/v)?), ve = 0.09 x| BT 0.5
(T./2m ). v = (i/14) x | Ti 20 keV
vy, Vp = (Eb/2ma)1/2, E, = N, 3x10-3
3.5MeV fai fa(v:i),1=0,...,14
E, 4 MeV
P 400 kW
Oy 18.8m~1/| sin(8)|

In Figure 6 are plotted the inverse of the normalized standard de-
viations, 1/04;, which can be interpreted as the signal to noise levels
on each of the principal components. The ratios between uncertain-
ties in different principal components (i.e. the relative heights of the
bars in Figure 6) are, like the principal components themselves, fairly
constant over the range of parameters relevant for JET.

A good measure of the ability of CTS to resolve features in the
alpha particle and other fast ion distributions is the effective signal
to noise ratio, L, defined as

1/2
Ly = (Z 1/"2{) )

i

L, takes into account not only the effect of noise in the spectra
but also the effect of uncertainties in constraints, masking and the
sensitivity of the spectrum to variations in the fast ion distribution.
L, therefore provides a more reliable estimate of the diagnostic ca-
pability of the system than the spectral signal to noise ratio which is
often quoted for CTS systems.

If we are interested in detecting departures from the classical slow-
down distribution it is desirable that principal components 2 and 3

be determined with some accuracy. L, =~ 45 corresponds to relative
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Figure 5: Principal components of alpha particle distribution perturba-
tions. In each subfigure the central solid line is the unperturbed classi-
cal slowing down distribution integrated over a surface of constant velocity
((v/vs)? X fa(v)/ fa(0)). The dotted and dash—dotted lines above and below
the central line are respectively the classical distribution plus and minus the
perturbation represented by the dynamic range along the particular princi-
pal component while the dashed lines represent the standard deviation of
the component. The standard deviation normalized by the dynamic range
is given in the upper right corner of each subfigure. Here Ty = 100 eV,
7 = 200 ms, § = 20° and N, = 0.003. Other parameters and uncertainties
are given in Table 3.1 and Table 1 respectively.

errors on components 2 and 3 of respectively 5 and 7 %. This would
appear to be adequate for detecting even moderate departures from
the slowdown distribution. L, =~ 10 corresponds to relative errors
on components 2 and 3 of respectively 30 and 50 %. At this level
only gross departures from the slowdown distribution would be de-
. tectable. At L, = 3 no useful information on the shape of the alpha
distribution function is obtained. In this case the high energy alpha
density is estimated with a relative error of approximately 40 %.

L, clearly depends on the uncertainties in the constraints, on the
spectral noise, the integration time and on many other parameters.
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Some of these vary only slightly while variations in others have only a
small impact on L,. Here investigation of the functional dependence
of L, is limited to variations in the scattering angle, 8, and in the nor-
malized spectral signal to noise ratio, s = (1/7/100ms) / (Tn/1keV),
where Ty is the spectral noise temperature and 7 is the total integra-
tion time. The results are displayed in Figure 7. Here we assumed the
uncertainties given in Table 1 and the parameters given in Table 3.1.

Figure
7: The functional dependence of
Lo, on normalized spectral noise,

= (4/7/100ms) / (Tn /1keV),

for a range of scattering angles,
6.

From the curves in Figure 7, L, can be estimated for any combi-
nation of spectral noise temperature, integration time and scattering
angle relevant to the CTS system at JET. The expected variation in
magnetic field will have only minor effect on the spectral intensity of
the scattered radiation. It will, however, significantly affect the spec-
tral noise temperature which is investigated in the next subsection.
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3.2 Spectral noise

On the basis of modelling using TRANSP on shot number 33643 it is

.projected that a similar shot with 50 % tritium would yield a maxi-
mum alpha density of 0.003 X n, with other parameters as in Table
3.1. For this alpha density and specified scattering angle, integration
time and spectral noise temperature, L, can be read directly from
Figure 7. For instance, with a noise temperature of 1 keV and an
integration time of 1 second, corresponding to s ~ 3, L, would be
greater than 30 for scattering angles less than 10°, making it possible
to detect, in the alpha distribution, substantial departures from the
classical slowdown distribution (see discussion in the previous sec-
tion). At a noise temperature of 100 eV and an integration time of
0.1 second (s = 10) the same would be achievable with a scattering
angle of 20°, and at @ = 15° L, would be near 50 making it possi-
ble to distinguish even moderate departures from classical slowdown.
Clearly a low spectral noise temperature is all important for the per-
formance of this diagnostic. It must also be concluded that at noise
temperatures above 1 keV it is virtually impossible to extract infor-
mation about the shape of the alpha distribution at the projected
alpha density.

The principal source of spectral noise is the electron cyclotron
emission (ECE) from the plasma in the frequency range 135 GHz to
145 GHz. At moderate electron temperatures (T, < 5 keV) the ECE
originates from a narrow region around the cold resonance surfaces
where B = 5 Tesla/n. Here n = 1 or 2 for the fundamental and the
second harmonic. Figure 8 shows the locations of the cold resonances
for a range of central magnetic fields.

Figure 8: Locations of £ os

the cold ECE resonances  §_°

for a range of magnetic 4
fields. -18




The surfaces shift outward with increasing magnetic field. It is
seen that from 3.1 to 3.3 Tesla both cold resonances are outside the
plasma. At 3.4 Tesla the fundamental resonance enters the plasma
on the inboard side. Although the receiver does not view a resonance
layer directly, radiation still enters the receiver via wall reflections
unless the receiver is viewing a dump. At moderate electron temper-
atures there would thus be a minimum in spectral noise for fields in
the range 3.1 to 3.3 Tesla with a sharp rise at fields of 3.4 Tesla and
above. At this minimum the noise temperature can be below 100 eV.
At higher fields the noise temperature depends on plasma shape and
temperature profile, but generally rises rapidly above 1 keV in the
absence of a viewing dump.

At fields below 3 Tesla the second harmonic cold resonance enters
the plasma from the outboard side increasing the ECE radiation and
eventually blocking the receivers view of the centre of the plasma.
The fields at which the cold resonances enter the plasma do of course
depend on the radial extent of the plasma.

When intense ECE is emitted from a region, which is not in direct
view of the receiver, substantial reduction in spectral noise temper-
ature can be achieved by directing the receiving beam at a viewing
dump. A viewing dump, for installation at the top of the torus, is
presently being constructed. It will be installed with the centre of
its aperture at a major radius of 3.25.metres and displaced toroidally
relative to the gyrotron radiation launch mirror, to give a scattering
angle of approximately 16°, with k® near parallel to the magnetic
field. In the absence of ECE radiation being emitted from regions
in direct view of the receiver (see discussion below), this setup could
reduce the spectral noise temperature dramatically, possibly to 100
eV. With an integration time of 200 ms this would yield L, ~ 60
implying that even moderate departures from classical slowdown in
the alpha distribution would be detectable.

An alternative approach is to use the low temperature region of
the fundamental electron cyclotron resonance as a viewing dump.
. Two examples of how such a cyclotron viewing dump may be ex-
ploited are shown in Figure 9. In the first example the cold yet
fully absorbing region of the resonance is viewed directly. In the sec-
ond example the resonance is viewed after reflection in the roof tiles.
The latter approach, which carries the benefit of a reduced scatter-
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Figure 9: Scattering geome-
tries permitting the low tem-
perature part of the funda-
mental electron cyclotron res-
onance to be used as a view-
ing dump, either directly or
via specular reflection in the
roof tiles. Only a narrow
range of poloidal angles can
be used for the receiver.

ing angle, depends on specular reflection in the roof tiles. Use of
the cyclotron resonance as a viewing dump is only effective at fields
above 3.4 Tesla, which does coincide with the fields at which the ECE
emission would become unacceptably high in the absence of a beam
dump. The option of using reflection in the roof tiles is not suitable
at fields above 3.6 Tesla for fully elongated plasmas because the reso-
nance is then viewed too far into the plasma. A detailed investigation
by relativistic ray tracing suggests that with direct viewing the spec-
tral noise temperature can be kept below 1 keV. The calculations are,
however, very sensitive to the shape of the temperature and density
profiles at the edge. The need to view a limited region of the reso-
nance restricts the scattering geometry such that the scattering angle
must be approximately 40° if the centre of the plasma is to be probed
when B = 3.53 Tesla. Assuming N, = 0.003 and 7 = 200 ms, this
results in L, = 3. If the scattering volume is placed further out at a
normalized flux of 0.4 the scattering angle can be reduced to around
30° improving L, to approximately 4. The option which makes use
of reflection in the roof tiles before reaching the resonance dump gen-
erally results in slightly higher radiation temperatures (typically 1.5
keV at B = 3.4 Tesla) even when specular reflection is assumed.
This is because of the different angle at which the dump is viewed.
Non-specular reflection will increase the radiation temperature fur-
ther. This geometry results in a scattering angle of approximately
15°. Assuming N, = 0.003 and 7 = 200 ms this results in L, = 9.
These values of L, can be improved by a little more than a factor .
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of two by extending the integration time to the 1 second which the
gyrotron is capable of.

Thus far the discussion has been confined to moderate electron
temperatures (T, < 5 keV). At high temperatures (7, > 10 keV)
an additional problem appears. Due to relativistic Doppler shift (in-
cludes non-relativistic Doppler shift and the effect of relativistically
increased mass), the radiation emitted by energetic electrons is dis-
placed from the locations of the cold resonances. In JET significant
cyclotron radiation is emitted from regions displaced by a consid-
erable fraction of the minor radius when the electron temperature
is above about 10 keV. The consequence is that at 3.2 Tesla and a
central electron temperature of 11 keV (as achieved in shot 33643) a
strongly emitting cloud appears in the middle of the plasma resulting
in a radiation temperature of 1 keV or more. This radiating cloud is
downshifted second harmonic radiation.

Because this source of ECE is in direct view of the receiver, the ra-
diation temperature cannot be reduced by any form of viewing dump.
The optical thickness of the cloud, and hence intensity of radiation
emitted from it, is reduce when the field is increased because the
second harmonic resonance moves further out and hence fewer elec-
trons are sufficiently energetic to radiate at the required frequency.
The optical thickness of the cloud varies rapidly with temperature.
For a given field there is therefore a sharp upper limit on the central
electron temperature above which CTS provides little or no informa-
tion on the alpha distribution. The received radiation temperature is
plotted in Figure 10 as a function of central magnetic field and central
electron temperature for a viewing direction which could see a dump
installed in the roof. It is noted that the temperature limit increases
with increasing field and decreases when viewing further out.

The central electron femperature in shot 33643, which is a model
for the high performance deuterium—tritium discharges, was recorded
by ECE to be 12.6 keV. Modelling by relativistic ray—tracing of rel-
ativistically downshifted second harmonic radiation appearing in the
detected ECE spectrum suggests a central electron temperature of
approximately 11.5 keV.2 This central temperature is in accord with

2The hump appearing below the second harmonic in the ECE spectrum ap-
Pears to be explainable as relativistically downshifted second harmonic radiation.
If this is the case it may provide a good estimate of the absolute level of the
temperature profile at high’temperatures because from theoretical modelling this
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Figure 10: Temperature of received electron cyclotron radiation as a func-
tion of central magnetic field and central electron temperature. The wall
is assumed cold and completely absorbing so the received radiation is emit-
ted in direct view of the receiver. The radiation is received in O-mode at
140 GHz for a viewing direction of #°* = 11° and ¢®* = 170°, where (6%, ¢°)
are polar coordinates with vertical as the polar direction and the azimuthal
angle ¢° being measured relative to the horizontal radial vector through
the first receiver mirror. This viewing direction sees the plasma inside the
¥ = (.2 normalized flux surface and the region of the roof where an artificial
viewing dump could be installed. See right figure. The plasma equilibrium
is based on shot 33643 at 53.3 seconds with scaled magnetic field (including
the poloidal field) and scaled electron temperature.

the estimate obtained if the the electron temperature measured by
ECE is reduced to agree with the temperature measured with Lidar
(the central electron temperature could not be obtained directly from
lidar because it does not view the plasma centre). The electron tem-
perature should not be expected to be less in the high performance
DT discharges. This means that during the heating phase of high
performance shots CTS would not benefit from a reduction of the
field to 3.2 Tesla and it appears that CTS would then only provide
useful information on the alpha distribution at fields of 3.4 Tesla or
above. Operation under these conditions would require a viewing

feature appears to be very sensitive to temperature. It should, however, be noted
that this method of analyzing the ECE spectrum has only been conceived in
connection with investigations for this report and is thus not fully developed.
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dump as discussed above.

An alternative approach is to take the CTS measurement in the
afterglow when the main external heating has been switched off and
the electron temperature has dropped, yet before the alpha popula-
tion has had time to decay significantly. On the basis of shot 33643
and TRANSP modelling it appears reasonable to assume that the
electron temperature is reduced to below 8 keV in the afterglow. At
this temperature there is no significant relativistically downshifted
second harmonic radiation in O-mode. The intensity of radiation
emitted from the cold resonance layers is, however, still significant
and precautions, as discussed above, must therefore be taken also in
the afterglow if a cold resonance is in the plasma, as it will be at 3.4
Tesla and above.

4 Predicted distribution of fusion alpha particles

The velocity distribution of alpha particles in devices such as JET will
generally be anisotropic. Often, a significant part of the anisotropy is
a consequence of the orbit motions of the fusion products. This be-
comes apparent when considering the expression in KOLESNICHENKO
(1995) for the steady state velocity distribution of a—particles slowing
down on electrons through Coloumb collisions.

Here, we pay special attention to the distribution function at the
birth velocity vy (Ey = 3.5 MeV). Since pitch angle scattering is
negligible for particle energies above ~ E,/10, the anisotropy in the
a distribution found at v = v, is also present at lower energies.
Evaluating the expression in KOLESNICHENKO (1995) with v = v,
for the case of a monoenergetic, isotropic source profile, S,(r), we °

find: (Sl
fa(va, r, X) = M<T;1> ’ (3)
where
;o= 37r(3/2)egvfmema (4)
° q:Zf,ne In A,

is the Spitzer slowing down time [SPITZER 1962].
The quantities inside the angled brackets are averaged over an
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orbit bounce time, 7, = § dt:

1™
((...)):H/0 dt(..) . (5)

The integrations in (5) are taken along the guiding centre orbit
specified by the arguments, (vq, r, X), in equation (3). As we shall
see the path of integration is highly dependent on the cosine of the
pitch angle, x = v-J/(vJ), where J is the current. Consequently,
in tokamak plasmas with inhomogeneous profiles of S, and 7, the
distribution f, becomes a function of Y, i.e. anisotropic.

The plasma obtained in the high performance D-D shot # 33643
in JET has been given much attention. It is hoped that the perfor-
mance of this shot can be reproduced with a 50:50 Deuterium /Tritium
fueling ratio in the current experimental campaign at JET. As a nu-
merical example we have calculated f, by using the plasma profiles
measured in this shot. The Spitzer time and the orbits of integration
were obtained using the profiles measured at the time of the peak
performance (¢ = 53.2s). The source profile used was calculated by
the TRANSP analysis code [GOLDSTON ET AL. 1981] with the as-
sumption of a 50:50 Deuterium/Tritium fueling ratio.

In Figures 11.A and 11.B the o production rate and Spitzer time
are shown as a functions of the position on the horizontal midplane
at the low field side of the magnetic axis. The profiles are assumed to
be functions of the flux variable. The poloidal projections of guiding
centre orbits through the point (r, Z) = (0.3, 0.0) are given in Figure
11.D. The trajectories correspond to different initial values of the
pitch angle: x € {-1.0,0.9,...,1.0}. The distribution shown in
Figure 11.C is obtained from expression (3) with (S,) and (r;!)
being the orbit averages over the trajectories in Figure 11.D.

In the interval x € [-1.0, —0.51] the a—density does not vary sig-
nificantly since the trajectories corresponding to counter circulating
particles are all very similar. For x € [-0.51, 0.0] trapped particles
orbits exist. The particles contributing to the a density at y = —0.5
are all born along the trajectory marked by —0.5 in Figure 11.D.
This trajectory intersects regions with very low a—particle production
which causes a low average value of the source strength. Furthermore,
in the outer regions of the plasma, where the electron temperature
is low, the a—particles slow dowln6omore effectively on the electrons,
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Figure 11: The graphs shown in this figure are all calculated by using
the profiles measured in shot # 33643 in JET, assuming 50:50 D/T fueling
ratio.

A) Profile showing the alpha particle production at the horizontal midplane.
B) Spitzer time profile on the horizontal midplane. The profiles in A) and
B) are assumed to be functions of the flux variable. The positions of the
flux surfaces ¥ € {0.2, 0.4, 0.6, 0.8, 1.0} are indicated by dotted lines.

C) Velocity distribution of a—particles at the point 7 = 0.3 on the horizontal
midplane. The anisotropy seen in this distribution is closely related to the
geometry of the a—particle orbits through the considered point.

D) The poloidal projections of guiding centre orbits for 3.5 MeV a-
particles. The trajectories correspond to values of x € {—1.0,-0.9,...,1.0}.
The dotted lines indicate the positions of the flux surfaces: ¥ €
{0.2,0.4, 0.6, 0.8, 0.99, 1.0, 1.01}.
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resulting in a short effective Spitzer time, (‘r; 1)_1. Hence, the den-
sity of a—particles falls dramatically at the point of transition from
counter circulating orbits to trapped particle orbits (x ~ —0.50). As
X is increased from —0.5 to 0.3 the trajectories approach the centre
region. In this interval the o density increases by a factor of eight.
As x is increased further the trajectories start circulating the central
region, rather than intersecting it. Consequently, as x approaches
unity the a—density decreases by a small amount from its maximal
value.

Due to the differences in trajectories through different points in
the plasma, the anisotropic features change with the position. In
Figure 12, the distribution f, at the horizontal midplane (Z = 0)
is shown as a function of (r,x). The graphs in Figure 12 indicate
that even in the central region of the plasma, where there are no
direct losses of a—particles to the wall, orbit effects may well introduce
significant anisotropy in the velocity distribution of these particles.

The TRANSP analysis code provides a comprehensive simula-
tion of a range of plasma parameters including the velocity distribu-
tion function for the a—particles. A TRANSP simulation was carried
out for a 50:50 DT plasma where the input profiles were those mea-
sured in shot # 33643. In Figure 13 the a distributions provided by
TRANSP at the positions (r, Z) = (-0.3, 0.0) and (r, Z) = (0.3, 0.0)
are shown together with the distributions found by equation (3) at
the specified locations. The a distribution in TRANSP is obtained
by Monte-Carlo techniques, which introduces a significant amount
of Monte—Carlo noise on the outputs. In order to limit this noise,
the raw TRANSP distribution has been averaged over 0.4 s in time
and integrated over the energy range 3.0-3.6MeV. The distributions
calculated by TRANSP and by use of equation (3) match each other
within the Monte—Carlo noise on the TRANSP distributions. The
close match is remarkable considering the simplicity of the model
inherent in expression (3).

The Collective Thomson Scattering diagnostic has the poten-
tial to provide spatially resolved information from which the one-
dimensional distribution of ion velocities in the direction of the fluc-
tuation wave vector, k®, may be found. One such measurement is
sufficient to characterize isotropic distributions. In contrast, deter-

mination of an arbitrary three-dimensional distribution requires a
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Figure 12: The alpha distribution, f,, on the horizontal midplane as a
function of position and pitch angle. The two subplots show the distribution
as function of x for » € {-0.6, —0.3, 0.0, 0.3, 0.6}.

large number of measurements covering virtually all directions in ve-
locity space. The problem is considerably simplified if, as above, it
is assumed that the velocity distribution is rotationally symmetric
about the direction of the magnetic field, i.e. gyrotropic. In this case,
with the magnetic field, B, as the polar axis, the distribution is inde-
pendent of the azimuthal angle. Directions of measurement need then
only cover a range for the polar angle, ¢ = £(B, k®). Ongoing work
shows that anisotropic features may be identified with reasonable ac-
curacy from just two measurements. A possibly surprising result is
that the two directions of measurement should differ by no more than

30°. A suitable choice for the geometry in such measurements would
be £(B, ki) ~ 45° and £(B, k§) ~ 75°.

11* 163



Y10* Aiphe disribution a (1.2 (0.3m.0.0m) x10* Alpha detribusion e 2= (0.3m.0 Om)

ot
8|

e r—
08 08 04 o2 O 02 o4 --OJOJMM:‘MMMNI

Figure 13: Velocity distributions of alpha particles at (r,Z) = (0.3,0.0)
and (r, Z) = (—0.3,0.0). The full lines are obtained by TRANSP represent-
ing the distribution averaged over the energy interval [3.0, 3.6] MeV. The
dashed lines, calculated by the simple model considered above, were also
shown in the previous figure.

5 Conclusions

The initial operation of the diagnostic was useful to test the system,
to demonstrate its viability and to identify areas where further im-
provements can be made. The results confirmed expectations and
signal to noise ratios were in satisfactory agreement with theory.

Performance of the fully operational system has been assessed
and compared with the needs in the coming DT campaign. This has
identified a range of operational limits and the need for a viewing
dump.

Av the high electron temperatures expected during the heating
phase of the high performance DT experiments relativistically down-
shifted ECE emission in direct view of the receiver makes it desirable
to operate at 3.4 Tesla or above, and impossible to obtain useful al-
pha information at fields below 3.3 Tesla. Successful detection of the
alpha distribution by CTS at such high temperatures is thus only
possible at fields where the cyclotron resonance at 140 GHz is in the
plasma, giving rise to strong ECE radiation which through wall re-
flections can enter the receiver. Under these conditions it is therefore
necessary to operate with a viewing dump which is presently being
constructed.

Finally we have shown that fast ion distributions must be ex-
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pected to be anisotropic even in the case of thermonuclear fusion
products with isotropic birth rates. This is to a large extent at-
tributable to the inhomogeneous birth and slowing down rates.
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MICROWAVE ENHANCED SCATTERING
MEASUREMENTS IN LOWER HYBRID WAVE
EXPERIMENT IN FT-1 TOKAMAK

V.V. Dyachenko, M.M. Larionov, K.M.Novik, V.Yu.Shorikov

A'F. Ioffe Physical-Technical Institute, 194021, St. Petersburg,
Russia

The original method of contactless diagnostics of o?cillations and
waves in a plasma is developed in AF. Ioffe Institute - the enhanced
scattering (ES) of microwaves [1,2]. The scattering of the extraordinary
probing wave on the small-scale plasma oscillations is strongly increased
near the upper hybrid resonance (UHR) zone, due to strong increase of a
wave amplitude and reduction of wavelength there.

In the tokamak experiments, probing and reception of backscattered

signal are realized by the pair of closely-placed horn antennas, from the
strong magnetic field side of a torus. The accessibility condition of UHR
for the probing wave must be fulfilled, otherwise the regime of
reflectometry takes place. Good spatial resolution and high sensitivity to
the small-scale plasma oscillations are reached by ES measurements.
Frequency spectrum of scattered signal reflects the spectrum of plasma -
oscillations. The disadvantage of ES is the limited accuracy in the
measurement of wavelength spectrum of oscillations. The upper limit of it
is I £ 1/2 A, ( I- the wavelength of oscillations, A, - the vacuum
wavelength of a probing wave, f, - its frequency). The theory predicts the
scale of the most effective scattering oscillations. /*=1/2 A, (¥Vz/C)",
( V7. -the thermal velocity of plasma electrons, C - the velocity of light ).
In our measurements, A, ~lcm, 10 eV < T.<500 eV, /*=0.04 - 0.1 cm.
More complicated measurements, using fast modulation of a probing
wave, allow to study the wavelength spectrum more exactly [3,4].

In FT-1 tokamak ( R= 62 cm, a=15 cm, I=30-50 kA, Bo=0.6-1.2 T ),
ES measurements were realized recently. Formerly, some ES experiments
were carried out in FT-2 [1,2]. The scheme of experiment is shown in
Fig.1. A pair of horn antennas with diagram width about 20°, are placed
in a limiter shadow. Backward wave tubes of special type, operating at
24 GHz and 29.7 GHz, about 1 W, are used as a source of probing
signal. The backscattered signal at the level of 107° W was amplified by
the broadband superheterodyne receiver and analyzed by the spectrum

166



analyzer, Af= 75 MHz over 2 ms. The measurements were fulfilled partly
by the narrow-band receiver, tuning it in shot-to-shot regime. In this case
1000 Hz amplitude modulation of a probing signal was used to separate it
from the ECE radiation of a plasma and from the pickups of powerful RF
generators for lower hybrid (LH) pumping. In ohmic discharges of FT-1,
without any external RF pumping, signals of scattering were disclosed,
produced by the own small-scale plasma oscillations in a broad frequency
range of 70-250 MHz. Their spectrum is shown in Fig.2. In ohmic
discharge, at I=30 kA, central electron and ion temperatures are T.(0)~
450 eV, T(0)~100 eV. If the density is low, n.(0)<1.3x10" cm?, UHR
zone for f, =24 GHz is accessible and is localized near the periphery, at
r=12-15 cm, depending on the toroidal magnetic field, B,=0.7-1.2 T. ES
measurements are realized in this case. At higher density, n.=1.8x10"
cm? the second cut-off zone arises in the central region, leading to the
reflectometric regime of probing. However the reflected signal has similar
strong spectral broadening to 250 MHz, as the ES signal, Fig.2. The
oscillations observed in this experiment probably are the strongly
slowered lower hybrid ( oblique Langmuir ) waves excited by run-away
electrons ( the fan instability of a tokamak plasma).

Enhanced scattering measurements were carried out also in discharges
with external pumping of LH waves. FT-1 is supplied by two magnetron
generators, operating at 360 MHz and 920 MHz. The power absorbed in
a plasma was 20-60 kW in 5-10 ms pulses. The antenna for electrostatic
wave excitation was supplied by a slow-wave structure and was fed by a
coaxial line [5,6]. Antenna was mounted in the same crossection as the
horns for microwave probing but on the external side of a torus, Fig.1.
Two different types of wave interaction with a hot tokamak plasma are
found if different frequencies were used. Under 360 MHz pumping the
intensive generation of fast ions, W;=0.5-5 keV, in a plasma with T;=100-
140 eV was registered by the charge exchange analyzer. Under pumping
by 920 MHz, the fast ion generation was strongly reduced, but strong
increase of soft X-ray emission was found, with nonthermal spectrum. It
shows the generation of a group of electrons with effective T, about 10
keV. Similar types of wave interaction are found in many experiments on
LH heating and current drive in tokamaks.

Scattering measurements were fulfilled also, as RF-pumping was
applied to the low-temperature plasma of a toroidal discharge with limited
current, I<5 KA. In this case, Tc(0)~10-20 eV, ne(0)<5x10"? cm™ These
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plasma parameters are very far from LH resonance, particularly for 920
MHz. However in a “cold” plasma both 360 MHz and 920 MHz RF
pumping produce intensive generation of fast ions, as charge exchange
measurements show. Their energy distributions reach W;=5 keV, under
360 MHz pumping and W=2,5 keV under 920 MHz pumping.

The results of spectral analysis of scattered microwave signal at
different RF-pumping frequencies and in different types of a discharge are
shown in Fig.3. The case of application of 920 MHz, 60 kW RF-power to
the normal tokamak discharge with I=30 kA is shown in Fig.3A. There
are only two narrow lines, shifted from probing frequency £,=24 GHz in
both sides at $920 MHz. The line of a probing frequency f, also is very
strong. ES shows that the waves of a pumping frequency are propagating
in a plasma, and they are strongly slowered waves. The scale of strongly
scattering oscillations is supposed to be /*~0.1 cm. Taking into account
the relation Ny, =(@ /@,) N for oblique Langmuir wave, the indexes of
refraction are: N;~300, N,;;~20-30. The radial dependence of ES signal is
shown in Fig.4. It was measured by changing the UHR position, if the
magnetic field is varied from 0.6 T to 1.2 T. The scattered signal exists in
a whole accessible volume, r >10 cm, but sharply increases at r=15 cm,
near the position of antenna, strongly slowered waves are very intensive
around it. If B,<0.7 T, the cut-off surface appears for probing signal,
leading to the reflectometric regime of measurements. The second
maximum in Fig.6, at r= -14 cm, presents the reflected signal. Its
spectrum also consists of the same lines: f,; £,920 Mhz..

If the waves of 920 MHz, 60 kW, were excited in a “cold” discharge,
I=3 kA, T~10 eV, n(0)~3.5x10'> cm™, the complicated spectrum of ES
signal was observed. Not only narrow lines. at £f,£920 MHz, but also
broad maximums around f,+300 MHz, £+600 MHz were found in it,
Fig.3 B. Evidently they reflect the development of a parametric instability
in a powerful LH wave. In a plasma with low electron temperature and
density the threshold of this instability can be strongly reduced.

ES spectra measured in experiments of RF pumping by 360 MHz are
shown in Fig.3 C ( normal discharge, I=30 kA ) and Fig.3 D ( “cold”
discharge, I=3 kA ). In both cases, the regime of generation of fast ions
was found by charge exchange measurements. In a high-temperature
plasma, only lines shifted at the pumping frequency, £,.+360 MHz, are
found in a spectrum. Their broadening in a plasma was detected by the
spectrum analyzer. The line width is increased from 2 MHz at =13 c¢m to

20 MHz at =9 cm. This broadening is due to the interaction of LH wave
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with low-frequency plasma oscillations. In a “cold” discharge, more
complex spectra are found, reflecting the parametric instability of a wave
in this case ( Fig.3 D, Fig.5 ). There are several lines shifted in the low-
frequency side from the initial one, f,+360 MHz. The distance between
these lines is about the ion-cyclotron frequency. The structure of spectral
lines depends on the radial point of measurement,choosed by the. B,
value. The most intensive lines are observed at r=8 cm, Fig.5.

Observation of ES signals, produced by the small-scale plasma
oscillations, /*~0.1 cm, confirms the fact, that strongly slowered waves
exist in a plasma volume. In the case of 360 MHz, their indexes of
refraction shall be: N,~800, N;;~10-30. The waves are observed in all
accessible for ES measurements radial points, including the periphery.
The maximum of scattered signal not corresponds to the position of LH
resonance zone, in the case of its realization in the conditions of a
discharge. We suppose that these waves are excited not in the LH
resonance zone. They are excited under the action of radiofrequency
polarization phenomena in a plasma surrounding the antenna and then are
propagating inward the plasma volume. Strongly slowered waves can be
absorbed by electrons and ions in the peripheral part of a discharge [6].

The equipment for ES measurements is under reconstruction now. The
traveling wave tube, operating in the range of 27.5-28.5 GHz, with the
output power of 30-100 W, will be used as a source of probing signal. Its
excitation will be done by the generator capable for fast frequency and
amplitude modulation. According to [3,4] more exact measurements of
wavelength spectrum of plasma oscillations can be carried out by
modulated probing signals. We suppose to fulfill such measurements in
conditions of a tokamak discharge.
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MECHANISM OF LOWER HYBRID HEATING OF IONS
AND ELECTRONS IN FT-2 TOKAMAK

V.N.Budnikov, M.A.Irzak
A F.Ioffe Physico-Technical Institute, 194021, St. Petersburg, Russia.

1. Introduction.

Lower hybrid (LH) heating has not been as successful as other heating
methods. The interest to it was lost due to the contradictory, unstable or
irreproducible results and to the absence of heating. Since 1986 LH heat-
ing has been used only in JT-60 [1], but the study of the interaction
mechanism has been carried on in FT-2 all these years.

The limitations of the LH heating are well known: the waves with
longitudinal refractive index Ny > 1 cannot penetrate in the central part of
the fusion plasma because of the electron Landau damping, but for me-
dium-size tokamaks it may appear a convenient method of heating. Now
there is some interest to the study of the LH heating mechanisms due to the
possibility of using LH waves for obtaining regimes with reversed shear
[2], and LH current may be driven even in the absence of electron or ion
heating.

LH heating is based on the interaction of the strongly slowed down
waves with plasma ions and electrons. The ion heating is carried out by the
so called stochastic wave damping on the ions with perpendicular veloci-
ties higher than the wave phase velocity [3, 4]. It was shown in theory that
effective absorption of RF energy in the plasma requires a very low wave
phase velocity [5, 6]

w/k, <22v, M)

This condition is satisfied near the LH resonance, i.e. in the region 7.4
of linear transformation of the slow LH wave into a hot LH plasma wave.

There is also a non-linear mechanism of wave slowing down in the
plasma associated with parametric instabilities [6,7]. The pump wave f,
launched into the plasma can decay into 2 daughter waves f; and f;
(satisfying the conservation laws fo = f; + f;, ko = k1 + kz) which can be
slower than the pump wave. The momentum conservation law |ko| = |k4],
|k;| can be satisfied by the opposite direction of the vectors k; and k;. And
it appears that the short wavelength oscillations w/k, ~ 2¥2vy; (which
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interact with ions most effectively) are excited most easily (if the conser-
vation law allows it) [7].

The interaction of LH waves with electrons is based on the parallel
Landau damping mechanism. The condition of the parallel Landau damp-
ing is similar to (1):

o/ k, <242v,, @)

Quasilinear effects can modify the electron Landau damping mecha-
nism at high power levels [5]. The criterion (2) is then slightly modified
o/ ky < 2.4vr, and is usually presented in the form

N, 2 84 ©)]

JT., keV

2. LH heating in 1986.

In the period of much interest to LH heating the LH experiments were
carried out on more than 10 tokamaks and the results appeared to be con-
tradictory. C.Gormezano commented it at Schliersee Conference in 1986
in such a way: a significant heating of ion component was observed in
JFT-2 (8], Wega [9], Petula-B [10]; unstable heating was observed in PLT
[11] and Versator [12]; poor heating was observed in ASDEX [13, 14] and
no heating at all — in Alcator-C [15, 16] and FT [17].

In the work of V.E.Golant and V.I.Fedorov [6] these results were
summarized as follows: “The conditions under which parametric instabili-
ties develop and their effect on the penetration of waves to the plasma
center ... are not completely understood.” J.G.-Wegrowe and G.Tonon [18]
commented: “Whenever it has been observed, ion heating is thus consistent
with the theoretical expectations. An open question is however to under-
stand its absence in some experiments for which the prerequisites were
apparently fulfilled.”

Thus, the peculiarity of the situation was in the point that all the wave-
plasma interaction mechanisms were known, but at the same time the
heating was not observed in a larger part of the experiments.

3. Parametric instabilities.

The excitation of parametric instabilities in the peripheral plasma re-
gions has been observed in many studies. The most detailed investigation
of it was carried out in JFT-2 [19,20,21] and FT [22]. The frequency
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spectra in these experiments were obtained by RF probes placed in the
scrape-off layer. Two types of the decay instabilities have been observed.
One of them was associated with the excitation of a whistler wave and ion
quasi-mode (i.e. with a process of induced scattering of the pump wave on
ions). The other was a resonant decay into an electron plasma wave and an
ion cyclotron wave.

The contradictions in LH experiments results were explained by these
parametric instabilities. If ion heating was observed, it was associated with
the stochastic absorption in LH resonance. If there was no ion heating and
only fast ions generation at the plasma periphery was observed, then it was
explained by peripheral parametric instabilities which cause the wave en-
ergy absorption and acceleration of ions which are poorly confined. This
point of view was demonstrated in F.Santini paper [23] at the Rome sym-
posium in 1984 and was also presented in [6].

Opposite to this, M.Porkolab et al. [7] explained central ion heating in
ATC device by the instability observed also by the peripheral probes.
However, this point of view was not accepted then. Though, while count-
ing the unsolved problems concerning LH heating it was noted in [6] that
“the conditions of the development of parametric instabilities and their
effect on the wave penetration to the plasma center can not be considered
as absolutely clear”.

4. Parametric instability in FT-2 tokamak.

A parametric instability in the plasma center was observed on FT-2 in
1988 [24, 25, 26]. It was made possible by using the technique of enhanced
scattering of microwave oscillations [27], which allows to study short
wavelength oscillations inside the plasma.

The main characteristics of FT-2 experiments are: major radius R =
55 cm, minor radius (by the limiter) @ = 8 cm, toroidal magnetic field B, <
2.5T, plasma current I, < 40kA, plasma density n = (0.5-3)-10%cm™,
electron temperature 7, ~ 500 eV, ion temperature 7; # 100eV. LH waves
were excited by a 300kW magnetron generator at a frequency f, =
920 MHz. RF power was launched into the plasma by a two-waveguide
grill from the low field side at Ny ~ 2-3. The short wavelength oscillations
were probed by a 1 W microwave beam at a frequency 60 GHz.

The spectrum of the enhanced scattering signal is presented in Fig. 1.
A slow daughter wave was observed here at a frequency near f; = 0.7-/,,
where fo= 920MHz is the frequency of the wave launched into the
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plasma. The spectrum consisted of a single line with a few MHz width,
which indicated at a highly coherent parametric process. (Unfortunately,
the other daughter wave with lower frequency f; = f; — f; was not registered
due to the absence of necessary equipment.) The instability was localized
in a narrow spatial region along the radius with the width of a few mm at a
local density ny~ (0.3-0.5)-n.4 (Fig. 2). In the decay region the condition
of a local LH resonance is satisfied for the daughter wave f; which is
therefore very slow and can effectively interact with the ions. Initially the
instability appears in the center, when the central density (largest in the
poloidal cross-section) attains a threshold value n,. At further density in-
crease the decay region is shifted to the periphery, and its local density is
also increased but very slightly. Therefore, this instability is inherently
“internal”, as it cannot be moved to the low density region near the limiter
ng <<ny by central density increase. Just the opposite, it tends to higher
local density.

Such variation of the local density at the usual radial profiles of the
tokamak parameters is predicted for a decay of a LH wave into another
LH wave with lower frequency and a quasi-mode: LH - LH' + QM [7].

The experiment demonstrated that the wave absorption and fast ions
generation in the central regions are associated with the excitation of this
instability. Fig. 3 shows that the pump wave with the frequency f, =
920 MHz is exhausted in the region where the short wavelength oscilla-
tions at the frequency 660 MHz are localized. Fig. 4 shows the correlation
between the start of 1keV fast ions generation and the excitation of the
oscillations at the shifted frequency. The fast ions generation begins at a
minimum energy Em,~ 87T;, which corresponds to the condition of the
phase resonance of the ions with a wave having a phase velocity w/k; =
2\2 vy, It agrees with the condition of an effective absorption and fast ions
generation by the stochastic mechanism (1). Thus, to obtain an effective
central ion heating in this case, the central density should be equal to »,
rather than to n.y, when the parametric instability is developed in the cen-
ter.

5. Unstable, irreproducible heating.

Though the observed parametric instability helped to understand which
regimes should be chosen for an effective ion heating, in the following ex-
periments the heating was very badly reproduced. This irreproducibility
can be characterized by the threshold density #, at which the fast ions gen-
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eration appears. The threshold densities for 1keV ions generation in vari-
ous experiments are shown in Fig. 5, where one can see that the densities
differed by a factor of 3. Evidently, the optimum density will be different
in each case.

As the fast ions generations begins in the center, it is evident that the
~parameter which determines it is also related to the central plasma. Elec-
tron temperature 7, appeared to be such a parameter [28]. 7, data is
shown in Fig. 5 for the experiments when it was measured (by SXR diag-
nostics). One can see that 7, is approximately proportional to 7. The tem-
perature was not varied by purpose in these experiments. It had the values
which depended on the degree of vacuum cleaning after opening the vac-
uum chamber or after the accidents. Thus, one of the reasons of bad re-
producibility of LH ion heating is the variation of the initial ohmic plasma
temperature during the experiments.

6. Oscillations at frequencies f, — nf;.

The oscillations at frequencies shifted by one or several ion cyclotron
harmonics were observed by RF probes in many experiments [19,20,
21,22}, including FT-2 [29]. In this experiment they were discovered in
the inner plasma region in regime 3 by the enhanced scattering. The oscil-
lations spectrum (Fig. 6a) included not only the generator frequency f; =
920 MHz, but also the frequencies shifted from £, by an ion cyclotron fre-
quency and its 2nd and 3rd harmonics f; — £, fo — 2/, fo — 3/, where f; =
30MHez is a local ion cyclotron frequency at a low field side of the torus.
One can see from Fig. 6a that the power measured at the shifted frequency
exceeds the one at f;. Apparently, it follows from the fact that the daughter
waves fo — nf; are slower than f; and the enhanced scattering signal must
rise significantly at the increase of the wave refractivity index. These oscil-
lations were observed at the radii » = 5.5-7 cm at local densities (0.6—
1.5)-10%cm™, see Fig. 6b. While scanning along the chords with CX
analyzer it was established that 1keV fast ions appear in the center both at
no = 2-10" cm™ slightly exceeding 7,4 and at n, = 3-10" cm™. This experi-
ment shows that the oscillations at the shifted frequencies f,.— nf;, excited
at the periphery at » > 7 cm propagate to the plasma center. The ion gen-
eration in the center indicates at the fact that the waves reach the central
region. '

The lowest LH density for f, — nf; at the highest Ny = 9 possible in this
case (see (3)) is 22:10®cm® while the ion generation starts at
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na=1.8-10%cm™. So, probably the waves f; - nf,, decay further, for in-
stance, according to the scheme described in Section 2, and only after that
they interact with the ions.

7. Transition from current drive to fast ions generation.

An important step in understanding the absorption mechanism was
made at a detailed study of the transition region, when the current drive is
still observed and at the same the fast ions appear [30]. The general de-
pendence of the loop voltage drop (characteristic of current drive effi-
ciency) and of the 1keV CX flux on the density is presented in Fig. 7. The
current drive cut-off correlates with the increase of the fast ions genera-
tion, and in these experiments the threshold density », is very close to the
one in regime 3 (Fig. 5). This transition can be observed even during a
single pulse. The plasma density usually increases during the RF pulse. At
a certain initial density it can pass the threshold value n, in the middle of
the pulse. The transition dynamics is shown in Fig. 8: the appearance of
the fast ions is accompanied by the disappearance of the loop voltage drop.
Besides, as the density exceeds n; the energy of the electron beams
(measured by SXR diagnostics) changes significantly. Together with the
energies 30-40keV typical for ny < ng, the energies 3-4keV appear and
the energy spectrum at n, > n, becomes more sophisticated. Simpler spec-
tra observed at densities far from », are presented in Fig. 9.

The electrons with energy 30-40keV are in the phase resonance with
the wave, excited by the grill (My = 2.5). Such electron beams introduce
into current drive. The energies 3-4 keV, approximately equal to E, ~ 87,
correspond to the velocity v, ~ 2V2vr,. These electron beams can be asso-
ciated with the slowed down oscillations. The simultaneous observation of
both the fast ions with E; ~ 87T; and the electrons with E, ~ 87, indicates at
a single (parametric) mechanism of LH waves interaction with plasma ions
and electrons. As the parametric instability is excited, a sharp change of
the wave &y spectrum takes place: instead of Ny ~ 2-3 excited by thq grill,
@/ ky ~ 2N2 vy, appear. As a result the wave interacts with electrons hav-
ing vy~ 2v2 vy, and produces electron beams with the energy E, ~ 87..
These are the slowest electron beams that can be produced by the wave
and so they can effectively transfer their energy to the bulk electrons by
the collisions, i.e. produce the heating. They absorb now RF energy in-
stead of the superthermal electrons v,y = ¢/ N, which results in the switch-
off of the current drive. Thus the current drive switch-off can take place
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due to a competition between two groups of electrons, and not only as a
result of a competition between ion and electron absorption [18,31].

It should be noted that in current drive regimes the electron component
is cooled due to the decrease of the ohmic energy input. As the density ex-
ceeds the threshold value », a significant electron heating is observed
which can be considered as an indication at the change of the interaction
mechanism.

8. lon and electron heating.

The most effective ion and electron heating was obtained in regime 5
(Fig. 5) at the highest threshold density #, [32,33]. This result is evident
as the heating efficiency is proportional to the density squared. Unfortu-
nately the enhanced scattering could not be applied here because of the
high densities.

The general picture of the wave interaction with the plasma is pre-
sented in Fig. 10. Here the relative loop voltage drop AU,/ U, CX fluxes
with energies 1.5 and 3.7keV, the time derivative d7,/df at the beginning
of RF pulse and the increase of the electron and ion temperatures in the .
end of the pulse are presented against the current central density .
AU,/ Uy is proportional to the current drive efficiency, and d7,/dt — to
the bulk electron heating power. Current drive disappears at that very
plasma density when the fast ion generation and electron heating d7.,/d¢
appear simultaneously. A 4-fold increase of the ion temperature (from
100eV to 400eV) and 2-fold increase of the electron temperature (from
500eV to 1000 eV) were observed in the experiment at 100 kW RF power
comparable with the ohmic power level.

The heating efficiency 7= (AT, + AT;)n/Pgr attained 10-10”eV cm™
kW and did not depend on the power. However, such a heating was ob-
served in a very narrow density range An =~ 0.2n, and the largest electron
heating took place at a density slightly lower than the ion heating. Aside
from the fact of the effective heating itself, the following experimental re-
sults should be noted:

1. Simultaneous start of the fast ions generation and bulk electron
heating from 7o =2.9-10” cm™.

2. Switch-off of the electron heating (d7,/ds = 0) as the electron tem-
perature reached its maximum (Fig. 10) correlated with the appearance of
the LH resonance for the pump wave in the plasma center. The density
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ny' = 4.3-10” cm™ was a LH density for the current plasma parameters.
The electron heating was switched off before the end of RF pulse.

3. The most effective ion heating was observed after the electron heat-
ing was switched off. Then either the LH resonance conditions could be
satisfied at the plasma center (point 7, = 4.3-10" cm™) or #, could be less
than n.5. The density no = 4.9-10 cm™ corresponded to the last case as
niy at that moment increased to 5.5-10” cm™ due to Z,5 increase. There-
fore, if in the beginning of the pulse we had the parametric mechanism
features (beginning of fast ions generation at ny < nry and their sequence:
the less energetic ions appear at lower densities), then in the end of the
pulse the ion heating could result from the energy absorption in LH reso-
nance.

9. Effect of electron temperature on the heating

This change of interaction mechanism can be explained by the electron
heating. The threshold of parametric instabilities Py, oc T,%/n.?, where a,
f = 1-2 depending on the type of the instability, i.e. the threshold density
nuf o T,%/ Pre [7). From here follows that the local density at which the
instability is excited rises with 7, increase. A strong effect of the electron
temperature on the wave-ion interaction was observed in the experiments.
The dependence of the threshold density #, on T, has been already dis-
cussed (Fig. 5). The localization of the ion heating also depends on the
electron temperature. The chord 7; measurements by CX spectra are pre-
sented in Fig. 11. A narrow profile indicating at a central heating was ob-
served at high 7,. It was in this experiment that the maximum ion heating
was obtained. At lower 7, the 7; profiles became broader which is, evi-
dently, due to a non-central wave absorption.

The electron heating taking place during RF pulse should result in a
rise of a local density in the region of interaction (parametric decay). As it
was mentioned above, the decay region is a LH resonance region for the
daughter wave, and, therefore, its frequency should vary as foc Vn,. We
have some experimental data on the variation of f; during RF pulse for the
distribution of short wavelength oscillations (1) in Fig. 2, case 1. During
RF pulse the localization of these oscillations changed very slightly (from
r=3.1cm to 3.25cm), but at the same time the local density increased
and, consequently, the observed frequency increased, too. The dependence
of the frequency on the density is presented in Fig. 12, it correlates with
the curve of LH resonance frequency. So, it is demonstrated that such in-
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teraction regimes exist when the spatial localization of the interaction does
not change, but the local density increases, which results in the variation of
the daughter wave frequency. One can believe that at a high electron tem-
perature, when the instability threshold is high, the wave can reach the LH -
resonance without any parametric decay and be absorbed by the stochastic
mechanism. The slow waves @/k; ~ 2\2 vr; necessary for the interaction
with ions will be produced by a linear mechanism and the oscillations
providing the interaction with electrons @/ky ~ 22 vy, will not be excited
then. The electron heating will be switched off. The switch-off of the elec-
tron heating even before the end of RF pulse is very clearly demonstrated
in Fig. 13, curves 2,3. The density range where the electron heating is
possible lies between n, and npy: ng <no <npy.

10. Mechanisms of RF energy transport and absorption.

In spite of the fact that in our experiments we were unable to observe
the second, low-frequency daughter wave due to some technical reasons,
one can believe that these experiments demonstrated the excitation in the
inner plasma region of the daughter waves corresponding to a decay of an
electron plasma wave into a LH wave (either cold or hot plasma mode)
and a quasi-mode: LH - LH'’ + QM or into a LH wave and ion cyclotron
harmonics: LH — LH' + IC. Both types of instability had been predicted
by M.Porkolab [7] and, apparently, they present the main channels of the
development of parametric instabilities in a tokamak plasma. M.Porkolab
considered various convective mechanisms of the instability development.

But in our experiment observed spectra consisted of a single narrow
line, which indicates at a coherent process and at the development of an
absolute parametric instability. As we have no suitable theory now, we can
discuss it only qualitatively on the basis of general properties of paramet-
ric instabilities. There are two ways to transfer the RF energy excited by
the grill inside a tokamak.

1. The wave at a frequency f; penetrates directly into the inner region
where the parametric decay and absorption take place (Fig. 14a). In the
decay region the wave is sufficiently slow, and the daughter wave being
strongly slowed down is absorbed immediately.

2. The wave f;, not very slow yet, undergoes a decay at the periphery
at a low local density producing the waves with frequencies f, — nf,, which
are close to the pump wave frequency (Fig. 14b). However, the daughter
waves have higher Ny than the pump wave and so they have higher per-
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pendicular refractive indices: N, ~ Ny1/n/n,_ . They propagate inside and

are absorbed at lower densities as their LH resonance density is lower:
ney (fo — nf) < e (f5). But what is most important — they leave the decay
region at the periphery and reach the center where they produce fast ions
(Fig. 6b). And these daughter wave may, evidently, undergo a further de-
cay (of the first type) as the ion generation in the center starts at a density
lower than ny (fo — nf). So, though the wave decays at the periphery, we
did not observe there any fast ions generation, all the same they appear in
the center. Peripheral fast ions would appear if the central density is equal
to or higher than the LH resonance density for the initial wave £, and the
interaction (decay) region is shifted from the center.

Another important result of the experiments is that the parametric
mechanism provides the wave interaction not only with ions, but also with
electrons. Due to the change of the spectrum of the oscillations accompa-
nying the development of a parametric instability the wave absorption
switches from the superthermal electrons with v = ¢/Nj to the electrons
with v & 2V2 vr,. It results in the current drive switch-off and in heating
of the electron component. The dependence of the parametric instability
threshold on 7, leads to the increase of the local density in the decay region
ng at the rise of T,. This can take place not only at an independent change
of T, in the initial plasma, but also in the process of RF pulse when the
electron heating results in the switch-off of the parametric instability and
in the wave absorption in the LH resonance. It is shown schematically by
an arrow in Fig. 14a. So the electron temperature is the main parameter
which changes the absorption conditions. This is that very “hidden” pa-
rameter which determines irreproducibility and contradictory results of the
LH heating.
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Fig. 1. Scattered radiation spectrum.
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Fig. 2. Localization of the short-wavelength
oscillations at various maximum plasma densi-
ties. The local density in the decay region is
shown by closed circles and the dashed line.
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NEW TRANSPARENCY REGIONS FOR WAVES
IN A NON-UNIFORM MAGNETIZED PLASMA

E.Z.Gusakov, M.A.Irzak, A.D.Piliya
A F.Ioffe Physico-Technical Institute, 194021 St.Petersburg, Russia

New transparency regions may exist in a non-uniform magnetized plasma
which can not be handled by a conventional WKB approach. Here we derive a
generalized WKB equations describing adequately the waves propagation in
such regions.

The WKB method is effectively used for the analysis of the wave propaga-
tion in a non-uniform plasma [1]. When the plasma is non-uniform only in one
direction the method is based on representation of the field E;(x,H)=
E;(x)-exp (iof) as an asymptotic series

E(x)= Y E™(x)-exp i%’—(f N,(x')dx' + N,y +N,2) o)

where the terms Ei(")(x) are assumed to decrease as (k,L)™ (where L is the

plastha inhomogeneity scale) and can be found by substituting (1) into the

Maxwell equation
2

AE - graddiv E +%2‘E‘ =0, @
and equating the terms propértional to the same powers of the small parameter.
In the 0-th order approximation the dependence E,(°)(x) is neglected and one
can determine both the dispersion relation

Dy(w,k,x)=0 , 3)
binding the wave vector with the frequency and coordinate and the wave polari-
zation. These results coincide with corresponding expressions of the uniform
plasma theory. In the next orders approximations one can find the dependencies
E®(x) and then E{®(x).The WKB approximation is applicable only to a
weakly inhomogeneous plasma. Usually, by analogy with a non-magnetized
plasma case, the applicability criterion is considered as

1 dk, <<1

k2 dx @
though, strictly speaking, the necessary condition to be fulfilled is

|[E®|>>|E| 0)
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The importance of this observation can be illustrated by the following ex-
ample. Let us assume that the plasma is non-uniform across the external mag-

netic field (B = By€, ). Then the dispersion relation (3) is especially simple in

the case of transversal wave propagation at N, = 0. For an extraordinary wave in
the cold plasma model it looks like

€2 _o? 602 wz 602
N= g —Ni, where 8;1-&-—‘;"-———’;—; g=—E-_  (6)
£ o, o oo,

From this equation it follows, in particular, that the LH resonance is inaccessi-
ble from the plasma periphery and that the waves with N, > 1 (i.e. slowed down
in the direction perpendicular to the density gradient and the magnetic field) do
not propagate. In the last case according to (6) the electric field decays expo-
nentially inside the plasma:

E, ocexp(—?j"Nﬁ -1+g*dx). M

According to (4) this is valid if lg" <<(@/c)N? (Here and further on the
prime denotes d/ dx).

However, this conclusion is sometimes quite contradictory with the re-
sults of numerical solution of (2). For example, in Fig, 1 we present the spatial
distribution of the field component E,, excited from the plasma periphery at the
frequency 500 MHz. For the magnetic field B= 18kGs and density gradient
Vn,=10"%cm™ the LH resonance is located at approximately 7cm from the
plasma surface. One can see that at some values of N, >> 1 satisfying the crite-
rion (4) a sequence of eigenmodes is excited in the plasma. As N, increases the
modes penetrate deeper inside and their wave length decreases. At N, > 16 the
propagation region reaches the LH resonance where a strong damping takes
place. Such a contradiction between the WKB behavior described by (7) and the
numerical modeling is due to breaking the necessary condition of WKB appli-

cability criterion (5) which in our case has the form: l g’l << (@/c)N )

The possibility of strong damping of the LH waves at their transversal
propagation has been pointed out before in the paper [2], where the absorption
of the LH waves in a non-uniform plasma cylinder was investigated numeri-
cally. The accessibility of the LH resonance in [2] was confirmed qualitatively
by the analysis of the differential equation describing an extraordinary wave and
then it was concluded that this effect could not be described in the WKB ap-
proximation and the numerical solution of (2) was necessary.

But let us note that the solution of (2) presented in Fig. 1 for various ¥, are
“WKB-like”, i.e. they can be represented by a sine function with a slowly vary-
ing wavelength and amplitude. At N, =0 fast and slow modes are decoupled
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and then the analytical expression for this function can be obtained from the
equation describing £, component of the field:

6'/N§ / 0)2 [82—g2 Nz_glNy c _ slgNy ]

E'+ —2—E/+— - E, =0
Y eNl-e) 7 | ¢ ¥ & o eNi-9)|”

which is a second order differential equation. Applying the WKB method for
the solution of this equation E, can be represented in the form (1), but the dif-
ference is that now the refractivity index N, must satisfy to a relation including
the terms which are usually neglected in a conventional WKB analysis:

& -g? N. ¢

N;=—H"-N;-g'—>—, ®)
£ E o

Here we assumed that | g’[ >> |e'| , Which usually holds in the intermediate fre-
quency range wgp; << @ << wg,. The relation (8) is valid while the criterion (4)
is satisfied and it follows from it that the LH resonance is accessible for the
waves with positive &, > 0 under the following conditions:

c ’ c
Ny;|g’| > N? at the plasma surface and Nyz)-lgll > g* near the LHR.

According to (8) the maximum extent of the propagation region
£ =c/[2w is achieved at N, = (c/2w,, XVn,/n,,). The LH resonance be-

.comes accessible at L, = (1. /n,,)” < c/o.

The non-WKB terms may also lead to essentially new effects at N, # 0.
The method of taking them into account can be illustrated in a potential case

E = -V ¢, when the field is described by divD=0. In this case the equation for
the field potential @ has the form:

0. o o’
ep"+e'p’ - ?Nyg’——c;-Nf,e—c—,an p=0 ©

Making here the WKB substitution of the type (1) and neglecting
&y << (@/c)N &, we obtain the dispersion relation

£(N3+Ny2)+an+§Nyg'=0 (10)

Here the term (¢/@)N,g’ was kept because the terms proportional to N,N.g

were canceled in (9). The condition (@/c)N, L, >> 1 is not sufficient in this
case,

We can proceed in the same way in the general case. Let us divide the
field into the potential part and the curl E, = ~V,p+&,. Then introducing WKB
representations of these fields (1) into (2) we obtain the equation for the field
potential. In so doing let us keep the terms with spatial derivatives of the dielec-
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tric tensor elements only if the corresponding main (classical) terms (prop-
ortional to the tensor elements) are canceled and let us always neglect the de-
rivatives of the field amplitudes. As a result we get a modified dispersion equa-
tion in the form:

Do(N, @w,x) + 8D = 0, where

g-N? N . B| _.c B
6D N (17 N) wvg[NXIBI:I gNmrotlB.l},
The dispersion curves N,(x) obtained from (11) for N, = 0.4 at various N,
for the parameters of the previous numerical modeling are shown in Fig. 2. The
transparency region at high IN,I exists only at N, > 0. The conditions for ei-
genmodes of Fig. 1 localized in this region is similar to the quantum number
law relating the refractive indices N, and N;:

[1)] 3n
el = (12)
c ;N,dx 5 +nrw ,

The analogous relation is obtained from the numerical solution of (2) as a
condition of the plasma matrix impedance components equality to zero. These
two predictions are compared in Fig, 3 where one can see a good agreement
between them.

The plasma inhomogeneity can also change the dispersion characteristics
of fast magnetosonic waves with frequencies several times the ion cyclotron fre-
quency. In Fig. 4 we present the map of the zeros of the plasma surface imped-
ance and the curves corresponding to the quantum number law (12), where N,
values were calculated both from the conventional dispersion equation (3) and
from the modified one (11) for the frequency 20 MHz, magnetic field 0.5 T and
Vn, =102 cm™. A reflecting metal wall placed at the distance 4.8 cm from the
plasma surface produced the configuration necessary for the excitation of ei-
genmodes of a plasma waveguide. The results obtained from the modified dis-
persion equation agree very well with the numerical calculation while the con-
ventional formula contradicts to them.

The good agreement of the modified dispersion equation (11) and the nu-
merical modeling allows to use (11) in ray tracing calculations of the current
generated by LH waves in the tokamak plasma. In Fig. 5 we present radial pro-
files of the RF current density computed with the use of dispersion relations
(3)— curve 1 and (11) — curves 2 and 3 for co- and counter-injection of the
current in FT-2 tokamak (a= 8cm, R= 55cm, n,(0)= 3-102cm?, 7,(0)=
450eV, I, = 30kA, B = 20kGs, Prr=400kW, 2 < N, < 4). A significant differ-
ence in the value and localization of the RF current is due to the different ac-
cessibility conditions for the waves with opposite signs of N,

an
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Thus non-WKB terms resulting from the plasma inhomogeneity can sig-
nificantly modify the dispersion characteristics of the waves in the intermediate
frequency range. They have a noticeable effect on the ray-tracing trajectories
and on the RF driven current profiles in small tokamaks. Besides, they can be
important for providing the accessibility conditions for some parts of the wave

spectra excited in the plasma.
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On the influence of nonlinear correction on
ECCD efficiency

A.Yu. Kuyanovt, A.A.Skovorodat, M.D.Tokmani}

tINF, RRC 1.V.Kurchatov Institute, Moscow, Russian Federation
1 IAP, N. Novgorod, Russian Federation

1. In modern ECCD experiments on tokamaks essential deviation of the
distribution function of resonant electrons from the Maxwellian one is achieved
[7,19]. Calculations show that this can lead to sufficient changes in of the linear
CD efficiency [1,5,10,23].

The increase in the characteristic perpendicular energy of resonant particles
in the course of intensive ECR heating plays different roles depending on the
experimental conditions. It is, therefore, of significant practical interest to analyze
the regimes, in which the increase in local CD efficiency at large power levels
is possible without decrease in the absorption coefficient of EC-wave. In work
[10] the scaling for the power threshold of a quasi-linear increase in the local
CD efficiency is obtained. In the present work we calculate the scaling for the
maximum possible increase of CD global efficiency at high-power EC-heating for
the parameters of the T-10 tokamak.

2. To obtain the scaling for CD efficiency at high level of EC-power we shall
use the stationary quasi-linear equation for the electron distribution function.
Within the approximation of the zero inductive electric field this equation has
the following form [4,11,14,18,21]:

(@+3)f=0, (1)

where Q is diffusion operator in the phase space under the EC-resonant condition,
and § is operator of Coulomb collisions. We shall consider electron distribution
function f = f(v, 1), where v is absolute value of electron velocity, and y is cosine
of the pitch angle.

In works [11,14,18,21] various { representations with quasi-linear diffusion co-
efficient D were discussed. We use the following simplest form (see, e.g. [14,21]):

Q = zDi’ (2)

(2+@0-0) L), ®
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where A (v) = 1 — nw, /w, and w, is relativistic gyrofrequency, and n is number
of a cyclotron harmonic.

The structure of function D(v, ) is determined by spatial distribution of a
microwave field over the considered flux surface and by the character of electron
motion in a non-uniform magnetic field [14,18]. Generation of the EC-driven
current is possible if D is an asymmetric function of variable y [8]. Bounce
averaging produces essential pitch angle symmetry of f and D in the banana
region, where

2¢
; 4
e+1’ ®)

here € = r/R is local inverse aspect ratio. Consider LFS input of EC-waves in a
tokamak with large enough optical depth of the plasma column. In this case it
is possible to choose D = 0 for passing (untrapped) electrons with negative u.
One can obtain all possible mechanisms of ECR current j generation having
integrated quasi-linear equation (1) over dvdp with weighting function v8y :

lu| < pe =

J=JrB+j)+ jsr + Jokn (5)

The first term in Eq.(5) is the standard Fisch-Boozer current, jrp, related
to production of anisotropic electron resistivity under EC-heating (8]; jj is cur-
rent produced by introduction of the longitudinal momentum of EC-wave into
resonant electrons [8]; the third term, j;,, describes current degradation due to
the so-called neoclassical friction between the passing and trapped particles [9],
the last term, joks, is current connected with the wave-induced push of passing
particles into the banana area in the phase space (Okhawa current [17]).

For the qualitative analysis we shall restrict the scope of this investigation to
the case of the Lorentz gas approximation. It is convenient to introduce the func-
tion of distribution of the absorbed wave power and the averaging procedure over
this function in the resonant region of the phase space (see the works [14,22,23])

p(v,) = =mDLf; U ), = B [ [ Uo,uon(v, wods,  (6)

where P, is power density absorbed only by passing particles (P is total density
of absorbed power deposition in the coordinate space), U is arbitrary function,
and m is electron mass. We can obtain a simple expression for the total current

density:
= e (), - ), + (22 )

where D, = v.v%, v, is frequency of Coulomb collisions for electrons, vr is electron
thermal speed, Z = (1 4+ Z.5s) /2, and Z.; is effective charge of ions.The last
term in the brackets describes the transfer of the wave longitudinal momentum
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to electrons and will be ignored below. The second term describes the current
degradation due to the trapped particles. It should be noted that the last expres-
sion gives a qualitatively correct description of the tendency of sharp reduction
of EC-current with the characteristic value (i), of approaching the boundary of
trapping cone p. for arbitrary Z.s;. In numerical calculations this effect was
found, e.g., in work [23].

Equation (7) yields the following relation for the CD efficiency:

. l—ﬂ‘y‘
J (u
=L ~ppp—2 8
=g N UE T (8)

Here nrp is standard Fisch-Boozer efficiency [8], and « is numerical factor of
the order of unity. It follows from equation (8) that in the area of (), >
p. efficiency of ECCD increases with increasing of the averaged pitch angle of
resonant electrons (i.e. with falling (x), in the process of quasi-linear distortion
of the distribution function). This effect was obtained from numerical calculations
in works [5,10,15,23].

The regimes of EC-heating are very interesting and promising, when quasi-
linear relaxation produces an increase in the CD efficiency without considerable
decrease of the absorption coefficient of EC-wave.

There are two regimes of this type. First, it is the autoresonance regime, in
which the longitudinal refraction index is equal to N =1 [13,15,24].

For ECR plasma heating in a toroidal device another attractive regime can be
easily realized [20], namely, heating of subrelativistic electrons at the following
conditions:

nw, V)
1-— - Ny =0, 9)

v? vy

2 < N"% (10)

Here index r marks all variables on the EC resonant line (9) and c is speed of
light. In this limit resonant lines and quasi-linear diffusion curves in the phase
space are close to vertical straight lines:

cA(0)  w-—rnwyo

Ul R )

where w,q is nonrelativistic gyrofrequency. Under these conditions, the wave-
induced diffusion cannot essentially reduce absorption of waves [20]. It should
be noted that as energy of the particles grows, the shift of the relativistic mass
changes the EC resonant lines stronger than quasi-linear diffusion lines. This
shift leads, in the long run, to formation of a quasi-linear plateau.

The finite width of the spatial or temporal spectrum of microwave radiation
and magnetic field inhomogeneity within the area of a microwave beam results in
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formation of a resonant “belt” with width Avy, in the phase space [11,14]. For
the sake of definiteness we shall consider the effect of the finite angular spectrum
ANy € Nj < 1. One can obtain from simple geometrical considerations that

the “belt” width Ay, ~ %’lv", determines the maximum value of perpendicular

velocity v, = 2¢NjAvj, in the region of parameters described by equation (10).
From estimation for (u).,

1 1

(), = =~ , (12)
r v 2N3Av“,.
\/1 A Vit

and relation (8) it is clear that the gain in efficiency increases with the increase of
“belt” width Avjy,. The optimum width of the resonant “belt” is Avy, ~ 2 In

= 2,
this region the electron distribution function over longitudinal velocities decrueases
significantly. For wider resonance region the whole number of electrons within
this zone cannot grow significantly and, hence, CD efficiency cannot increase
further.

For the quasi-Maxwellian electron distribution function the absorption of the
main part of microwave power occurs in the area described by equation (10) at

the following condition [16,22]:

(':—1"'1)2 >t (13)

vr

where 7 is optical depth of plasma column for the considered EC-wave. At this
condition the characteristic value of the normalized resonance detuning in the
region of main absotption of microwave power is equal to

a©) ~ Mervinr (14)

In the limit of a small inverse aspect ratio, € — 0, expressions (8),(12),(14)
yield the following relation for the CD efficiency for the case of reasonably small
Ny:

Tmax —NFB _ Ny
nrs 2vp(lnT)32 (1)

It is clear from equation (15) that the relative gain is proportional to the
launching angle (which determines JV}) almost inversely proportional to the tem-
perature and has a logarithmically weak dependence on plasma density.

3. Estimation (15) was obtained for the local ECCD efficiency (i.e., for fixed
flux surface). In practice, the global efficiency, (n), determined as the ratio of the
total current I to the total absorbed power W, () = I/W, is also very important.
One of the objectives of our calculations is to check the possibility of expansion of
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the local scaling (15) to global ECCD efficiency. There is an important question
when profile effects are essential.

Another objective of the calculations is to obtain a quantitative relation for
the expected probable nonlinear gain in efficiency in real experiments on tokamak
T-10. The necessary level of microwave power for this gain is also determined.

The calculations were carried out with the use of the OGRAY kinetic code
[15] at fixed plasma parameters and their profiles. The profiles and values of
electron temperature T., = 4.3 keV and density n., = 1.7 - 10'3cm™2 on the
toroidal axis agreed with experimental conditions in tokamak T-10 for 0.6 MW
power and on-axis heating (see [15]). The effective charge of ions Z.;; was taken
to be independent on radius (Z.s; = 2).

The microwave power (frequency of 70 GHz or 140 GHz) was concentrated in
a gaussian beam with characteristic half-width 6cm.

In the Figure we present dependencies of the maximum relative nonlinear gain
in CD efficiency on: (a) the longitudinal refraction index in the region of the ECR
absorption, (b) the on-axis temperature, and (c) the on-axis plasma density. To
obtain these dependences, the on-axis ECR heating was considered. The level
of input power was up to 5 MW. There is a reasonable agreement between the
curves in the Figure and the scaling:

(Mmay = (m0) Ny
o TulkeV) 1o

4. The presented analysis of ECCD in tokamaks at LFS launch of microwaves
shows that the sufficient nonlinear ECCD efficiency gain is possible at the modern
experimental level of microwave power. For this gain the oblique wave launching
and a reasonably low temperature (see the condition (13) and scalings (15) and
(16)) are preferable. Such regimes allow an increase in the EC-driven current in
the off-axis region.

The work is supported by Russian Foundation for Basic Research Grants 95-
02-03503-a, 95-02-04999-a.
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ELECTRON QUASILINEAR DIFFUSION UNDER ECR
INTERACTION AT THE SUPERADIABATIC REGIME

A.V.Timofeev, A.V.Zvonkov

RNC Kurchatov Institute, Moscow, Russia

Gyrotrons used for ECR heating and current drive in thermonuclear
devices generate almost monocromatic electromagnetic waves. However
the electron distribution function evolution is described by the quasilinear
diffusion equation based on random phase approximation. Larmor phase
randomization can due either to the phenomenon of resonance overlapping
or to Coulomb collisions. The bounce resonances are overlapped if the
wave amplitude is sufficiently large, see for example [1]. Usually this
condition is fulfilled for main part of the electrons with energy € ~ 1-
10keV. However, it can be violated for relativistic electrons (¢ ~ 0.1-
1Mev). In some situations these electrons can provide the main part of the
ECR current, for example in autoresonance mode of the current drive [2].

If the bounce resonances are "separated”, electrons oscillate on the
phase plane under ECR interaction regularly. This regime of the ECR
interaction is named usually as superadiabatic regime. In this regime
Coulomb collisions induce some weak electron diffusion on the phase
plane. But synergetic effect of the Coulomb collisions and regular
oscillation is more important. This effect is similar to the neoclassical
diffusion.

This regime is analysed in [3], see also [1], for the problem of ECR in
the magnetic traps and for abstract problem of standard mapping [4]. In
both papers the simplest model of random impacts acting on Larmor phase
is considered. The quasilinear diffusion coefficients obtained in these
papers turn out identical. However, in real conditions random variations of

the motion integrals €, p = p2 sin?@ / 2m® ,o are more important
than direct Larmor phase randomization. (Here € - electron energy, ® ,q -

nonrelativistic electron cyclotron frequency, © - pitch angle.) For
relativistic electrons | -variation due to the pitch angle scattering is most

important. This process determines the Larmor phase dispersion.
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We shall analyse in detail the most interesting case of weak collisions
De(((AG)s/ 2 Q’el/ 2 Here Dy - diffusion coefficient on pitch angle,
€ ) 2mAe
mc? p2 sin 20
one ECR interaction act, 2 - wave phase change on the electron
trajectory during one bounce period. In this case Coulomb collisions distort
the electron trajectory on the phase plane weakly. However inverse
influence of the regular oscillations on Coulomb collisions can be strong.
In particular, Coulomb collisions term transformed by regular oscillations
describes some effects which can be considered as quasilinear diffusion due

to ECR interaction.

The similar problems arise at the describing of the evolution of finite
amplitude plasma oscillations [5] and of the charged particles dynamics in
the magnetic traps [6]. The procedure of Coulomb collisions term
transformation was worked out, see for example [6]. It is necessary to
introduce the variables action - phase angle and to average Coulomb

collision term on the phase.
We shall consider the electrons near the bounce resonance curve on

phase plane (g, ) = 2nV. Let us introduce Cartesian coordinates
(21, P2 ), py -axis is directed along pitch angle. In this variables Coulomb
collisions term takes the form )

o4

Py

St = Dyp? .

As it is known, electrons are displaced along lines € — pw = const
under ECR action. The unit vector directed along this line is equal to
&= (1) /(% +1)!/2 here 5=2(0, /o - sin®0) /sin26.

Let us introduce the new coordinate system (G, 1) with ¢ - axis along
€ -vector

- pitch angle increment under

A0 = € _sin?g
(O]

(M

G = P18 + Py,
N=P~Aé — P29.
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Near bounce resonance curve (£(¢, n) = 2nV) the motion equations
have standard form
b= G + M,
¢ = A, sin®.

Here A, = (e / 2 1+ 5 )l/ 2 Ae, Ag - energy increment in one
cyclotron interaction act, time is measured in 27t / @ 5 units.
The Hamiltonian
H=¢2/2-cos®
corresponds to this equation system, here ¢'=(c—-Gg)/ &,
2= /)2
The motion described by this Hamiltonian was studied in detail, see for
example [5]. We shall consider only so-called transit trajectories with
unlimited phase change
® = 2am(oX (%) / T),
¢' =2/ kdn(oKL(%) / 7).
Action variable conjugated toat is given by the expression
I=4E(k) | k.
Here K(%), £(/%) - complete elliptic integrals.
Let us transform (1) to the variables (/, n, o)
0 ol N 0 on 0l 0O 6n 0

A
St = Do G om 0n6p1)(6p1 or " opy on

Here we crossed out the terms — 01 o 6 6f
da 1or’ea 2 om

i

vanished after a-

averaging and the terms with derivative % as we assume that distribution

function is independent on the phase. Jacobian
DI, 9%
Do) = _(__g)l/ 2 dropped from this expression as it is almost

D(Pl’ P2 (D) Ag

constant near bounce resonance curve.
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As the transformation (¢', ®) — (/,a) is canonical we obtain
Of / 0py = AOD / 0o, where A = (¢ + €2y /Q’g)l/z. Derivative
—agp- is equal to €. Also using relations (0® /da), =1,

1
(0D / 6(1)2 Yoo =4KE / 7% we obtain averaged Coulomb collision
term

DAL AKE o0, 0
8t = Dop (4 —( Do tHdgpraz )’y @

In (2) the first term describes the diffusion on 7/, the second - along
characteristics &7 / @dn = ey / A on plane (Z, n). Both processes have
the comparable intensity near bounce resonance curve. However, the

diffusion coefficient on the action Dy = I} p2A2(4KE / n® - 1)

diminishes abruptly Dy oc I~ 4(1})1) far from this curve. In real

problems characteristic scales exceed distance between resonance curves
greatly. Therefore electron distribution function is levelled off along
characteristics and averaged diffusion coefficient can be used for
describing the diffusion

1
oL p 2aPa /2 ap K AKE
Dp)p = 5= Dor AX(@A) (j) dhzC 5D O

Here the distance between resonances is evaluated as -

’ -1/2

Al = 2 / Byin ~ 2n(QA) /2.
Collision term with averaged diffusion coefficient (3) assumes the form

3 & 9, ., 0 0.9
St = [(D[>la? + Dyp (Aa—] + e g) V. @

It must be transformed to the variables py, po . This variables have no
one to one correspondence with 7, M as electrons blur because of

oscillations on phase plane. However, only the processes with
characteristic scales exceeding the distance between bounce resonances are
of interest. This distance in turn exceeds the oscillation amplitude.
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Therefore we can assume [/ z(Q’gAg)l/ 2(c;+nQ /Q) with

precision A7 =~ 1.
Transforming (4) to the variables ¢, 1, we obtain
A, & o 0
St = (D)) ===+ DypP (e, — + g —)2Vf.
[ 1>IQ'g o2 Dyp(a ot e (.m) v
Finally, using variables pl Do, we find
: a’-
St=[Dp), o (el—— +te ——) + st
T om o
Comparing this expression with (1) we see that additional diffusion
along characteristics eg 2y — €1 p9 = const or equivalently along curves
€ — o = constarises due to ECR interaction. This process can be
characterized by the diffusion coefficient on energy

K (ﬂ -1).
¥ x®

In the opposite case of the strong Coulomb  collisions
De))(AO)a/ 2%_1/ 2 is given by the usual quasilinear expression, see
for example [1].

D, ~—Desl/2 8/2, AZ(Q'A)I/Zjdk
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NUMERICAL STUDY OF ECCD IN TOKAMAKS WITH
OGRAY CODE

A. Yu.Kuyanov, A.A.Skovoroda, A.V.Timofeev, A.V.Zvonkov
INF, RRC Kurchatov Institute, Moscow

1. OGRAY code

Objectives. Numerical code OGRAY has been developed for study of
ECR heating and current drive. Main requirements to the code were:
adequate description of ECR interaction; flexibility, possibility of fast
calculations on personal computers.

The OGRAY code is used for modeling of experiments in T-10, T-15
tokamaks, optimization of EC heating and current drive systems, searching
for opportunities of nonlinear CD efficiency enhancement (autoresonance
regime of CD).

Capabilities. The code provides computation of steady-state profiles of
power deposition and induced current for arbitrary launching position and
oblique launching angles for both O and X modes with simultaneous
account for the absorption on several cyclotron harmonics.

Physical model. The Gaussian microwave beam with the width smaller
than the plasma inhomogeneity scale is considered. The expression for the
quasilinear diffusion coefficient for such a beam has been derived [1]. The
calculation of the central ray trace is sufficient for the code. The electron
distribution function found by solution of the stationary 2D quasilinear
equation determines the absorption power density and induced current
density on the given magnetic surfaces. Both the collision and quasilinear
operators incorporate relativistic effects, trapped particles and are bounce-
averaged.

Advantages. The quasilinear diffusion coefficient accounts for
inhomogeneities of magnetic field and wave amplitude during the
resonance interaction. The wave power on the trajectory is calculated with
the account for quasilinear absorption. Ray tracing accounts for divergence
(convergence) and diffraction of the wave beam [2]. Calculations on
widely available computers are possible.

Drawbacks. The linearized collision operator is used, the momentum
conservation is accounted approximately. The quasilinear equation does not
incorporate the inductive electric field, so the induced conductivity is not
accounted.
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2. Study of equatorial launch in ITER

For microwave beam with frequency 170 GHz and power 50 MW at
three values of magnetic field 5.68; 4.85; 4 T we computed radial profiles
of power deposition dP/dV and driven current J, as well as total CD
efficiency <y> as a function of launching angle 6 for an ordinary wave at
equatorial launching. The main parameters of ITER and EC heating and
the current drive system used in the calculations are presented in the Table.
The plasma profiles were fixed. In the calculations the launching angle was
varied with increment 5°. The absorption on three harmonics of EC
frequency was taken into account simultaneously.

Major radius, m | 8.14

Small radius, m | 2.8

Magnetic field on axis, T | 4; 4.85; 5.68

Current, MA | 14; 17;21

q|3.1-3.2

Eiongation (kos)| 1.6

Electron temperature on axis, keV | 20; for Ohmic stage 3.5

Electron density on axis, 10° m> | 1.3; for Ohmic stage 0.47

Gyrotron frequency, GHz | 170

Gyrotron power, MW | 50

Width of the wave beam at ECR point, m | 0.4

Launching angle at radius 10.94 m, °. [ 0 (normal to an axis) - 50

Wave mode | Ordinary

EC harmonic | Fundamental

Effective charge [ 1.6

For magnetic field 20 150
5.68T at all launching "| B=568T e=30°
angles EC power is 151 e apay Wiemes
absorbed almost enti- | | —— e aem 110
rely at the fundamen- 10 .
tal frequency and
absorption is located 05| ' 1° e
at small radii from apia. iem
-50cm to +150cm 0,0 bbbl Retbeedh

. -250-200-150-100 -50 0 S0 100 150 200 250

(negative values cor- rem

.respond to positiqn Fig.1 The profiles of power defosition and driven
ms_lde the magnetic current for launching angle 30° and axis magnetic
axis). The location of field 5.68T

14— 1499 209



absorption is shifted outside and the profile broadens as the launching
angle increases. Note that for angle 40° the off-axis (on 1/2 of small
radius) current drive is realized with rather high efficiency. The calculated
profiles for the launching angle 30° are shown in Fig. 1.

In Fig. 2 the dependence of total CD efficiency and the share of total
power absorbed at fundamental frequency on the launching angle is shown.

T T T T v T T L T T
50 —-—l—I\.“.N.‘_.—’__./I ./1
40 / i
201 y .
§ | /
21 .\ o— y 1
"l (]
104 e ]
T T v r 175 17T+ r1rT LI
ooff P B D F P P 4 &
© o [FEE —
g ::: ::Tru\mc /'/./ 0><' \
. Y
§ 0,101 / e
] —"
o 0054 o~
e
A —"
v 0,00 T T "7 LA T T T T
0 5 10 15 20 25 D B 440 446 0

Fig.2 The dependence of CD efficiency and share of
total power, absorbed on fundamental frequency,

on launching angle

The efficiency inc-
reases with the rise
of the launching
angle up to 35° and
achieves the value
of 0.15-10°A/Wm’.
For angles greater
than 40° the power
is not absorbed on
one pass through the
plasma due to dec-
rease of absorption
for a small angle
between the wave
vector and magnetic
field. The density of
driven current was
found to be compa-
rable with the den-

sity of inductive current, which gives the opportunity to control the profile

of total current.

For magnetic field
4.85T a substantial
part of EC power is
absorbed at the
second harmonic on
the plasma periphe-
ry. For normal
launching  approxi-
mately half of the
total power is ab-
sorbed before the
wave

20

=
w

dP/AV, Wem 3
>

0
-250-200-150-100-50 O S0 100 150 200 250

r,cm

150
B=4.85T 6=35°
| —— dP/dV, Wem™3 1100
—e— Jo, Alcm™2 -~
+ 2
3
N

reaches the Fig 3 power deposition and driven current profiles

fundamental harmo- for launching angle 35° and magnetic field 4.85T
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nic. The increase of the launching angle up to 25° rises the share of the
power absorbed at the second harmonic. This is what explains significantly
lower efficiency for these angles as compared with greater magnetic field.

For magnetic field 4T very large absorption is observed on the outer
periphery of plasma

at the second O Tos 7%
harmonic. The CD —— dPIAY. Wiom**3 {140
efficiency is very 010 |------ p,MA’I ’

small:  0.014-10%
AWm®. The wave
with frequency 170
GHz is' hardly
suitable for heating opobo. iy o b T <
and current drive in 250 -200-150-100 60 0 50 100 150 200 250
magnetic field 4T. T, oo

The refraction Fig.4 The profiles of power deposition and wave
of the wave beam power for magnetic field 4T and launching angle 45°
turns out to be (waveleaves plasma through the outer boundary)
insignificant for all considered angles. The dependence of CD efficiency on
total EC power delivered from wave to plasma was not observed.

For the same values of magnetic field we calculated power deposition
profiles at the Ohmic stage for launching angles close to optimal for the
final stage and modeled transition from the Ohmic to the final stage with
additional heating. The evolution of plasma equilibrium and radial profiles
of plasma parameters for the Ohmic and transition stages were computed
with the use of the ASTRA code by V.Leonov (INF, Kurchatov Institute).

We concluded that launching angles optimal for final stage provide
effective plasma heating and transition from Ohmic to final stage. In the
case of lower values of magnetic field (and inductive current) the
corresponding calculations have shown that 50 MW of EC power is not
enough to achieve the same parameters of the final stage. For 4.85T
magnetic field 70 MW of EC power is required, whereas for 4T, 350MW.

dP/dV, W/em 3
o
&
T

3. Autoresonance regime of ECR CD in T-10

In [3,4] it was offered to use the phenomenon of autoresonance for
ECR current drive. According to [5,6] the interaction of electrons with
electromagnetic waves in an external magnetic field occurs in the

autoresonance regime, if N, =1 (N, is component of refractive index
along a magnetic field). In this regime parameters of a particle during
14 211



ECR interaction vary in such a manner that the resonant condition is not
violated and consequently resonance acceleration of electrons can proceed

for an extremely long time.

In this case the electron trajectory on the velocity plane coincides with

Fig.5 Beam trajectory suitable for autoreso-nance
regime of current drive in a tokamak

the resonant curve. It
makes the establish-
ment of a plateau
impossible and crea-
tes conditions for
unlimited accelera-
tion of electrons.
Due to such
acceleration a "jet"
extended along the
resonant curve tends
to be generated in
phase space. This

distortion of the electron distribution function should be accompanied by
intensive generation of an electric current. In the considered mechanism the
current is driven by direct transfer of the momentum of electromagnetic
waves to electrons. It is the difference from the known mechanism of Fisch
- Boozer and similarity with low hybrid method of current drive.

T v T v T v T v L— 18
14F - - - 16
I . 414
1.2 5 -... ......... r’ cm .-. : 12
J10 N
B 7 1 R, PAg
2 | . 1 8 o
. K de6 E
08| 14
L : 2
06 . 1
1 — N 1 N 1 . L 10
K 1] 40 S0 60 0
s, cm

Fig.6 N, j as a function of distance along a ray for
trajectory shown in Fig.5 (dotted line - small radius)

It was established
earlier, that condi-
tion N, =1 in the
range of frequencies
Oo~®, can be
satisfied for extra-
ordinary waves laun-
ched to the tokamak
from above (or
below). The laun-
ching angle with
respect to magnetic
field should be rather
small. An example

of the beam trajectory suitable for realization of the autoresonance regime

is shown in Fig.5.
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Figure 6 shows that on the whole trajectory N, ~1. In tokamak T-10

launching of the extraordinary wave from above at angle 20° to magnetic
field appeared to be optimal. In Fig.7 the autoresonance regime is
compared with the conventional, when the ordinary wave is launched from
the outer side of
torus at a rather lar-
ge angle to magnetic
field, the value N,

0,20 By=3.25T
0,15 | autoresonance

010}

being in the interval : By=24T

0.2 - 0.3. For large - 0.05F

EC power the CD & 0,00

efficiency of the auto 0,05

resonance  regime 0,10 R S SR

can be twice that of 0,0 05 1,0 1,5 20

the conventional P, MW

regime. Fig.7 CD efficiency as a function of microwave

Thus, the nume- power: 1-conventional regime (N,=02), 2-
rical analysis shows, autoresonance regime
that the ECR auto-
resonance regime of current drive has good prospects, at least in small
tokamaks like T-10. The possibility to use the autoresonance regime in
large tokamaks, like ITER, requires additional study.
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ON THE POSSIBILITY TO USE “RADIO WINDOW?”
EFFECT FOR ECR CURRENT DRIVE IN
LARGE-SCALED TOROIDAL DEVICES

O.B.Smolyakova and M.D.Tokman

Institute of Applied Physics, Russian Academy of Sciences,
Nizhny Novgorod, Russia

The problem we deal with is to analyze the possibility of improving
ECCD efficiency in a large-scale tokamak using electron Bernstein waves
(EBW) excited by linear coupling of normal waves in a magnetized
plasma.

According to [1] EC current drive in tokamak by Bernstein modes has
some advantages; we mark two of them. First, significant slowing down of
EBW in magnetic field direction may be achieved. The longitudinal
(parallel to magnetic field B) refractive index n;; can be determined [1] as
ny~n,Be/B,, where By, is the toroidal magnetic field, By is the poloidal one
and n, is the transverse component of refractive index. In the region of
Bernstein mode absorption n; can be estimated as n,~Br' (here

Br=vr/c=(2T./mc?"?), so the value n, ~ Bl__ﬁe_ can became noticeable
T “e

and influence essentially to variations of pitch angles of resonant particles

reducing the negative effect of trapped electrons.

Second, the efficiency of current drive by a B-mode can be higher
than that by electromagnetic waves. Due to the fact that absorption coef-
ficient is approximately mc*/T. times higher than that of normal electro-
magnetic modes, the greatest part of the wave power has resonant ab-
sorption in the inhomogeneous magnetic field with more energetic elec-
trons, so ECCD efficiency m, which is proportional to squared resonant
electron velocity vf , 1s enhanced.

When applied to large-scale devices, these points have some peculiari-
ties. At first, for the parameters typical for hot plasma the estimated
value of ny is not much higher than unity, and some applications (for
example, estimation of the influence of the particles trapping effect during
ECRH), require more accurate calculation. Second, the usual ("classical")
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way to excite the Bernstein mode [2] by launching the X-mode from the
high field side is inefficient due to strong cyclotron absorption of power
before the UHR region. So the so-called O-X-B mode conversion scheme
seems to be more attractive. It was proposed in 1973 [3] for the heating of
overdense plasma and efficiently realized in the large-scaled device
W7-AS now [ 4]".

In this scheme the O-mode is injected from the low field side at some
optimal launching angle. If in the cut-off layer the longitudinal (parallel to
the magnetic field) refractive index is determined by expression

n.=n =( J:l_ )1/2
z zopt 1+JH >

(where u =oy”/ @?), there is no evanescent region for transverse refractive
index n; and the O-wave is fully coupled to X- mode. It propagates to-
wards the torus center, reflects there and goes to the UHR region where
converts to the Bernstein mode. In the case of non-optimal angle transmis-
sion through the evanescent region is determined by coefficient

T= exp(-pkoL\/g(Z(H\/ﬁ(nm,,t -n,)* +n,%)), 03]

where n , and n, are longitudinal and poloidal refractive indices, ko is
vacuum wave number and, L is spatial density scale. The problem to
provide the sufficient power coupling for a wave beam with a certain an-
gular spectrum is the peculiar one, and may be that was the reason that O-
X-B scheme performance for efficient heating was open to question for a
long time. But the successful experiments on W7-AS show that the prob-
lem of beam matching can be solved. We can suppose that it also can be
solved in principle on large-scale devices. It follows that increasing the
scale of device under constant relation to beam aperture d rise up the cou-
pling efficiency for beam width An~A/d. But with no doubt this problem
which stays now beyond the scope of our consideration needs more de-
tailed investigation. '

Such, a rather sophisticated scheme as O-X-B needs careful numerical
simulation .

¢y

! The same mode coupling near plasma cut-off was observed in earlier io-
nospheric experiments in the radio frequency range (“radio window”)[5].
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To find out possible parameters of the mode excited in O-X-B scheme,
the numerical code was elaborated and calculations were performed.
Plasma modeled was considered to be a cylinder with radial dependence of
density, temperature and current density:

2 2 L. 2 s
n'_'no(l_r az)q,Te=To(1_r az)P,leo(l—r az) (€))

Ray trajectories and power absorption were calculated within the usual
geometrical optics approximation:

d&/dsza%ni’ dn/dsz_a%&.-’ ,zizm-dz. 4)

Here £, n, are generalized coordinates and momenta, T is optical depth,

and G is dispersion relation which was chosen different for different
plasma regions. For the cold plasma approximation it is taken according to
Appleton-Hartree formula:

G=n’-nl, =

2v(1-v)
2(1-v) +usin® 8 +/u’sin* 9 +4ucos’ $(1- v)’ ’
where 9 is angle between magnetic field and wave vector k, the upper

=n’ -1+ ®))

2
. . ®
sign corresponds to the ordinary wave and the v = /2 , the lower one
®

to the extraordinary wave, respectively.
Near the upper hybrid resonance the "warm" correction are taken into
account:

G =G,y +OB2) = (n* —n2)(n* -n?)-B;*-v-n°-D,

6-3u+u’ . :
D = 3cos* 9(1—-\))+;2ucos2 9-sin’ 9 + sin* 8. (6)
(1-u) 1-4u
n2 BZ
After increasing the value of parameter = ——X up to 0.1-0.2

2u
calculations are continued according to the Bemnstein mode dispersion
relation:

G=1+

2

(1 DRZL Wexp(OW @), ()
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where I is modified Bessel function, W is plasma dispersion function

and Z, = (1-1y/u)/ngB; .

In calculations,  the starting point is taken in the cut-off region
where the wave is assumed extraordinary and have wave vector
k directed along the magnetic field; in this case 100% transformation
takes place. Calculation stops when the optical depth of B-mode absorbed
reaches t~1. The corresponding O-wave trajectory is calculated from the
cut-off point backward to vacuum to determine launching parameters.

100 ; 100 —
;
—0 LN I I T U A \ R
P 100 | | 200 W 300
] 1y Vv
[ AJAY 5\\
-100 -
Figure 1 a, b.

Ray trajectories in the minor cross section (a) and in the equatorial one
(b); dashed lines correspond to ordinary branches and solid to extraor-
dinary and Bernstein branches; central parameters are uo=1, L 0=2.28,
T o =5 keV; ni in the absorption region equal respectively for different
curves:1- nn=244,2-n; =2.02,3-ni=1.63,4 -ni=1.47,5- nn=1.22,

6 - ni=0.94; dashed circle in a) is the line of L =1.

In Fig.1 a set of ray.trajectories is presented in the minor (a) and
equatorial (b) cross sections of tokamak for some hypothetical large-scale
installation which has size, magnetic field and plasma current typical for
ITER (the major radius R=800cm, the minor radius a=300cm, B, =5.8T,
complete plasma current is 22 MA), but higher density to have the plasma
cut-off inside the column. Different positions on the cut-off surface
correspond to different launching angles. Plasma parameters at the
center of the column are us=1, v =2.29, T, =5 keV, density and
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temperature profiles are determined by eq.(3) with q=0.8, p=2, s=2. Val-
ues of ny in the absorption region (where t ~ 1) are shown for each tra-
jectory. It is evident that, according to analytical predictions, values of ny
in the absorption region do not exceed the value of 1-2. _

The most important parameter to characterize current drive efficiency -
is shift Z=(1-Vu)/ngPr=vies/vr determining the energy of resonant elec-
trons. In all variants computed this value is Z= 3, so particles with 3 vy

velocities undergo resonant interaction. Such an efficiency proportional to

v2_ can be compared with that of electromagnetic waves with the same

parameters. According to [1], for O-mode V,e/vr ~ (In)"? .. These values
are estimated for calculated ray trajectories and give the B-mode ECCD
efficiency to be approximately 1,5-2 times higher: for curves 1-6 corre-
sponding values of optical depth give In 1,.~ 4.5-8, whereas for B-mode
7 ~9.

20~
a) b)
Cod 100
-100
. 1
\\“\. \'} T T ‘ ‘ \\] T [
q 100 | \RO 20
1 v A3\ \g4
: 100 N
VN
Figure 2 a, b.

Ray trajectories in the minor (a) and equatorial (b) cross-sections; cen-
tral parameters are u 0=0.91, L 0=1.4, T o0 =5keV; ny in the absorption
region equal respectively for different curves: 1 - n;=1.39, 2 - ny= 1.20, .
3-ni=1.00,4 - n;=0.80.

It must be mentioned that the range of parameters suitable for such
scheme of B-mode excitation is not too wide. It is restricted by the possi-
bility of strong absorption on "cold" ray trajectories. So the trajectories
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must lie close to the plasma periphery and not near to resonance layer.
Using “nonresonant” parameter in the center of plasma column, u, <I,
trajectories with low “cold” absorption can be moved from outskirts (see
Fig.2, a, b), but in this case the benefit in efficiency of B-mode compared
with O-mode is smaller (for example, for ue=0.91, v,=1.4 and
T, =5keV the relation between resonant velocity and thermal one
Z=Ve/vr is practically equal for both Bemnstein and electromagnetic
modes: for O-mode with the parameters corresponding to curves 1-4
Int, ~7-8 while for B-mode Z*~ 9).

Summary

It is shown that within some plasma parameter range in large-scale
devices with overcritical densities it is possible to use the O-X-B scheme
to excite the Bernsteim mode which is absorbed by resonant electrons
with energies 1.5-2 times higher than in the case of electromagnetic modes.
It should be noted that the absorption region is rather far from the center
of the plasma column (rss>2/3 a). It imposes some restrictions to current
drive but can be interesting from the point of view of suppressing MHD
instabilities at the plasma periphery.
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TWO KINDS OF WAVE PROCESSES UNDER POWERFUL
ECH IN T-10 TOKAMAK

V.I.Poznyak, A.A.Bagdasarov, V.V.Piterskii, A.N.Yakovets

Russian Research Cebtre “Kurchatov Institute”, Nuclear Fusion Institute, Mos-
cow, Russian Federation

1. Introduction. The knowledge of the nature of transport processes and
instabilities is necessary for the effective realisation of ECH, ECCD and
instability control. We suppose that the driving force of those are the poten-
tial high frequency (HF) electron plasma waves [1-3]. An excitation of the
coherent electromagnetic waves can take place under powerful ECH [1,2].
Plasma-wave processes were investigated in different regimes of T-10 toka-
mak (ne=0.5-4x1013cm-3, I=100-400K A, B=14-28KGs, PECH=1.2MW).

2. Theoretical background. In most cases of an additional heating,
the electric field for the creation of target plasma is used. Fig.1 shows the
example of a stationary nonuniform distribution function on the longitu-
dinal velocities of electrons.

T,
1.".’;” ]
n(no T, xf

Fig. 1. Space-dependent electron Fig. 2. Average direct velocity (local
distribution function normalized by current density) versus b. Dotted
the central value of the parameters line - main body part.

It was suggested that the local shape of distribution function is similar to
the quasylinear solution [4,5]. Empirical distributions on the perpen-
dicular velocities were selected with taking into account the real experi-
mental data [2]. The working parameters of calculations are o =E,/Ep
and B = @pe/0pe. Here, E; = const. The beginning of Cherenkov area
coincides with the critical velocity C = vya-1/2 (v, - thermal velocity).
Doppler mode is provided with the area u > D = C/B. The classical colli-
sions are took into account in the body part # < C. The flux of acceler-
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ated electrons ['~e-0/ 4, them current and noise energy increase with a,
but distribution function is compressed in the longitudinal direction ow-
ing to the reverse impact of the electron plasma waves. The correspond-
ing dependence of the local current density on a is shown in Fig.2. In the
region o > ap, the current density is a fallen down function. A transition
over the point o ~ ap leads to an instability in consequence of the posi-
tive feedback between current and electric field E,. The determinate
modification of E; is secured by the electrodynamic compression of the
current channel (pinch-effect). It is essential what the plasma pinch ve-
locity vy is connected with runaway phenomenon by the positive feed-
back (vp ~ EzBg/cB,, E; ~ v,Bglc, j ~ (c/r)d(rBg)/dr, djldt ~ e<u>T ~
evcol<t> exp(-a/4). This effect was lost sight in previous works [4,5 et al.].

The oscillations of high amplitude can be realised if them spectrum is
high coherent, that is, certain spectral components amongst possible
must have some advantages. We assume that plasma in the vicinity of the
resonance magnetic surfaces g = 1,2,3... where the magnetic field struc-
ture is regular, possesses such property. The oscillations with the natural
plasma frequencies of the corresponding zones is intensified in a direc-
tion of the resonance particles gradient. Most important property of the
oblique Langmuir waves is transport of the longitudinal momentum
across the magnetic field. Corresponding fluctuations of the poloidal
magnetic field secure the plasma diffusion. Under instability o >=a
plasma flows out the excitation area, which is surrounded with the reso-
nance surface rg,;;, to the absorbing area (outside rg,, with a drift veloc-
ity of more cold plasma component. Energy of the electric field is passed
to the oscillations. Oscillations damp under the realisation of the uniform
space distribution inside the resonance magnetic surface rgy,.

The important peculiarity of the oblique ECH is a creation of the hot
electron flux to the uptermal region of distribution function [2]. An addi-
tional nonuniformity of the hot particles in space is the reason for the
strengthening of potential oscillations. Moreover, ECH can realise the
inverse distribution on the transverse velocities which is unstable to a
generation of EC harmonics. The electron scattering on the potential
waves and space plasma diffusion can effort this effect, especially in the
first stage of ECH.

3. Experiment and discussion. Fig.3 shows some characteristics of the
discharge with different development of the instability. Measurements of the
plasma noises were fulfilled in region band 0.5-7.5GHz[1]. All investigated
discharges are accompanied by the intensive splashes of the HF oscillations
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in the beginning of current (1-st time window), when we deal with a cold-
plasma and flux of accelerating electrons. The instability is finished by the
establishment of the quasistationary spectrum. Fluctuations have a chaotic
character and grow with plasma current. Before the ELM-like instability on ¢
= 3 (2nd window), ECE and HF signals are being regular. HF signal is en-
hanced shortly before the breakdown mainly in low frequency region, but
diminishes in high frequency region. The instabilities are stopped under ECH
(31d window), but a total intensity of the oscillation increases several times.
The disruptive form of the instability on ¢ = 2 is shown in 4th window. As
result, temperature and density drop very fast and disruption transforms
spontaneously in the fan instability, when body plasma is cold, energy and
current are concentrated in a runaway component. The characteristic energy
region of tail for any kind of discharge is relatively narrow and soft (15-
30KeV, by ECE and SXR).

Ixa

300 ,/

3
Ne.cm

1271021

ECE |
r=20cm |

4GHz

Fig. 3. ECE and HF oscillations in discharge with different form of the
instability and with ECH

In Fig.4., the exponential dependence of oscillations around the maxi-
mum of them spectrum on the discharge current is shown. Elm-like instabili-
ties are absent under low current. Than, first crash is appeared in the end of
discharge and moves to the beginning of discharge with a current rise. Os-
cillations are saturated under some critical value of current. Disruption is
being very probable. The rise of the noises correlates with the appearance of
the hot electron flux on the plasma periphery. Apparently, the instability of
this flux is the reason of the global ELM-like instability.
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Fig. 4. Dependencies of noise level and time of first ELM-like instability
on the discharge current. A - free ELM-instability regions, B - with ELM-like
instability, C - high risk of disruption, D - disruptive always.
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Fig. 5. Different behavior of spectral Fig. 6. Spectra of the electron
components of the plasma oscilla- (Langmuir) oscillations for stable

tions in discharge with sawtooth OH, ECH and in the instability g = 1.
oscillations under ECH
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Fig.5 shows the regime with saw-tooth oscillations. Average density in-
creases monotonously without ECH. Under ECH, the modulation of it is
determined by a rebuilding of the density profile. HF signal in a high fre-
quency region has a noise-like shape. Under the successive reduction of fre-
quency (or the rise of density under fixed frequency), the sharp splashes are
appeared in the moment of each breakdown. This splashes can reach several
order of value close to low frequency boundary of HF mode. Fig.6 shows
spectra of oscillation under OH, ECH and in the instability. The semibreadth
of spectrum Awg is essentially narrow then wp,. For the low frequency
maximum, Awy,, << Aay. Its position shifts to the left then more, then the
amplitude modulation of ECE is more deep. We believe that this maximum
is the result of the non-linear scattering of the intensive Langmuir waves on
electrons and ions and its stationary frequency corresponds to the ion plasma
frequency wp;. Thus, we can find the space location of zone which plays the
role of the carrier trigger generation. ,

Ne 1, Tle, £,
q123 4 GHz 10"em>23 3219123 38 GHz

1
3 L los 3 08
—————— N
‘0.7 E < 0.7
2 . 2 | N
____{0,5 { 0.6
Jo.s 10.5
1 1r 1
40 20 ) 20 40 Tem -40 -20 o 20 40 Iem
A) B)

Fig. 7. The determination of the space-boundary conditions for mode g = 1

Fig.7A was obtained due to many frequency measurements in the re-
gimes with quasistationary density before and in ECH. The horizontal lines
show a probable interval of frequency of the stable maximum. Fig.7B illus-
trates two moments under ECH with increasing average density when the
noise part of spectrum is appeared in the band of receivers with fixed fre-
quencies. It can see that correlation between the obtained radial co-ordinates
and the location of rg; zone (by ECE and SXR) is satisfactory. Specific vio-
lation of the poloidal symmetry under a high level of turbulence (density
profile shifts inside, temperature profile-outside) can be explained by the
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dependence of the resonance conditions on the magnetic field (wg = kyvy -
ope)- The action of plasma waves can be more then that of the rotation trans-
formation. In this case, distribution must be non-uniform along the magnetic
force lines then more then level of the oscillation is higher (in particular, for
instability). It should to add that such almost ideal picture for ¢ = 1 mode can
be essentially complicated by the processes of another kind (radiation, ioni-
sation, charge exchange), which are important for more high mode number.
Apparently, the impurity flux from wall and limiter plays the most important
role for ELM-like instability.

n S

HF,
5Ghz M
ECE, ’—-/"’M

8cm

ECE,
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510 t,ms 570 400 t,ms 500
Fig. 8 Fig. 9

EC-instability were discovered [1,2] by means of the 18t 2nd and, some
times, 37d harmonics of ECE. Instability has a threshold and is observed, as
rule, under input power above 300-400 kW for average density up to
.3x1013cm'3. Space location of the high splash-like ECE, evidently, coin-
cides with 0- and ™ - points of the absorbing plasma ring. Characteristic
energies from specific frequency shift (rough evaluation) are no more than
15-30 keV. For central ECH, splash-like emission with frequencies shifted
up and down is observed. It can be explained by absorption of secondary
waves in the plasma periphery directly or after wall reflection. The instability
is accompanied by various modulating effects. In Fig.8, correlation between
amplitude of EC-instability and saw-tooth period can be explained by the
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increase of the amount of hot electrons under joint action of input EC- and
potential HF-waves.

Fig.9 illustrates some peculiarities in the first stage of ECH when density
and temperature profiles are rebuilt. Unstable ECH is begun just after the
gyrotron switch-off. The amplitude pulsation is connected, perhaps, with the
diffusion processes which are most effective under maximal density gradient.
It should mark that low frequency HF components have unstable shape, but
plasma under ECH is stable on the whole.

4. Conclusion. The presented phenomenological model is not contradict
to the data obtained on the T-10 tokamak. More over, it gives possibilities to
explain logical and relatively easy many experimental results on different
tokamaks: non-local transport phenomena, fast pinch of heat and particles,
similarity and difference between instabilities. Actually, several know insta-
bilities can be generation by the unit term - current kinetic instability. Its
main reason is instability of the accelerating electrons under common action
of the pinch and potential waves. In order to realise the complete model, it is
necessary to analyse the ion behaviour, drift processes, to take into account
the peculiarities of magnetic field structure. We believe that main reason of
suppression of instabilities is replacement of the inductive current source by
the source which has not the positive feedback with current. The analysis of
the hot electron behaviour together with the spectral measurements of the
plasma oscillations gives, at least, in some cases the possibility to obtain
certain signs of the coming instability essential before the time of breakdown.
EC instability under powerful ECH can be reason of additional heat transport
and impurity flux.

Authors are very grateful for the collaboration with T-10 Team.
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STUDY OF LOW FREQUENCY INSTABILITIES IN A
MICROWAVE PRODUCED TOROIDAL PLASMA

P.K.Sharma, J.P.Singh and D.Bora
Institute for Plasma Research,
Bhat, Gandhinagar 382 424, India.

ABSTRACT

Investigation of spatially localised low frequency flute and drift waves
in a toroidal Electron Cyclotron Resonance (ECR) produced plasma is
reported here. Hydrogen plasma using 2.45 GHz microwave is produced in a
toroidal device BETA [1]. Equilibrium density, floating potential and plasma
temperature in a poloidal cross section of toroidal plasma are measured.
Contours of density and floating potential exhibits slab nature in the vertical
direction of the polmdal cross section. Plasma is formed with a peak density
of 4 x 10 "' cm . The electron temperature is about 4 - 7 eV. Fluctuating
component of density and floating potential is also measured. ‘Radially
localised low frequency (LF) electrostatic instabilities are observed. Presence
of both, flute modes and drift modes is reported. Our measurements reveal
that the excitation of LF fluctuations depend strongly on the sign of product
Vn.VB. LF coherent fluctuating modes are observed in the region where
Vn.VB > 0 and turbulent spectra is observed where the condition Vn.VB < 0
is satisfied. Our measurements reveal that drift modes could be excited when

e <0 (wheren.,=(VInT,)/(Vinn,)), whereas R - T modes could be
exc1ted when M. > 0 and density gradient is antiparallel to "g’,effective
gravity due to curved magnetic field.

1. INTRODUCTION:

A series of experiments [1-5] on study of LF instabilities have been
conducted in th¢ toroidal device BETA [1]. During,these experiments it has
been shown that magnetised low-B plasma embedded in a pure toroidal
magnetic field is subjected to the R-T instability (simulating effective gravity
"g’) with density gradient ( Vn ) antiparallel to it [1,4]. In all the experiments
[1-5] reported earlier, the plasma production scheme has been similar. Plasma
is primarily produced using hot cathode discharge method. An incandescent
filament, placed in the toroidal vacuum vessel is biased with respect to the
vessel, thus initiating a hot cathode discharge. In order to overcome
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problems, related to the physical presence of the cathode in the plasma
volume, existence of primary energetic electrons and complicated electric
field, Electron Cyclotron Resonance (ECR) breakdown has been used to
produce plasma in the experiment described in this communication. We report
here on the equilibrium profiles of ECR produced hydrogen plasma along
with the characteristics of the LF electrostatic fluctuations present in this
plasma

fig 1. Schematic of BETA
machine

\WR 430 Waveguide

2. EXPERIMENTAL SET-UP AND METHODS:

The device, shown schematically in figure 1, is described in detail
elsewhere [1]. A toroidal magnetic field of 0.06 T and 0.08 T, at the minor
axis is produced for a duration of 3.5 second. The toroidal magnetic field rise
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fig 2.Radial profile of fig 3. Radial profile of fig 4. Radial profile of
density at B,=0.06 T density at B,=0.08 T electron temperature

within 50 milliseconds and remains constant (ripple < 2%) there after upto
3.5 seconds. A radio frequency source at a frequency of 2.45 GHz, capable of
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delivering 700 W, is used to form plasma. ECR breakdown at this frequency
occurs at a toroidal magnetic field ( By of 0.0875 T. By varying the strength
of the toroidal magnetic field, we change radial location of the ECR region
and hence density profile could be tailored. Hydrogen plasma is produced
with a toroidal magnetic field of 0.06 T and 0.08 T at the minor axis. The
vessel is evacuated to a base pressure of 8x10™* Pascal. Plasma is produced at
a working pressure of 6.67x10” Pascal. Equillibrium density, floating
potential and plasma temperature of the plasma are measured. Hydrogen
plasma is formed with a peak density of 4 x 10 '"¢m 3. Electron temperature
is about 4-7 eV. A limiter of diameter 18 cm is used to short circuit the
electric field established due to the curvature and VB drift to provide
equilibrium to the plasma. Both the vessel and the limiter are grounded. A
radially movable cylindrical Langmuir multi-probe system with exposed tips
of 10 mm in length and 0.5 mm in diameter, is used to measure the
equilibrium plasma density, floating potential and electron temperature at
different locations in the poloidal cross section.

Fluctuating components of density and floating potential have also been
measured at these locations. Two probes separated by a distance of 1 cm are
used to measure the density and the floating potential fluctuations
simultaneously. The data are analysed using a standard fast Fourier transform
technique (FFT) [6] to obtain the power, phase and coherence spectrum of the
fluctuations.

3. RESULTS AND DISCUSSIONS:
Equal density and equal floating

potential contours are generated from the
measurements of density and floating 21

potential in the poloidal cross section. The
contours exhibits slab nature in the vertical
direction within z=+8 cm to z = -8 cm. The
extent of slab fature in the vertical direction

Dectrx fiekd ( V/em )

-0 -8 -8 -4 -e 0 2 4 L] L] 10
Radial position ( cm )

Figure 5. Radial profile of
electric field at B,= 0.08 T

could not be controlled during these experiments, unlike in the. case of
filament produced plasma experiments [5], where the filament length decided
the extent of the slab nature of the plasma in the vertical direction. At B, =
0.06 T, plasma is observed over the entire radial location , i.e. -9 cm <r <+9
cm, as shown in figure 2, whereas at B, = 0.08 T we could observe the plasma
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in the region -4 cm < r < +9 cm as shown in figure 3. The density is higher in
the second case, almost by an order of magnitude. In our earlier work it has
been reported [5] that in BETA the toroidal magnetic field lines are open.
Therefore, when ECR region is located near the inner edge of the minor
radius (R ~ 31 cm), the open field lines enhance the loss of plasma particles.
This explains why plasma density is more in the former case and less in the
latter case. We have also measured the radial electron temperature profile.
Plasma is formed with a peak temperature of about 7 eV. The radial profile,
shown in figure 4, is broad and shows a weak fall ( about 3 eV over a
distance of 6 cm ) in the outer region.. Floating potential is also measured at
different radial locations. Space potential (¢; ) is obtained from floating
potential and electron temperature. The radial electric field, as shown in
figure 5, is spatially oscillating in nature. The peak value is about 3 V/cm ,
otherwise it is typically around 1 V/cm.
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fig 6. Cross power, phase and fig 7. Cross power, phase and
coherence spectrum at (a) r = -2 coherence spectrum at(a)r=4
cm and (b) r=+2cm. cmand (b)r=8cm

Fluctuating component of density and floating potential shows presence
of turbulent spectra in the region where the condition Vn.VB < 0 is satisfied.
Coherent low frequency electrostatic fluctuations are observed in the region
where the conditionVn.VB > 0. Region A extends from -4 cm <r <0 cm and
it is here that the condition Vn.VB < 0 is satisfied, where we observe
turbulent spectra. A typical cross power , phase and coherence spectra
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between density and floating potential fluctuations at r = -2 cm is shown in
figure 6(a). In region B, which extends from 0 cm < r < +9 cm,we find
Vn.VB > 0 and observe, both flute modes and drift modes.

The presence of flute modes
and drift modes depends on the
sign of n,, where 1, is defined as
Ne= (VIn T.)/(VIn n.). Radial plot 6
of m. for our experimental ‘-
parameters is shown in figure 8. It
is observed that drift modes are )
observed in the region where 7, is Y% \

10

Eta
~

negative. It is evident that n, < 0
in the region -1 cm <r <2 cm and
r 2 8 cm. In other region we B

. -0 -8 -6 -4 -2 0 2 4 6 8 10
observe flute modes. Figure 6(b) Radial position ( em ) '
shows a typical cross power,

Fig 8 Radial profile of n,

phase and coherence spectra between density and floating potential
fluctuations at r = 2 cm. In this region the cross power spectrum exhibits a
well defined peak centred around 5.0 kHz. The peak shows high degree of
coherence (around 0.8). The phase difference between the density and the
floating potential fluctuations at this frequency is between 0° and 50°. It is
well known that gradient driven drift instability shows a phase difference
close to 0° between the density and floating potential fluctuations at the same
location [1]. Our measurements suggest presence of drift modes in this
region. Figure 7(b) shows a typical cross power, phase and coherence spectra
between density and floating potential fluctuations at r = 8 cm. In this region
the cross power spectrum exhibits well defined peaks centred around 2 kHz
and 4 kHz. The phase difference at this frequency between the density and
the floating potential fluctuations is around 40°, showing drift nature of the
instability. In the region, 3 cm < r < 6 cm we observe LF fluctuations
showing flute nature. A typical cross power, phase and coherence spectra
between density and floating potential fluctuations at r = 4 cm is shown in
figure 7(a). The cross power exhibits a well defined peak centred around 1.3
kHz. The phase difference at this frequency between the density and the
floating potential fluctuations is around 100°. As density gradient is
antiparallel to the effective gravity , this region is more favourable for the
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excitation of R-T instability. Also the phase difference observed in this region
indicates the presence of a flute mode

4. CONCLUSION

We have formed hydrogen plasma using ECR method. Plasma is
formed with a peak density of 4 x 10 ' cm . Electron temperature is in the
range of 4 - 7 eV. Contours of density and floating potential exhibit slab
nature of the plasma in the vertical direction of the poloidal cross section.
Turbulent spectra is observed where the condition Vn.VB < 0 is satisfied. LF
coherent fluctuating modes are observed in the region whereVn.VB > 0.
Both R-T modes and drift modes are observed in the region where Vn.VB >
0. To conclude, our measurements reveal that drift modes could be excited
when 1, < 0 whereas R-T modes could be excited when 1> 0 and density
gradient is antiparallel to 'g'.
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We have evaluated the magnitude of localized current modification
for intense off-axis RF heating in nearly burning reactor plasmas. The
modification consists of the bootstrap current perturbation and of the
current driven by RF momentum transfer and asymmetric heating.
The results are used in a transport code to study the dynamics of
current generation and its response to source frequency tuning.

Introduction

In the present work, the problem of modifying the plasma current
density profile with fast tunable RF sources is addressed for tokamak
configurations in the presence of localized microwave power deposi-
tion. Current modification is beneficial for stabilizing MHD modes,
and may even enhance confinement by reverse shear generation. The
fast frequency tuning of microwave sources can also provide a novel
way to control the power deposition profile in the plasma. To investi-
gate the limits of such frequency tuning for moving the current gen-
eration region, the current rise and decay times have to be evaluated
and compared with the tuning rate. The requirements of frequency
tuning should then be contrasted to the present stage of art of tuning
technology of microwave sources.

At the same time, for strong wave absorption the characteristics
of the current have to be assessed. Since the RF heating can be well
localized, the resulting perturbation in the bootstrap current may
become la'rge. This is because the radial gradient of the local pertur-
bation in the plasma stress is steep, even though the perturbation is
much smaller than the background pressure.

Current drive model

Models for the RF-induced bootstrap current have been recently
developed for ICRF heated minority ions [1], ECRF-heated electrons
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[2], and for LH-heated alpha particles [3]. In order to obtain the total
driven current, the bootstrap current perturbation due to the heated
particles is added to the current driven by momentum transfer and
asymmetric heating. For ECCD, there exist analytical expressions
for the driven current by the latter mechanisms in terms of power
absorption [4].

ECRF model.
For ECRH, the quasilinear diffusion coefficient D for the electron
interaction with the microwave is evaluated from [2,5]

m_ eBy, kv e K
E[( m ) w Wv|3I 0’°’fd9/v”’

(1)

where E) is the parallel wave field component with respect to the
magnetic field, K is the resonance integral, 7 is the average time be-
tween successive passes through the RF, 0 is the poloidal angle, 6,
indicates the angle at which the resonance condition w — Qg(r,v,6) —
kjv| is satisfied at radius r, y = rsinfys, L is the radius of the mi-
crowave beam, e,m denote the electron charge and mass, v; and
v)| are the electron perpendicular and parallel velocity with respect
to the magnetic field, respectively, §df denotes the integral over
one complete bounce in the particle orbits, and one has defined
W? =sin*a/L* + (Q/2v))?. Here, ordinary wave mode propaga-
tion is assumed having fundamental cyclotron resonance with the
electrons, w is the wave angular frequency, 2 is the relativistically
corrected cyclotron frequency, k) and k are the parallel and perpen-
dicular wavenumber components, respectively, Q. = (Qcy/qR2)(1 —
k“v:"L /2Qcv)), Qe is the cyclotron frequency at § = 7/2, R is the
major radius, and q is the safety factor, a is the wave propagation
angle with respect to the magnetic field. The above diffusion co-
efficient is limited by relativistic heating out, giving the maximum
D = (Akyvy/Lwvy)?/(271), where Ak is the spread in the parallel
wavenumber spectrum, and 7 = 727 Rq/L.

In the present model the wave power absorption density is given
by prr = [; 4rm[d(v®D)/ Ov]fdv, with distribution function f(r,v)
obtained from the isotropic Fokker-Planck equation
of /0t = (1/v2)(8/0v)[v2D(8f /dv)] + (8f Ot)cou, where (Df /0t)cou
denotes the electron-electron collision operator, v is the total electron
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velocity, and D = (1/2) f_ll (1—p2)Ddy is the pitch averaged diffusion
coefficient with p = v /v.

Transport model

The transport code ASTRA([6] is used to follow the temporal evo-
lution of plasma temperature, inductive electric field, and the ther-
mal bootstrap current. The power input to the code is the absorbed
power density given by the RF models, and the current input consists
of the currents driven by the asymmetric wave heating and momen-
tum transfer also given by the RF models. In the cases considered,
no significant fast electron tail formation is found for ECRF heating.
For thermal diffusion in space, a combination of anomalous thermal
conductivities for the Alcator and 7; modes [7] has been applied.

Results

Dynamics of current generation

Figure 1 shows the results from an ASTRA simulation of ECRF
heating for a reactor-scale tokamak. Reactor-scale parameters are
used: R =77 m,a=28m, B=62T,] =15MA, T,; =
20 keV, and n, = 0.84 x 102 m~3. Equal deuterium and tritium
concentrations are assumed. Here, B is the toroidal magnetic field on
the axis, I is the total plasma current, and T; is the ion temperature
for each ion species. The density and temperature profiles are given
by n,T = ng,Tp x (1 — r2/a?)*»°T with a, = ar = 0.5; the current
density profile is parabolic. "Here, a fixed density profile has been
assumed. The electron cyclotron resonance (in the low velocity limit)
for 156 GHz frequency is at r = 0.8 m, and the beam radius is L =
0.1 m. Fifty 2 MW beams with oblique propagation (k; = 1000 m™~!
with 0k, = 60 m™!) are assumed. The power absorption is localized
near 7 = 0.9 m. The plasma profiles are shown for ¢ = 10, 100,
200 ms, and 400 ms, as well as 10 ms after a rapid frequency change
from 156 GHz to 149 GHz at ¢t = 200 ms.

One can see in Fig. 1 that the electron (and ion) temperature
grows locally near the absorption regime and leads to the formation
of a bidirectional bootstrap current on the time scale of tens of mil-
liseconds characteristic to the heating rate. The bootstrap current
density jp is found to be a significant fraction of the total driven
current j7. The time scale for the corresponding local changes in the
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total current is 50 — 100 ms, restrained by induction. Similarly, the
total current density profile does not seem to respond to the fast fre-
quency change until about 200 ms after the change. This is partially
due to the slow decay of the temperature perturbation, and partially
due to the inductive delay. At the lower frequency, the current density
profile is found to be strongly deformed at 7 = 1.3 m corresponding
to the electron cyclotron resonance layer at that frequency. A current
drive efficiency of about 0.005 A/W is found.
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Figure 1: The evolution of plasma temperature and current density
profiles obtained from the ASTRA transport simulation for ECCD

Figure 2 presents the evolution of the ECCD case without a fre-
quency jump but including additional LH heating of 100 MW. The
LH launching parameters have been optimized for electron current
drive. Interestingly, the local ECRH heating tends to attract the
LH power deposition to the EC resonance region. The increase in
the local temperature by ECRH at r = 0.9 m, although relatively
small, appears to increase the local LH-wave absorption and, conse-
quently, localize the LH-driven current there. This mechanism might
be useful for applying LHCD in synergy with either ICRH minor-
ity or mode conversion current drive, or with ECCD. The observed
synergy appears to be lost when the electron temperature grows too
much and, consequently, the LH absorption regime moves suddenly
to the peripheral region.
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Figure 2: The evolution of plasma temperature and the current den-
sity profiles obtained from the ASTRA transport simulation for syn-
ergic ECCD and LHCD

Summary

For intense, local off-axis RF current drive, the local heating of
the plasma may create a bidirectional local perturbation in the boot-
strap current profile. According to the transport analysis presented
here, the achieved local perturbations in the plasma stress can be suf-
ficiently large to produce a significant bootstrap current perturbation
- provided that such modifications remain MHD stable. A stability
analysis is therefore needed in the future. It should be emphasized
that this well-localized bootstrap current of bipolar profile is excited
even with symmetric k) spectrum, thus requiring no directivity in the
antenna system, and that it is not degraded by the trapped particle
effect, but is even enhanced by it.

Considering fast tuning of the power deposition, a strict time
constraint‘of about 100 ms is observed for the response in the total
current modification. The frequency tuning of high-power microwave
sources can be accomplished in several ways. For example, in the case
of a gyrotron it has been shown theoretically [8] that the frequency of
a high-power gyrotron could be changed very fast (in microseconds),
in steps of a few GHz, by changing the accelerating and modulation
voltages. This requires a very sophisticated power supply. In Ref. [9]
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this method has been demonstrated experimentally, although for a
low-power gyrotron. Another way of tuning the gyrotron frequency
is to change the magnetic field. In the experiment of Ref. [10] it was
demonstrated that this way it was possible to step-tune a high-power
coaxial gyrotron between 116 GHz and 164 GHz. Also, output powers
of around 1 MW have been achieved. Unfortunately, due to the large
inertia of the magnetic field, this process may take several minutes.
Much faster tuning should be possible in a smaller frequency range of
a few GHz by keeping the main magnetic field constant and varying
only an additional magnetic field produced by an extra small solenoid.
It is much easier to tune the frequency of a free electron laser where
only the accelerating voltage needs to be changed. For example, the
high-power (1 MW) free electron laser developed for fusion purposes
[11] offers a fast continuous tuning in the entire frequency range from
130 GHz to 260 GHz.
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ON ENERGY FLUX AND RAY TRAJECTORIES
OF ELECTROMAGNETIC WAVES IN A PLASMA
IN THE LANDAU CYCLOTRON DAMPING
REGION

A.LSmirnov and M.D.Tokman

Institute of Applied Physics, Russian Academy of Sciences,
Nizhny Novgorod, Russia

I. Introduction

It is well known that for energetic characteristics of macroscopic
electric field in the dissipative media there is not, generally speaking,
any common correct phenomenological® expression [1].

There are difficulties in determination of the energy flux in
the dissipative medias with spatial dispersion. In the “hot”
magnitoactive plasma this problem manifests itself by the fact that
standard geometrical optics provides in the ECR zone rays in the
complex space [2]. Such rays, generally speaking, has no clear
physical sense. In the absence of dissipation rays trajectories are
directed along the lines of the energy flux S [2,3]:

¢ .. 0Dpm

§= 167er”Em ok

where E,, stands for Cartesian components of the complex amlitude
of the electric field;

=II+K, (1)

2
w
Dym = Spmk? = kpkm = =7 épm(w, k), (2)

€pm(w, k) is dielectric tensor depending on frequency w and wave
vector k;
IT is Poynting vector (electromagnetic part of the energy flux);

W o wr Ohm
K= —TorrEm 5y

'L.e. free from consideration of microscopic structure of media.
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where K is density of the energy flux carryed by the media (“kinetic”
or sloshing flux).

In case of significant anti-Hermitian tensor! ¢, relation (1)
provides physically senseless complex vector S.

In the present work the quasi-linear theory method is used to
calculate EC-waves energy flux.

II. Quasi-linear theory of kinetic processes in quasi-
optical beams of EC-waves

Let us consider cyclotron interaction between electrons and
a monochromatic quasi-optical wave beam. We shall define the
complex amplitude of the HF-field as

E(r) = e(K)A(r) - %—gﬁ 3)

here e(k) is unit vector of polarization of the normal mode under
consideration; A(r) is scalar amplitude?. Further let us substitute
relation (3) to the kinetic equation averaged over high frequency.
After calculation of respective moments of the distribution function
we shall get relations for components of the kinetic energy flux which
we shall demonstrate for the simplest case of the quasi-transverse (or
transverse) waves propagation:

divK = Q — div{ ——|A[%¢] Ocpm (4)
wK = w Ton e;en 3k [’

_ W 9 L) re ((aH)
Q= 81r|AI [(1+arm(argA(r))akm €jen€n | s (5)

(H)

- woo, acjn 2
K, = 167reje" ak_]_ IAl ’ (6)

1Such situation takes place at the center of the cyclotron absorbtion line [2,4].
2The second term in (3) takes into account the finite width of the spatial
Fourier-spectrum; it disappears in the plain wave limit.
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AP, (7)
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w
16

Ky=—-i—ej ien

In (4-7) eng) and egf) are anti-Hermitian and Hermitian
components of the standard dielectric tensor of the plasma (see [4])
and k) is transverse component of the wave vector of the beam k.
Vector k is oriented in the (x,z) plane, and magnetic field H, is
directed along axis z.

From expression (7) one can see that transfer of the kinetic
energy of particles along the axis perpendicular to the plane of
vectors k and H, takes place due to anti-Hermitian component
of the dielectric tensor. This transfer leads, for example, to the
respective displacement of the energy profile deposition as compared
to the profile of the beam in the poloidal cross-section of the toroidal
installation.

By combining relation (4) with the law of the full energy flux
conservation one can obtain relation

divS+ Q@ =0, (8)
where Q is determined by the relation (5),
c? 0 _(H) 2
“Té?&(ﬂ"a_kp )IAI, (9)

D(H) is the Hermitian part of tensor D;, determined by the relation
(@),

According to (8) the direction, in which intensityof the HF field
spreads, may be determined by the real part of the standard relation
(1) even if Hermitian and anti-Hermitian components of the dielectric
tensor are of the same order. The last conclusion refers to the solution
of the electrodynamic problem for slab geometry given in [5,6].

Also from relations (8,9) and (5) it follows that in the general
case the correct ca.lcula,tlon of the spatial dispersion leads to the
appearance of terms ~ —RL not only in expression for the energy
flux but also in the expression for energy loss Q.
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III. Conclusion

In conclusion we shall formulate the results following from the
presented investigation:

1. At the center of the cyclotron resonanse line HF field stimulates
extra transfer of the energy by plasma particles along the axis
perpendicular to the plane of vectors of the external magnetic field
and phase velocity of the propagating EC wave. There is no such
transfer under the approach of “pure Hermitian” dielectric tensor.

2. The use of the real Hamiltonian to find the trajectory of the
wave beam in the region of the cyclotron absorption line is possible
in the case of not too long traces of propagation. Corrections to the
field caused by the anti-Hermitian components of the dielectric tensor
are of the same order as the difraction effects.
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DEVELOPMENT OF LOW FREQUENCY MICROTURBULENCE
DURING LH CURRENT DRIVE SWITCHING OFF
INFI-2 TOKAMAK

V.V.Bulanin, V.N Budnikov*, V.V.Dyachenko*, E.Z Gusakov*,
LAEspwv* ERIs* AV.Petrov, AV.Vers

State Technical University, St Petersburg, Russia
* ALlofie Instifite, St Petersburg, Russia

Introduction

It has been known for a long time that nonlinear interaction
between pump wave and tokamak plasma results the LH driven current
switch off and the subsequent fast ion generation. In recent years the
detailed study of the transition from the LH current drive to the fast ion
generation has been carried out on the FT-2 tokamak [1]. The parametric
decay at low plasma density at @, ~ 2o, ;;(0) is conceded to be reasonable
for the transition ( Here: o, is the frequency of the injected pump wave
and @, ;(0) is the lower-hybrid frequency evaluated at the plasma centre ).
The small-scale fluctuations behaviour during this transition has been
studied with the collective CO,-laser scattering. The concern experimental
data are presented in this paper. The CO,-laser scattering has been
previously employed to investigate the short-wave fluctuations at the pump
wave frequency [2] and at the ion gyrofrequency [3] presumably excited
through the parametric mechanism. However, the study of the low
frequency turbulence has not been attempted.

Experimental Setup

The FT-2 tokamak OH discharge in hydrogen (R =55 cm,a =8
em, I up t0 43 kA , B = 24 kGs ) has been preceded the RF switch on [11.
The plasma parameters <n> = (1.3-4)-10!3 cm™3, T, = 500-600 eV, T; =
100 eV have been got at this moment. The RF power launched from the
low magnetic field side with two-waveguide grill was from 20 to 140 kW
at a frequency 920 MHz. The pulse duration was nearly 4 ms.
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The CO,-laser scattering diagnostics with paralleled K-analysis
has been used to study small-scale fluctuations. The incident laser beam is
directed along vertical chord of minor cross-section of the torus. The beam
could be positioned at value x of 0, +3, +5, +6 cm (here x =R - R, where
R, is the major radius of the device ). Scattering is measured in the plane
perpendicular to the toroidal magnetic field. This plane is located 180°

" around the torus from the grill. For our case of near-forward scattering the
laser beam couples only to fluctuation wavevectors K, oriented nearly

perpendicular to the incident beam. The diagnostic setup is able to gauge
simultaneously the radiation scattered from fluctuations at four different
K -values in the range from 8 to 40 cm™! and in the frequency band up to
2 MHz. An optical mixing homodyne techniques was used for the
detection. The wavevector resolution was constant and equal to 6.5 cm™!.
The spatial resolution was about + 1 cm in the direction transverse to the
laser beam. For super small scattering angles the length of scattering
volume along the incident beam was about minor cross-section diameter.
Thus the scattered signal power spectrum P¢(K,,0) can be conveniently
regarded as an integral of local power spectrum of fluctuations along the
laser beam direction.

Experimental Results.

The specific feature of the FT-2 tokamak experiment consists of
the fact that the plasma density increase accompanying RF pulse makes it
possible to observe the transition from the current drive to the fast ion
generation in a single tokamak shot [1]. The typical traces of plasma
parameters and the frequency-integrated scattered power waveforms for
such a discharge are shown in Fig 2. The waveforms for two K -values

represent the scattering power averaged in a frequency band 0.06-1 MH2
and are plotted in the same arbitrary units to be compared between. One
can see that the loop voltage drop associated with the current drive
remains nearly fixed until the CX-flux is starting up. The drastic increase
of the microturbulence has been observed just after the current drive
switching off. The fluctuations behave in quite a different manner for the
lower and higher level of density preceded RF pulse. At lower plasma
density (see Fig.1) the LH current drive displayed as the loop voltage drop
is observed to be nearly the same during the whole RF pulse. The
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significant changes of P values have been observed neither during nor
after the RF pulse. Under the higher density (see Fig3) the LH current is
not driven at all, the CX-flux is starting from the beginning of RF pulse,
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Fig 1. Time evolution of Pg and
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while the scattering power increases a little bit. Thus the turbulence was
excited only in the narrow range of plasma densities (<ng>)qy preceding
the RF pulse. This plasma density interval is correlated with the conditions
when the current drive switch off and fast ion generation are observed
simultaneously during a RF pulse. The fluctuation intensity increment APg
over the OH level of Pg as a function of the initial density (<ng>)oy is
shown in Fig 4. It worth noticing that the experiments on the tokamaks of
quite different geometry show the ion temperature increase [4] and the ion
gyrofrequency short wave excitation [3] in the same narrow density range
to satisfy the condition o, ~ 20, ;(0).

The ratio AP¢/Pg as a function of injected RF power is shown in
Fig 5. The RF power threshold of nearly 20 kW is evidently seen for the
case of low initial density (<ng>),y . At higher densities the threshold is
not observed at all. A slight increase of fluctuations in these conditions
may be merely accounted for plasma density increasing during RF pulse.
The multichannel scattering detection has let to discover that shorter wave
fluctuations are of greater rate increase as compared to the larger scale
ones (see Fig6) .

The frequency integrated scattering power waveforms were found
to be similar under the different incident laser beam x-positions. This
refers equally to the different dependencies presented in Figs 4..6.
However the frequency spectra are essentially dependent on the incident
beam location. As the elongated scattering region is moved towards the
plasma periphery, the scattering intensity is increased while the w-spectra
are shifted to lower frequency range. As an example two frequency spectra
are shown in Fig 7 for the both central and peripheral scattering volume
positions. One has to keep in mind that the orientation of K-vector relative
to the plasma poloidal velocity Vg has to be changed under the incident
beam displacement. Therefore the expected Doppler frequency shift K-V
of scattering signal has to decrease as the laser beam chord is moved
towards the plasma edge. This effect may be a reason of the observed -
spectrum displacement to lower frequency range. It is particularly
remarkable that an unusually sharp frequency spectra are discovered in the
interval of 0 < | x | <5 cm. The peak nature of spectra remained quite
appreciable even after the ensemble average. Thus the frequency peaks are
accounted for the scattering from "quasicoherent” small-scale modes.
These modes are to be associated with high frequency "quasicoherent"
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bursts which are evidently seen in output signals of detectors. These
spectra are sampled in Fig 8 for x = -3 cm. Under the symmetrical probing
(x =+ 3 cm) the spectra are found to be the same shaped accept the
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broad band back ground intensity. Taken together the data are fitted to a
model of the fluctuation development to minor radius interval 4 <r <6
cm.

Conclusion

The experimental results are summarised as follows. The short-
wave low-frequency turbulence with a "quasicoherent” mode is drastically
increased just after LH current drive switch off. The increasing of electron
density turbulence is strongly correlated with the RF wave slowing down
and the fast ion appearance and exhibits the existence of the RF power
threshold. The intensive slowed down RF wave may be an immediate
cause of fluctuation excitation or else indirect reason of drift turbulence
enhancement through the evolution of plasma parameter radial profiles.
However the fact that the small-scale fluctuations are increased faster than
larger size ones is not characteristic of drift instability in tokamak. The
most plausible process reasonable for this excitation is the pump wave
decay into lower-hybrid and drift type waves [ 5 ]. It is possible as well
that the RF wave is scattered from low-frequency fluctuations near plasma
periphery [ 4 ], then RF wave is slowed down under the intensity increase.
The non-linear interaction between this wave and interior plasma may
cause a short -wave fluctuation enhancement.
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A.L.Vikharev, O.A.Ivanov and A.G.Litvak
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Introduction

This paper deals with one of environmental problems which has
recently arisen, namely, the problem of the stratospheric ozone layer,
widely discussed. Appearance of regions with ozone contents in them 20-
50 % lower than the usual level, the so-called ozone "holes", has become
a regular event in Antarctic and Arctic regions and over large industrial
centers. The main reason that causes destruction of the ozone layer is now
considered to be pollution of the atmosphere with chlorofluorocarbons
(CFCs). CFCs molecules have low chemical activity and can reach the
heights of the ozone layer, where they are destroyed by the ultraviolet
component of sunlight. The chlorine atoms freed by CFC dissociation
enter catalytic reactions with ozone and, in their tumn, destroy it.

Currently the world community takes measures to prevent atmosphere
pollution with gaseous wastes of industrial enterprises and to reduce
production of CFCs with long life times. However, these measures are
insufficient. The matter is that typical lifetimes of CFCs in the atmosphere
are tens of years, and that means that destruction of the ozone layer will go
on for many years, even after the use of CFCs has been completely
stopped. That is why the methods for ozone regeneration in the region of
ozone "holes" by means of actively affecting the Earth atmosphere are
extensively searched for now. The proposed projects consider two different
approaches: atmosphere purification from CFCs [1] and regeneration of
ozone to the initial natural level [2, 3]. These projects are planned to be
carried out by ‘means of an artificial ionized layer (AIL) produced in the
atmosphere at different heights with nanosecond microwave pulses injected
from ground-based antennas. This paper contains a detailed discussion of
the second research line. Here we consider the plasma-chemical way to
artificially regenerate the ozone layer in the stratosphere by means of air
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ionization. In the ionized region electrons dissociate oxygen molecules, and
then the latter are converted into ozone.

Scheme of AIL formation

A possible way to produce an AIL in the atmosphere is shown in
Fig.1. Ground-based antennas send two focused beams of powerful
electromagnetic waves (with wavelength from 0.8 to 10 cm) into the
atmosphere. In the region where the beams cross a microwave discharge is
produced (i.e. an AIL is formed) at power density above the breakdown
threshold.

Fig.1. Scheme of an artificial ionized layer formation

Advantages of this scheme of AIL formation are: high efficiency of
energy transmission and ease of localization of the breakdown region and
ease of positioning an AIL in a preset region of the ozone "hole". As it has
been already mentioned, the most efficient ozone ééneration will be

achieved when one uses short (nanosecond) pulses with 7= 10-100 ns. Air
ionization in such short times requires high intensities of electric fields in
the beams. Estimations show that production of an AIL at the height of
30 km by means of antennas 60 m in diameter placed at the distance of
35 km and emitting waves within the 3-cm wavelength range would require

pulsed microwave power in the wave beams higher than P = 4. 10° W.
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Such power level has been already achieved by modem microwave
generators in laboratory experiments. Thus, production of an AIL in the
atmosphere is possible even at the current level of technological
development.

Now let us analyze this project using results of estimations, numerical
calculations and laboratory experiments.

Laboratory modeling

The IAP team has developed and built an experimental set-up for
laboratory modeling of plasma chemical reactions in an AIL produced by
means of nanosecond wave beams. This complex was used to perform a
series of experiments using different sources of microwaves.

In the first experiment [4] the relativistic carsinotron operating within
the 8-mm wavelength band was used with power P = 20 MW, pulse

duration 7=15 ns and pulse repetition frequency F=1-5Hz.
The second experiment [5] was performed using a 3-cm wavelength

band magnetron with power P = 50 kW at pulse duration 7= 500 ns. The
magnetron could operate at a high pulse repetition rate, up to F = 10° Hz.
In the second case a cavity-based microwave pulse compressor was also
used. This device transformed pulses of the magnetron into pulses with

duration 7=6ns and P =800 kW. N

In this series of experiments [3] ozone generation was investigated at
the pressures and temperatures of air that corresponded to the conditions
of the upper atmosphere. The schematic drawing of the experimental set-
up is shown in Fig. 2.

A mirror formed a wave beam focused at the center of a sphencal
quartz retort with its volume about 900 cm’. The retort walls could be
cooled with liquid nitrogen. The gas temperature was set to equal the
temperature of the walls and was changing in the range from 200 to
300°K. The discharge was ignited at the mirror focus as a set of plasmoids
situated at' antinodes of the standing wave formed by the electromagnetic
wave incident on the mirror and reflected from it. The experiments were
performed in air within the pressure range from 10 to 90 Torr. The values
of pressure and temperature corresponded to the atmospheric conditions at
the height of 15-30 km.

Figure 3 represents schemes of other experiments. The discharge was
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Fig.2. Scheme of the experimental set-up for ozone measurements at low
temperature

Fig.3. Different schemes for creation of microwave discharges:
1- microwave radiation, 2- quartz retort, 3- discharge plasma,
4- parabolic cylinder, 5- spherical mirror
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ignited in two basically different electrodynamic systems. In the first case
microwave radiation was focused with a parabolic cylinder, so that the
electromagnetic field in the breakdown region was close to a standing
cylindrical TE mode. The discharge was shaped as a cylinder several
millimeters in diameter and about 30 cm long. In the second case a quasi-
planar standing electromagnetic wave was formed by means of a spherical
mirror. Then the discharge was a set of plasmoids about 3 cm in diameter
localized at the antinodes of the standing wave. The experiments were
performed at the room temperature of the air in the pressure range p =
10-250 Torr.

Thus, in the experiments the following factors varied: air density
(pressure p = 10-250 Torr) and temperature (T = 200-300°K), radiation

parameters, namely, pulse duration (7= 5, 6 and 500 ns), repetition rate
(F = 1-1000 Hz), power (P = 1-20 MW) and the discharge structure.

Densities of ozone and nitrogen dioxide were measured by observing
absorption of hydrogen lamp radiation at wavelengths A = 260 nm and A =
360 nm, respectively, basing on the known relation:

I = I\ exp(- o N, L), 1)
where I(A\) and Iy(A) are transient and incident intensities of the diagnostic
radiation at wavelength A, L is length of the optical path, © is absoption
cross-section for O3 or NO, and &, is density of the absorber. When

processing the results we made use of absorption cross-sections given in
[6-8].

Experimental results

The following regularities of ozone production at room temperature of
the air (7'= 300°K) were observed.

In the nanosecond microwave discharge the effective dissociation of
molecules of O, and N, (the effective production of O and N atoms)
takes place. As a result, the concentration of O increased linearly during
the first pulses, Fig.4. The main way for O; formation in air is the
following reaction taking place in the after-discharge period [7, 8]:

O+02+M—)O3+M, (2)
where the reaction constant is £,=6.2-10>*(7/300)? cm®/s for M= O, and

ki=5.7.10* (T/300)** cm®/s for M=N,.

255



time, s

Fig.4. Time evolution of ozone concentration in different number of pulses
in series: 1) N =200, 2) N =15, 3) N =3; air pressure p = 45 Torr,
repetition frequency F =4 Hz.

The dynamics of ozone depended on the number of microwave pulses
or on duration of the discharge maintenance. The density of O; reached its
maximum and then gradually fell down to the low level. As series is made
shorter the ozone quickly decreases to some definite stationary level, Fig.4.
The higher is the number of pulses in the series, the less is the time of
transition to the stationary level. ‘It testifies to the fact that the
concentration of particles destroying the ozone is accumulated in the
ionized region during maintenance of the discharge. Having taken into
consideration the rate of ozone destruction, one can estimate of the

reaction constant, which is & = 2.10™ cm’/s . This constant characterizes
the reaction of nitrogen oxide with ozone [7, 8]:
NO + 0; - NO, + O,, 3)
where k, = 4.3-10"2- exp(-1560/T) cm’/s .
This reaction results in an accumulation of nitrogen dioxide, which at

sufficiently high densities withdraws atomic oxygen from the process of
ozone formation in the following reaction [7]:
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NO;+ 0 - NO + 02, (4)
where k3= 6.5-10" exp(120/T) cm’/s .

Density of NO, exceeds the detection threshold at the moment when
ozone density passes through its maximum. Further, as O; becomes less
dense, NO, density grows, reaches its maximum and falls to a certain
level, Fig.5.

Initially, nitrogen oxides may be produced in reaction [7, 8] with
participation of nitrogen atoms:

N+0,-NO+O, &)

where k; = 4.4- 102 exp(-3200/T) ecm®/s .
Due to its high rate, the reverse reaction,
NO+N-N;+ 0, )
where ks =1.05-10"%.T** cm’/s , limits formation of nitrogen oxides. At
low energy contributions, when NO production is determined mainly by

reaction (5), one can estimate from reactions (5) and (6) stationary density
of NO at long series of pulses:

[NO] = [O] - ks/ks = 10 - T"** - p - exp(-3200/T) )

N, 10"em™

2.5

2.0 - NO,

1.5 +

1.04 _ 04

0.5 4

0.0 T - .

0 10 20

time, s

Fig.5. Time dependence of the densities of ozone and nitrogen dioxide at
T = 300K, p = 45 Torr, F= 4 Hz.
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Thus, one can achieve the maximum possible density of ozone and
minimum amount of nitrogen oxides at T =300°K only when the number of

microwave pulses is small, N =1-5. In this case the amount of accumulated
nitrogen oxides does not reach the value that would limit ozone formation.
The majority of the above reactions is strongly dependent on the gas
temperature, T. Therefore, under the real stratosphere conditions at 7" =
200-250°K the corellations between the main processes of ozone formation
may change. Figure 6 shows the time dependence of O; density for p = 30
Torr as the gas temperature decreases. The experiment described in [3]
showed that when the temperature decreased to 215°K, ozone density in all
the range of pressures grew by more than an order, and no decrease in
ozone content was observed even when the effect was long. Figure 7 shows

time dependence of ozone density at fixed density of neutrals, N = 2:10"®
cm™, for various gas temperatures. The maximum ozone density under the
studied pressures was growing in proportion to the air pressure.

The analysis shows that a decrease in T leads to higher velocities of
ozone production in reaction (2) and, at the same time, reduces strongly
the efficiency of nitrogen oxides production in reaction (5). It follows from

Eq.(7) that NO density cannot exceed the value about 9-10%p at T=220°K.
Estimations of ozone and nitrogen dioxide production at the stage of
linear ozone growth show that the density produced in the retort during one

pulse in experiment under pressure p= 90 Torr is about (2-3)-10”? cm ™ for
0; and for NO, <10 cm ? |

Thus, generation of a microwave discharge in the atmosphere may
provide such conditions, under which nitrogen dioxide density will not
exceed the natural level of NO, [9], and O; density will correspond to or
exceed the density at the maximum of the ozone layer.

An important parameter that makes the microwave discharge rather
advantageous for generation of ozone in the atmosphere is amount of
energy going into production of one ozone molecule. The energy cost of
that was determined in the following way [5]. Ozone density was measured
in a short series of pulses, when it grew linearly and the influence of
nitrogen oxides was low. The measurements were performed some time
after the pulse series was over, when Os filled all the volume of the vacuum
chamber, Vi, uniformly. The energy cost was determined basing on the

total energy of the microwave pulse, W =P - 7, and using the following
formula:
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Fig.7. Dependence of ozone density on time at density of neutrals
N=2-10" cm™, F = 3 Hz and various gas temperatures
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o6=P-7-n/ [0:] Wk (8)
where 7, is number of microwave pulses, and [0;] is ozone density after
n, pulses. The results of measuring the energy cost of ozone formation for
two different types of the microwave discharge is shown in Fig.8 [10]. The
energy cost was 2-3 times lower in a discharge created by standing waves
than in a discharge formed by a converging cylindrical TE-mode. This
shows that efficiency of ozone formation depends essentially on the
electrodynamic system producing the discharge. For systems operating
with standing waves or crossing wave beams efficiency tums out to be
higher.

These experiments showed that the energy cost of production of one
ozone molecule is lower in that type of the microwave discharge, in which
the maximum of its energy goes into dissociation of oxygen molecules.
Oxygen atoms are produced and then converted into ozone mainly in
dissociation of O, molecules by an electron impact:

e+02-—>02‘—>0+0+e (9)
and in collisions of O, with metastable N, molecules:

) eV/molecule
1000

1L 1 11t} e

100

p ool

1

10 LOSLENL L L SRLINE LI LU SN AL B B B

0 1 2 3 4

N, 10®%m™
Fig.8. Experimental dependence of energy cost of ozone formation on air
density for discharges created by a converging cylindrical TE-mode
(1) and by standing wave (2).

260



e + N, - N;(A’S) + e, (10)

N,(A’ZH + 0, > 0+0 +N,. (11)
The velocity constants for processes (9) and (10) are determined by the
function of electron distribution over energies and depend on intensity of
the electric field in plasma. The value of O, dissociation rate for process
(9) in air, kq, is rather well known for a constant electric field. Let us use
these data and estimate the energy cost of production of one ozone
molecule in the microwave discharge. We assume that all oxygen atoms
are formed in the process of direct dissociation of oxygen (9), and then
they enter the reaction of ozone synthesis (2). Estimates will be made
basing on the equation describing accumulation of oxygen atoms during a
pulse:
d[0)/dt= 2 -ky-[O;] -N. . (12)
Equation (12) yields the following expression for ozone density
produced in one microwave pulse:
[0:]=[0]= 2-k(E/N)-[O;] - N. - 7. (13)
The energy cost of one ozone molecule is found from the ratio of the
microwave energy absorbed in plasma to ozone density:

0=0F* -1/ 2 kg [O2)NoT=5/2- (€/ m)}{vINY'- (EJNY/ ks, (14)
where 0 = &> N,v / m (V+@?) is specific plasma conductivity, v is rate of
electron-molecule collisions, and @ is the wave frequency,

E=E-v/ (V+0*)"is efficient electric field. Using equation (14) it is easy
to determine optimal conditions, when at the preset energy of the
microwave pulse the number of oxygen atoms produced in the ionized

region is maximal. The value of (EJ/N)/ k4 is minimal when the value of
reduced efficient electric field E/N is determined by the following
expression:
EJN =2-ky/ dkyd(EJN) (15)
Figure 9 shows the plot for dependence of & on the reduced electric field,
E./N (curve 2). The calculations employed the contants of O, dissociation
rates for process (9) in air from [11]:
ky= 10" “+B/EM) (16)
where A and B are numerical coefficients [11]. It was taken into account
that dissociation of ozone molecules in reaction (9) goes on from three

electronic levels. For calculation of O the total constant k4 was used.
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Figure 9 shows also the experimental data from [S]. The value of efficient
field E. was determined from intensity of the electric field in the discharge
region before the breakdown starts, and the rate of electron collisions in air

was assumed equal v=>53-10’p (¢ [12].

As seen from Fig.9, experimental values of 6 are lower than the
calculated ones. It witnesses that the channel of O, dissociation associated
with excitation of electronic levels of N, molecules plays a significant part
in the plasma of a nanosecond microwave discharge in air. Using the
results of [13], we added curve 3 to Fig.9 to represent the results of
calculating the energy cost of ozone formation with account for indirect
channel of O, dissociation due to processes (10) and (11).

Thus, there are optimal conditions for oxygen dissociation in air. The
above estimates dealt with determination of optimal conditions for
production of oxygen atoms. In the case of a discharge produced by a
single nanosecond pulse (or a short series of microwave pulses) they are
valid also for ozone, since the process of accumulation of ozone destroying

6, eV/molecule

10 °3
10 3
10 3
1 TTTTT T T T T TTTI7 T
10 -18 10 -15
E./N, B- cMm?

Fig.9. Dependence of energy cost of one ozone molecule on the reduced
electric field. Calculation: 1- oxygen, 2, 3- air.

Experiment: oxygen: o- t=6ns, 0- t=500ns; air: e- T=6ns, §- 1=500ns
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particles is too low, and gas is heated insignificantly. By that, the energy
cost of ozone formation is determined by electrodynamics of the discharge
and depends on how fast the optimal conditions for oxygen dissociation are
achieved and for how long they will be sustained in the discharge region.
The results of the performed modeling experiments make it possible to
conclude that an efficient way to produce ozone in the atmosphere has
been found. A nanosecond microwave discharge can efficiently generate
ozone. The laboratory experiments demonstrated sufficiently low energy

costs of producing one ozone molecule: 6 =15-20 eV/molecule, which

corresponds to production of 100 g of O; per 1 kW h of consumed energy.
The energy cost of ozone generation in an AIL produced by two wave
beams crossing in the atmosphere may be found by means of approximate
calculations.

Numerical calculations

In order to estimate energy cost of ozone generation in an AIL, let us
use the one-dimensional model, which is often used to describe the
dynamics of a discharge in crossed TE-beams [14]. Within this model the
field distribution is described by the following equation:

’Elox* + K (sin®-(1+iv/@)NJN)E = 0, - (17)

where 20 is angle between beams' axes, and the X-axis is perpendicular
to the besector of this angle and lies in the plane of the beams' axes.

Equation (17) was solved for interval -L < x < +L , where L is coordinate

of an arbitrary point out of the AIL. At x = F L at the boundary such
conditions were set, which corresponded to incidence of two opposite
waves on the discharge region.

It was assumed that AIL was produced at heights H = 20, 25 and 30
km by two ground-based antennas at the distance of 30 km from each

other. The calculations were performed for microwave wavelength 4=
3 cm. Figure 10 shows dependence of the energy cost on the value of
initial electric field E, in AIL [10]. It is seen that the minimum energy
cost (30 - 40 eV) is achieved at heights H = 25 km at initial field intensity
E, =4 kV/cm . Such value of the electric field may be achieved by focusing
two .beams by antennas 100 m in diameter with microwave power
transmitted in each beam equal P=5GW .
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Fig.10. Dependence of the energy cost on the value of initial electric field
in artificial ionized layer

Note that the obtained value of the initial electric field E, is close to
the value of the field, in which the maximum share of the microwave pulse
energy goes into ionization Ey/E; = 5-7 at pulse duration:

% = In(Ne /Neo) Vi(Eo). Here Ey(V/em) = 107 - N(em ) (1+@*/V)? s
critical field corresponding to the condition of equality of the electron
impact ionization rate to the rate of electron attachment to oxygen

molecules vi(Ey) = v, . However, achievement of the maximum number of
oxygen atoms requires that duration of microwave pulses should be several

times higher than 7 .

Estimations of the potential of the microwave method
for ozone replenishment in the region of ozone "holes"

As it has been found, the nanosecond discharge is an efficient way to
produce ozone in the atmosphere. However, the processes in real
atmosphere are determined by a multitude of physico-chemical processes,
which can be hardly reproduced under laboratory conditions. A number of
questions arises: at what heights accumulation of ozone is most efficient,
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what is the ratio between ozone densities and nitrogen oxides in the ionized
region, and what will happen to the ozone injected into the atmosphere ?
Let us consider these problems in detail.

Numerical calculations in [15] modeled conditions of the real
atmosphere and showed that it is most profitable to increase ozone density
in the region of its natural maximum. Figure 11 shows the vertical profiles
of variations in stationary ozone density due to the effect of an additional

ozone source. Intensity of the source was assumed to be 6,810°
molecule/cm’. The maximum gain of general ozone contents was 11%
when such an additional ozone source was placed at the height of 18 km.

Fig.11. Vertical profiles of variations in stationary ozone density due to
the effect of an additional ozone source placed in a 2 km layer
with centers at: 1- 10, 2- 14, 3- 16, 4- 18, 5- 20, 6- 22 km

The }Sroject of making an atmospheric ozone generator has to be
analyzed in terms of side effects, in this case, accumulation of nitrogen
oxides should be estimated. At long series of pulses stationary density of
NO molecules in AIL is determined by expression (7). After one
microwave pulse the ratio of [O;] to [NO4] depends on energy contribution
in discharge plasma. Figure 12 shows the results of calculations of ratio

[0;]/ (INOJ+[NO,]) in dependence on specific energy at optimal condition
for ozone generation in AIL (Fig.10). The calculations were performed for
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wavelength 4 =3 cm and pulse duration 7= 100 ns, for two ground-based
antennas 100 m in diameter at the distance of 30 km from each other. It is
seen that the maximum ratio of [O;] to ([NOJ]+[NO,]) may be achieved.

[O]
[NOHNO,]
1500 —

1000 —

500 —

0 | | IIIIIIII | IIIIIIII UL

0.0001  0.0010 0.0100  0.1000
J/(cm™ atm)

Fig.12. Dependence of the ratio of ozone density to nitrogen oxides
density on specific energy in the ionized region

The possibility to realize such a project depends on the level of the
required energy costs. These costs are not high when ozone is replenished
in the region of local "holes" that appear over large industrial centers. In
such "holes" ozone may be replenished using one microwave complex
shown in Fig.1.

The problem of ozone "holes" over the poles is more complicated,
since replenishment of ozone there would require accumulation of ozone
comparable with the general contents of ozone in the atmosphere, and,
correspondingly, higher energy costs. And these energy costs depend on
the characteristic time of destruction of additionally produced ozone in the
ozone "hole".
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Ground-based observations yield data on seasonal variations of the
general ozone contents in different regions of the Earth [16]. Figure 13 and
Figure 14 show seasonal variations of the general ozone contents at the
Southern and Northern Poles. The ozone "hole" phenomenon is manifested
as a stable decrease in the general ozone contents in the polar regions in
September-October. As seen from these Figures, one can determine the
characteristic time of ozone destruction during "hole" formation, which is

7.~ 86 and 7,, =250 days for the Antarctic and Arctic, respectively.
Using these data, let us estimate the required mean power for ozone

replenishment in different ozone “holes”. Required power P for ozone

replenishment to the natural level [05] = 2-10'* cm™ at the height of 18 km

in a layer AH = 2 km depends on the area of “hole” S and characteristic
time of ozone destruction 7, :
P=[0;]-AH-S-6/ t, (18)

The values of P which were determined from equation (18) (at 6 =20 eV)
are presented in the Table for Arctic and Antarctic ozone ‘“holes”,
respectively.

Table
“Holes” Local Arctic Antarctic
S, km? 10° 10° 10’
%... days 10 250 86 200
P, W 10’ 6. 10° 17:10° | 3-10°

It should be noted that the above estimates determine the maximum
required mean power for Antarctic ozone “hole”. In reality, the mean
power can ‘be significantly lower. The matter is that an AIL in the region
of the ozone "hole" will change the chemical balance, which will result in a
longer time of ozone destruction. In order to explain this statement, let us
consider the processes leading to destruction of ozone and formation of the
Antarctic "hole". In winter time the atmosphere conditions over the
Antarctic are characterized by a stable cyclone. That is why the polar -
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" stratosphere does not exchange air with the stratospheric regions over
middle latitudes. Besides, the polar stratospheric clouds over the Antarctic,
which in winter consist of ice crystals and fluid drops, accumulate nitrogen
oxides in themselves. That results in a break in the influence of the
nitrogen and chlorine cycles on each other. The content of nitrogen oxides,
NOy , decreases, and concentration of chlorine oxides, ClO; , increases,
which, in their turn, make the role of the chlorine cycle more important,
and cause ozone destruction and formation of ozone "holes".

As it is known, at the usual stratospheric conditions over middle
latitudes the nitrogen and chlorine cycles,

NO +0; - NO, +0,, (19)

NO, +O — NO + 0, (20)
and

Cl + 0; - CIO + O,, (21)

CloO+ O0—-> ClI + 0,, (22)

make their mutual influence on ozone weaker due to active formation of
molecules of nitrosyl chlorate:

NO, + CIO — CIONO,. (23)
Molecules of CIONO, are not dangerous for ozone. However, their
destruction during formation of stratospheric clouds over the Antarctic
leads to an increase in the ClO content and a corresponding decrease in
the Os content.

It should be noted that an AIL in the region of an ozone "hole" will
generate small amounts of nitrogen oxides (at the level of the natural
background). Thus, an AIL will restore the balance of the nitrogen and
chlorine cycles. Concentration of the chlorine oxide will get lower, which
will lead to longer life times of the additionally produced ozone.

It is known from [17] that in pure oxygen atmosphere the
characteristic time for stabilization of balanced ozone concentration
depends on height and is sufficiently long. For example, at the height of

20 km it i3 7.~ 200 days. At this characteristic time the ozone
replenishment will require the minimum mean power (see the Table for
Antarctic ozone "hole"). In reality, such a process will require mean power

in the range from estimated using 7,, = 86 days, to estimated using 7, =
200 days.
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The value of mean power for ozone replenishment in local ozone
“hole” is also presented in the Table. The life time of regenerated ozone in
local “hole” depends on the velocity of wind. At the area of “hole” S =
10° km® the characteristic time equals approximately to 7., = 10 days.

Conclusion

We intended to show in this paper that there are good prospects of
creating an efficient atmospheric ozone generator at admissible energy
costs, which would solve the problem of the stratospheric ozone.
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'~ POWER FOR LCOMPENSATION OF OZONE DEFICIENCY
IN THE OZONE “HOLES”

G.M.Batanov, 1.A.Kossyi, A.A.Matveyev and V.P.Silakov

General Physics Institute of Russian Academy of Sciences, Moscow,
Russia.

L. INTRODUCTION

During the last years, the idea of reconstructing the ozone layer of
the Earth by action on the stratosphere is increasingly discussed in the
literature [1]. L.L.Karol’ et al. in [2] examined methods of repairing ozone
“holes” and come to the conclusion that all of them (mechanical, optical
and chemical) are unpromising.

In the present work, we once again turn to the problem of the
generation of artificial ozone layers. We focus on the gas-discharge
methods, which were not analyzed in paper [2], and consider the laser
method of repairing ozone holes from a somewhat different angle. Our
main purpose here is to analyse ecological, economical and engineering
aspects of these, seemingly promising, methods for solving one of the most
pressing ecological problems - preservation of the ozone layer.

II. GAS-DISCHARGE AND OPTICAL METHODS OF
RECONSTRUCTIN THE OZONE LAYER.

We can mention the following, seemingly evident, advantages of
the gas-discharge and optical methods of ozone production in the
stratosphere:

- the possibility of generating O; molecules directly in the ozone
layer without additional energy expenditure for ozone (or oxygen) transport
from the Earth surface and the corresponding pollution of the atmosphere;

- relatively high efficiency of ozone production (i.e., low energy
cost of forming O; molecules).

Let us first consider the gas-discharge method. Note that the most
promising, ecologically pure, and feasible (by means of modem
engineering) discharge is that produced in the stratosphere by a powerful
microwave beam (or beams). Vikharev et al. [3] were the first to propose
the use of microwaves in order to produce artificial ozone layers. Figure 1
shows a scheme for the implementation of this proposal. Freely localized
discharges are exited in the stratosphere in a scanned region, where
powerful pulsed microwave beams intersect. The basic idea is that the bulk
of the microwave-pulse energy is expended on the ionization and
~ dissociation of molecules without a noticeable heating of a gaseous
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medium. It is also assumed that short (nanosecond) microwave pulses do
not lead to an appreciable production of nitrogen oxides, which, along with
chlorofluorocarbons (CFCs), are capable of destroying ozone molecules in
catalytic reactions.

Fig. 1. Scheme for the generation of an artificial ozone layer by
means of powerful microwave beams.
1 - artificial ozone layer; 2 - microwave beams, 3 - antennas; 4 -the Earth

Paper [3] and subsequent papers [4-6] describe experiments on
laboratory modelling of discharges freely localized in the stratosphere and
study the possibility of using these discharges to produce ozone. For this
purpose, microwave pulses with the wavelength A;= 0,8 cm, peaked power
P;= 10-15 MW, and duration t; = 5 ns were employed. In experiments, the
energy cost of ozone production turned out to be o3 = 100 eV per
molecule. The concentration of ozone molecules produced in the course of
the discharge reached no; = 10" cm™. At the same time, the concentration
of NO, molecules produced in discharges was not larger than 10'* cm’
(nNoz < 1013 Cm—s).

The measurements carried out by Vikharev et al [3-6] lead
authors to the conclusion that the excitation of nanosecond microwave
discharges in the stratosphere can be considered as a possible method of
repairing large-scale ozone holes.
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Gurevich et al [7] were the first to analyze this problem
theoretically. They arrived at the conclusion that the gas-discharge method
for restoring the ozone layer is decidedly promising and can be
implemented with modern equipment.

Using the “oxygen” photo-chemical model of the atmosphere (when
the influence of nitrogen and other components of the air is neglected) the
authors of paper [7] determined the optimum altitude for the artificial
ozone layer. Their analysis was based on the calculation of the photo-
chemical lifetimes of nitrogen, to;, and the choice of stratosphere altitudes
at which this lifetime is maximum. As a result, the altitude H = 20 km, at
which the calculated lifetime is to; = 200-300 days, was shown to be
optimum for the artificial ozone layer.

From this lifetime, Gurevich et al. [7] determined the power of a

microwave source capable of reconstructing the ozone layer over the entire
Antarctic (the area is S = 10° km?).
They made an encouraging conclusion that the power P = 15 - 20 GW is
sufficient to restore such a significant reduction in the total ozone content
(TOC) as ANp; = 50 D (the natural TOC being of order 300 D, where D is
the Dobson unit equal 2,7.10'* cm™). According to the initial assumptions
adopted in [7], it is easy to fill the ozone hole over the Antarctic: ozone
molecules should be produced only in a small region whose area S, is
substantially less than the total area of the Antarctic, S, and then they fill
the entire space over the Antarctic owing to the winds (with the velocity v =
5 m/s) and transverse (with respect to the winds) diffusion (the turbulent-
diffusion coefficient is assumed to be D, = 10° cm? s™).

In analyzing the possibility for producing the artificial ozone layer
over the Earth, it is useful to consider the idea proposed by Starik et al.
[1]. They questioned the energetic and ecological aspects of the gas-
discharge method for producing the lacking ozone and turned to the method
of laser pre-excitation of oxygen molecules followed by the transformation
of O, into O; due to the “free” energy of the solar radiation.

Essentially, this method consists of the following: the stratosphere
is irradiated by powerful lasers at altitudes higher than 25 km. The laser
radiation causes the resonant excitation of oxygen molecules from the
ground electron state O,(X°Z,,v’) to the metastable states O.(a’A,,v"’) and
02(b32‘.g+,v”) where v’ and v’* are the quantum vibrational numbers of the
ground and metastable electron states, respectively. Consequently, under
the action of laser irradiation, a large amount of the O, molecules are
transferred to the metastable electron states. The rate of photodissociation
from these states under the action of solar radiation is much higher (by a

factor of several hundreds) than that7f§om the ground state. As a result of
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recombination between atomic oxygen produced during photodissociation
and molecular oxygen, there arise ozone molecules, and a deficit of ozone is
thus compensated. The estimates made in [1] show that the power of laser
radiation required for the production of the same amount of ozone
molecules as was lost from the ozone layer is 5 GW.

. ECONOMICAL AND ENGINEERING ASPECTS OF GAS-

DISCHARG AND OPTICAL METHODS FOR RESTORING

THE OZONE LAYER.

The problem of restoring the ozone layer is of current interest, and
its solution involves global methods and powerful energy sources. That is
why we must analyse once more whether the gas-discharge and optical
methods of creating artificial ozone layers are promising from the economic
standpoint and whether the optimistic conclusions drawn in [1, 3-7] are
justified.

As a criterion for economical efficiency, we use the following
obvious condition:

The total power P, of the system of ozone production required for
the repairing of large-scale ozone holes should satisfy the relation:

Py << P, (1)
where P, is the level of the presen"t-day power production in the developed
countries (e.g., in the USA, P, = 600 GW).

The power P, needed for the gas-discharge method can be
estimated from the simple relationship

Py = Anpz S AH g03/103 = ANg3 S €03/t103=Qo3S €03 ., (2)

where Angj is the level of the deficient ozone concentration averaged over
the ozone layer, S is the area over which an artificial ozone layer is formed,
AH is the thickness of the artificial layer, €o; is the energy cost of forming
one ozone molecule, T3 is the characteristic lifetime of ozone molecules,
and Qo3 is the rate of ozone production (measured in molec/s cm?) required
for maintaining the artificial ozone layer.

Following papers [3-7], we assume that gas discharges in the
stratosphere are excited by the microwave beam (or beams) as shown in
Fig. 1. Then, the power of the ground microwave generator determined
from (2) depends on the choice of a scheme for forming the artificial ozone
layer. First, we examine the scheme used in paper [7]. The microwave
beam (or a system of beams) excites a discharge in the stratosphere in a
region whose area is much less than of the ozone hole (So/S << 1). Then,
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ozone molecules produced by the discharge fill the entire ozone hole owing
to the wind and diffusion.

According to the estimates of Gurevich et al [7], the power P,
turned out to be fairly low (= 15 - 20 GW), because they assumed that the
lifetime to3 is as long as 200 days. However, in the problem of
reconstruction of the ozone layer, this value of to3; seems to be
unreasonably overestimated due to the following circumstances:

(1) The lifetime of ozone molecules in ozone holes in the

stratosphere differs strongly from the lifetimes calculated in terms of the
oxygen model;
‘ (2) In ozone holes, both the spectrum and intensity of the ultraviolet
solar radiation that penetrates into the lower stratosphere can significantly
vary. This, in turn, changes the nature of photo-chemical processes and
decreases the photo-chemical lifetime of O; molecules produced by gas-
discharge or optical methods;

(3) Ozone production by the gas-discharge method is inevitably
accompanied by the generation of new products in plasma-chemical
processes occurring in the discharge. These products can also strongly
affect the state of the excess ozone produced in the layer. ‘

We will illustrate these general considerations by the calculations
carried out using a versatile kinetic model of a nonequilibrium discharge in
a mixture of oxygen and nitrogen (this model is described in [8]).

The kinetic scheme includes a vast set of reactions with a

participation of the following plasma components: Ny(X':Ij),
Np(A’SY),  NoB%M,, W3a,,B3 %)),  Np@alzy,alllg,wlay),
N,(CII, E's) 2" 5),  0,x°%;),  02@lDy, 0,05},

0,(c's;,C3a,, 4%, N(*s), NCD), NPp), 0Cp), o('D), 0('s),

3, NO, NO2, NO3, N20, N204, N20s, ¢, 07, O3, O3, O3, NO°,
NO;, NO;, N,0", N*, NJ, N7, N}, o*, of, o}, of -N,,
No*, No*.NO, No*.N,, NO*.0,, NO;, N,O". This set
describes the kinetics of electron-impact electronic excitation, dissociation
and ionization of neutral particles; processes of associative ionization with a
participance of electronically excited particles; processes of electron
attachment and detachment; chemical kinetics of neutral particles; ion
conversion; reactions of electron-ion and ion-ion recombination.

In chemical transformations of neutral components of the mixture,
processes with a participation of unexcited and electronically excited
275
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particles are taken into account. The most complete and reliable
information on chemical reactions between unexcited neutral particles of
nitrogen-oxygen mixture, in our opinion, contains in the review [9]. Rate
constants of more than 25 reactions between atoms and molecules of
nitrogen and oxygen and products of their interactions were taken from this
review.

Reactions between unexcited particles are supplemented by more
than 65 reactions between electronically excited molecules and atoms of the
components of the initial gaseous mixture and products of their
interactions.

Lastly, an essential block of the kinetic scheme consists of
reactions (more than 100) describing conversion of positive and negative
ions of initial components (nitrogen and oxygen) as well as of products of
chemical reactions between them.

Electron energy distribution function determining the kinetic
coefficients of electrons was calculated by means of a numerical solution of
the quasi-stationary Boltzmann equation in a two-term approximation. A
formulation of the Boltzmann equation takes into account the processes of
elastic scattering of electrons from heavy particles; processes of excitation
of rotational, vibrational and electronic degrees of freedom of the N2 and
02 molecules; ionization and attachment.

The Boltzmann equation was numerically solved by the iterative
finite-difference method [10] with an inhomogeneous (exponential) energy
grid. The kinetic model reduces to a stiff system of ordinary differential
equations that was solved with the use of the Gear method.

The computational scheme [8], being of universal character and
applicable practically to any pulsed non-equilibrium discharge in nitrogen-
oxygen mixture, is used in the present work for an analysis of experiments
[3-6] modeling a natural realization of atmospheric microwave discharge
under laboratory conditions. At the same time this scheme is used also for
calculations describing a hypothetical effect of plasma-forming powerful
microwave beam upon the atmosphere. In this case a presence of water
molecules in the composition of real air is taken into account, because
hydrogen-containing components may exert an essential influence on
charged particles’ and chemical dynamics of the air mixture excited by the
microwave discharge. Besides, the kinetic scheme is supplemented by the
processes of photodissociation of gaseous molecular components under the
action of solar radiation. At the same time, since characteristic duration of
microwave pulses is small, in modeling plasmachemical processes at the
active stage of the discharge we neglect photodissociation processes as well
as the processes of diffusion and w1121c7i 6transport.



Before analyzing the calculated results, we should note that the
authors of papers [3-7] neglected the production of nitrogen oxides (NO-,
NO, N,Os and N;O) in the course of any (in particular, microwave)
discharge in the stratosphere. This circumstance was frequently mentioned
during the analysis of ecological consequences of creating artificial radio-
reflecting plasma mirrors in the atmosphere (see, e.g., [11-13]). Here, we
again consider the plasma-chemical consequences of exciting discharges in
the stratosphere. We start with the assumption that the lifetime of the
discharge-produced ozone molecules can be smaller due to the ozone
. destruction in catalytic reactions involving nitrogen oxides NO, that are
generated in the same discharge region.

The amount of these oxides can be calculated for each case of
discharge excitation by using the kinetic scheme developed in paper [8].
Analysis of the results of previous calculations for microwave discharges
excited by long (microsecond) pulses in the stratosphere [11-13] and a
comparison with the experimental data [12] allow us to conclude that, in
essentially all the investigated regimes, the production of ozone in the
discharge region is accompanied by the generation of nitrogen oxides whose
concentratién turns out to be higher than or close to 0,5% of the ozone
concentration.

In order to analyze whether this conclusion is valid for “short”
(nanosecond) microwave pulses, we carried out the calculations (using the
scheme developed in [8]) for conditions close to those of experiments
described in [3-6]. In calculations we used the wavelength A; = 0,8 cm, the
air pressure p = 90 Torr, the ‘temperature T = 220 K, and the
parameter Em, = 6,25.10" V cm’ The microwave-pulse duration
ranged as 1 = 1,67 - 4 ns. Accordingly, the specific energy input into the
discharge ranged as w = 9.10* - 0,5 J/cm® atm.

Figure 2 displays the characteristic results for 7¢ = 4,00 ns. We can
see that the production of excess ozone is accompanied by the generation of
nitrogen oxides NO, NO,, N,O, and N,Os. The rapid disappearance of NO
molecules in the post-discharge period occurs as a result of production of a
large amount of atomic nitrogen (at high values of the parameter E/n,,).
The final state of the medium treated by the microwave pulse is
characterized by the presence of two stable components, N.O and N,Os,
which were not recorded in the experiments [3-6]. (The diffusion of
nitrogen dioxides from the discharge region and their transformation into
N,Os (Fig. 2) in the experiments [3-3] can reduce the concentration of NO,
to values lower than those that can be recorded by the measurement
equipment (~ 10" cm?))
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Fig. 2. Results of calculations of the evolution of the products
produced in the course of a microwave discharge under conditions close to
those of experiments in [6]:
Ac=0,8 cm; E/ny, =6,25.10"° V em?; 1= 4 ns; p=90 Torrand T =
=220K

It should be noted that, in the calculations that were performed for
a comparison with the laboratory experiments, no account was taken of
photo-chemical processes, which are responsible for the transformation
(under natural stratospheric conditions) of N,O and N,Os molecules into
NO; and NO and can maintain the concentration of the latter at the same
level for a long time. The Table 1 lists the calculated results for the
concentrations of ozone and nitrogen oxides generated by means of
nanosecond microwave pulses with different duration.

The table shows that, in all the cases under consideration (as in the
case of microwave pulses [11-13]), the concentration of NO, is not less
than 0,5% of the ozone concentration.

The concentration of ozone that should be produced in the
discharge region to compensate for the losses of O; molecules from the
ozone hole can be estimated (in order of magnitude) as noz = Angz (S/So)

(t/r03), where t = a/v and a is characteristic linear size of ozone production
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Table 1

1, (ns) | nemas, (cm-3) | w, Qfem3atm) | nos, em?)  |nnos, (em3) novnnox |
1,67 1,06.1012 9,00.105 8,97.1012 3,40.101 26

1,80 8,30.1012 7,40.104 8.33.1013 7,30.10" 115

1,90 3,17.1013 3,26.103 3,86.1014 2,09.1012 185

2,00 7,80.1013 1,07.102 1.25.1015 6.15.1012 200

3,00 1,63.1014 0,225 1,81.10¢ 1,06.10'% 170

4,00 1,72..101 0,459 2,97.1016 1,80.101% 165

region (a ~ VSy). Fora = 1 km, v =5 m/s and 103 = 10 days we obtain np;z
=2.10" em™,

Description of the dynamics of stratospheric air components during
the microwave discharge and at the post-discharge stage was performed on
the basis of the kinetic scheme [8] outlined above. In doing so, a presence
of hydrogen-containing neutral components (HyO, H, H2, OH, HO>,
H202, HNO2, HNO3, HNO4), positive and negative ions in air mixture
was taken into account. Data on rate constants of reactions with a
participance of these components were taken for the most part from [14-
16]. In addition to purely chemical processes, the processes of
photodissociation of the molecules 02, 03, NO2, N20, N205, HNO3 etc.
under the action of solar radiation [17,18] were also considered. Due to low
relative content of hydrogen-containing components their influence on
electron energy distribution function was neglected.

As an example, Fig. 3 shows the results of calculations of plasma-
chemical parameters for the field experiment on microwave discharges
freely localized in the stratosphere (H = 20 km). A microwave pulse with
the parameters A¢= 0,8 cm, 1, = 4,0 ns, and E/n, = 6,25.10"° V cm® makes
it possible to obtain the ozone concentration noz = 2.10'° cm™. Performing
calculations similar to those in Fig. 2, we can determine the products of the
plasma-chemical reactions in the discharge region. We observed the
evolution of these products for a long period after the discharge phase. The
density modulation of the components under study is related to the day-

night alternation. We calculated the photo-chemical reactions under the
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assumption that the stratosphere is unperturbed. Diffusion of air mixture
components was accounted in zero-dimensional approximation by
introducing effective terms of diffusive losses into kinetic equations for
each component. We also assumed that, for the altitude of interest, the
diffusion coefficient is D, = 3.10° cm’/s. This value corresponds to the
literature data (see, e.g., [17]) and seems to be closer to the real one than
the unreasonably high value (~ 10° cm?/s) adopted in paper [7].
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Fig. 3. Results of calculations of the evolution of the
products, produced in the course of a microwave discharge excited in the
unperturbed stratosphere.

Ac=0,8 cm; Eln, =6,35.10° Vem?’, tr=4 ns; H=20kmand D =
=3.10° cm’/s
The characteristic size of the discharge region is 1 km.

After the microwave pulse is switched off, the ozone concentration
SIOWS 10 Noz = 2.10'® cm™ and then begins to decrease; the characteristic
time of the decrease in the total number of the resulting O; molecules is o3
= 15-20 days. It justifies our choosing of value of lifetime and shows that in
the case being considered to; begins to depend on the production of

nitrogen oxides in the region of ozone generation.
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Using relationship (2) we can easily estimate that, for the O;
lifetimes to3 = 10-20 days, (measured [19] or determined from our
calculations) and for the energy cost sg3 = 100 eV (determined in the
experiments [6]), the power level required for the reconstruction of a large-
scale ozone hole (e.g., over the Antarctic) is as large as

P, =8.10°- 1,6.10° GW.

This value is larger or even much larger than the present-day power
production all over the world (~ 3.10° GW)

Now, we consider a scheme for the global (rather than local) ozone
generation over the entire hole. This method is unlikely to be feasible from
the engineering standpoint. Nevertheless, we will also estimate the possible
consequences of its implementation, because it might seem to be attractive
owing to possibility of compensating for ozone losses ANg3 over the entire
ozone hole by means of a uniform production of a small amount of O;
molecules..

To do this, we use relationship (2) and take into account the fact
that the rate Qo3 should be equal (in absolute value) to the rate of a
seasonal decrease in the total amount of ozone in the hole. For definiteness,
we again consider the hole over the Antarctic. Then, the maximum rate
Qo3 is observed in spring (August, September, and October). According to
[19], in 1986-1990, in latitude 80-90° south, this rate was equal to (0,93 -
0,62).10" molec/s cm®. Using these values of Qp3, we can estimate the
power required for uniform ozone production.

For Qo3 = 0,93.10"* molec/s cm?, this power is P, = 1860 GW (for
€03 =50 eV and S =2,5.10" km?) and P, = 1,5.10* GW (for so3 = 100 eV
and S = 10° km?).

For Qo3 = 0,62.10' molec/s cm?, we obtain P, = 1240 GW (for
€03 = 50eV and S = 2,5.10" km®) and P, = 10* GW (for eo3 = 100 eV and
S = 10® km?).

Thus in the case of “uniform” production , the power level of the
gas-discharge source of ozone is also comparable to or even larger than the
present-day, power production all over the world.

At first glance, the use of the optical method (proposed by
A M. Starik et al. [1]) for repairing the ozone layer will require a
substantially lower input than in the case of gas-discharge production.
However, a simple analysis shows that actually this power should be even
higher than that for the freely localized microwave discharge. The power P,
required for laser repairing of the ozone hole can be estimated through the
following relationship, which is similar to (2):

Py=An, S AHe,/r, 3)
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where An, is the desired concentration of oxygen molecules excited by laser
radiation to the state Ox(a’Ay) (below, we will denote this state as 0x(a)), €,
is the energy cost of excitation, and t, is the characteristic lifetime of an
excited oxygen molecule.
The lifetime <, can be estimated from the relationship
1" = ks nog + ks vz + K7 oz + ks o + ko o 4)
Here, ks, ....... , ko are the constants of the following processes [8]:
0,a) +0; > 0,+0,+0; ks=97.10"exp(-1564/T) cm*s*  (5)

0xa) +N; > 0, + Ny; ks=3.10" cm®s?! (6)
04a) + 0, > 0, + 0y k; =2,210"%T/300)*® cm®s™ )
0,2) +0 > 0, +O; ke=7.10" cm’ s (8)
and

0xa) + NO - 0, + NO; ko=2,5.10" cm’ s’ )

At the altitude H = 30 km, for the natural concentrations of O, N,

05, 0, and NO molecules and T = 220 K, we obtain
.= 10s.

Since the rate of the photodissociation (by ultraviolet solar
radiation) of O, molecules from the O,(a) state is higher than that from the
ground electronic state [1] by a factor of 300, we can assume that An, =
1/300 ngy; i.e., at the chosen altitude, we have An, = 2.10" cm™. Assuming
thate, = 1 eV, AH = 1 km, and S = 10® km? (for the Antarctic), we obtain
from (3):

Po=2.10°GW

This value is so high that it is inexpedient to use the optical method

to reconstruct the ozone layer.

IV. CONCLUSION

Thus, in present paper, we have shown that, for both the gas-
discharge and optical methods of creating artificial ozone layers, the power
level of ozone sources should be comparable to or even much higher than
the present-day power production all over the world. For example, the
power required for repairing the ozone hole over the Antarctic is

P, = 10° - 10° GW.

Hence, we can conclude that the implementation of the methods
proposed in [1, 3-7] is impossible from both the engineering and
economical standpoints.

The results of our analysis are in complete agreement with the
conclusion drawn by LL.Karol’ et al. [2] that none of the methods
involving the introduction of ozone molecules in the ozone layer can be
used to repair ozone holes. 282



At the same time, since the idea of generating artificial ozone layers
turned out to be unpromising, interest is growing in a fundamentally new
approach to the ecological problem under study. We mean the global
troposphere cleaning from ozone-destroying contamination by means of
gas-discharges, which will prevent the income of these products into the
ozone layer [20,21]. The implementation of this method, which requires
(according to preliminary estimates) relatively low powers and energy
costs, can lead to a substantial decrease in the concentration of ozone-
destroying components in the stratosphere and, as a result, the self-
reconstruction of the ozone layer.

ACKNOWLEDGEMENTS
We are grateful to G.A.Askar’yan for fruitful discussions.
This work was supported in part by the Russian Foundation for
Fundamental Investigations (Project No 96-02-16037a).

REFERENCES
1. A.M.Starik, O.N.Favorskii, O.S.Khabarov and B.N.Amelin, Vestn. Rus.
Akad. Nauk, 1993, 63, No 12, 1082.
2. LL Karol’, A.A Kiselev and V.A Frol'kis, Izv. Akad. Nauk SSSR, Ser.:
Fiz. Atmos. Okean., 1995, 31, No 1, 120.
3. A.L.Vikharev, A.M.Gorbachev, O.A.lvanov, A L.Kolisko and
A.G Litvak. XXI ICPIG, Proceedings, Bochum, 1993, 1, 123.
4. A.L.Vikharev, O.A.Ivanov, A.G.Litvak, Microwave Plasma and its
Applications, Invited Papers, Moscow Physical Society, 1995, 391.
5. AlL.Vikharev, A M.Gorbachev, O.A.lIvanov, AL Kolisko and
A.G.Litvak, J. Geophys. Res., 1994, 99, No D10, 21057.
6. R.A.Akhmedzhanov, A.L.Vikharev, A M.Gorbachev, O.A.Ivanov,
N.G.Kolganov, A.L.Kolisko and M.M.Ofitserov, Physics Letters, 1995,
A207, 209.
7. A.V.Gurevich, N.D.Borisov, S. Montecinos Geisse and P.Hartogs,
Physical Letters, 1995, A207, 281.
8. LA.Kossyi, A.YuKostinsky, A.A.Matveyev and V.P.Silakov, Plasma
Sources Sci. Technol., 1992, 1, 207.
9. O.E.Krivonosova, S.A.Losev, V.P.Nalivayko, Yu.K Mukosevev and
O.P.Shatalov, Plasma Chemistry, 1987, No 14, B.M.Smimov, Ed,
Moscow: Energoatomizdat.
10. N.A Dyatko, 1.V.Kochetov and A.P.Napartovich, Fizika Plazmy, 1992,
18, 888.
11. LAKossyi, A.YuKostinsky, A.A.Matveyev and V.P.Silakov,
Comments Plasma Phys. Controlled2 g gsion, 1991, 14, No 2, 73.



12. G.A Askar yan, G.M.Batanov, D.F.Bykov, S.L.Gritsinin, I.A.Kossyi,
A YuKostinsky, A.A Matveyev and V.P.Silakov, ISPP-7 “Piero
Caldirola”, Controlled Active Global Experiments (CAGE), E.Sindoni and
A.Y Wong (Eds), SIF, Bologna, 1991, 239.

13. G.A Askar’'yan, G.M.Batanov, A.E.Barkhudarov, S.1.Gritsinin,
E.G.Korchagina, 1. A Kossyi, V.P.Silakov and N.M.Tarasova, J. Phys. D,
Appl. Phys., 1994, 27, No 6, 1311.

14. D.L.Baulch, R.A.Cox, P.J.Crutzen, R.F. Hampson, J.A Kerr, J.Troe
and R. T.Watson, J. Phys. Chem. Ref. Data, Supplement I, 1982, 11, 327.
15. B.M.Smimov, Complex Ions, Moscow: Nauka, 1983.

16. V.G.Anicich and W.T Huntress, Astrophys. J. Suppl., 1986, Ser. 62,
553.

17. G.Brasseur and S.Solomon, Aeronomy of the Middle Atmosphere,
Dordrecht, Holland, D.Reidel Publ. Co., 1984.

18. J.W.Chamberlain, Theory of Planetary Atmospheres, N.-Y., Academic
Press, 1978.

19. E.A Aleksandrov, Yu.A.Izrael’, LL.Karol’ and A .Kh.Khrgian, The
Ozone Layer of the Earth and its Transformation, St. Petersburg,
Gidrometeoizdat, 1992.

20. G.AAskar’'yan, GM.Batanov, S.I1Gritsinin, I[A Kossyi,
A A Matveyev and V.P.Silakov, Comments Plasma Phys. Controlled
Fusion, 1994, 16, No 1, 43.

21. G.M.Batanov, I.A Kossyi and V.P.Silakov, Preprint No 11, General
Physics Institute, Moscow, 1995.

284



PIIYSICS OF SUPER UNDERCRITICAL STREAMER
DISCHARGE AND ITS APPLICATION FOR
OZONE LAYER SAFETY

G. 1. Batskih, XK.V.Khodataey

Moscow Raduotechnical Institute, RAS
Warshavskoe shosse, 132, Muscow 113519, Russia
Fax: (095) 314 1053, e-mail: khodataev @ glas.apc.org

Introduction

According to the obscrvation dataf'] the present ozone layer global
depletion is -6% of natural level. The grows ratc of ozone layer depletion is
-4% per decade. It was found that the ozone layer depletion is
antropogenic. The major cause of the depletion are the pollutions of the
chlorofluorocarbons (CFCs, or freons) into the atmosphere [°1[°]. The
industrial freons released in the atnosphere are driven by the convective
flux at height 12-20 km corresponding to the lower boundary of the ozone
layer. Under the influence of the ultraviolet radiation CFCs educe chlorine
which serves as catalyst to destroy ozone taking pait repestedly (up to 10°
cycles) in the decay reaction. The freons rate in air equals approximatelly
10* in troposphere and on altitudes higher 15 km quikly decreases with
deccrement ~-0.7 km'. The anuual pollution of freons equals ~0.5-0.6
Mtfyear.

In view of ccologically unacceptable exhausting of the ozone laycr
the countrics joining Vienna Convention and Montreal Protocol (including
Russia) cany out the curtailing of the ozone-destroying freons production.

Nevertheless at recent time a considerable mass of the industrial
ficons accumulated in atmosphere is able to cause the catastrophic from the
ecological point of view reduction of the ozone layer. The mass of the
freons accumulated in atmosphere and its life-time in atmosphere
approximatelly equals 20 Mt and 100 years accordingly. The problem of the
removal of the ozone-destroying frcons relcased in the atmosphere is
important to the same extent as one of the freon production curtailing.

There are the row of proposals of cleaning atmosphere from ozone
destroing freons by means of discharge in UHF radiations [*1[°]. We will
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concretize the goals of the cleaning global system, requarements on it and
type of cleaning discharge.

The requarements on global deaning system

Let the cleaning global system production is 2 Mt CFCs per year. It
means that after stop of the CFCs pollution the system will have cleaned the
atmosphere through T=10 years. During T the main part of air must pass
through active zones of cleaning stations by means of natural wind
convection. Since major pait of CFCs is placed in troposphere the cleaning
active zone must be placed in troposphere too. The products of CFCs
destruction have a good physical-chemical activity and consequently small
life-time in atmosphere. If the average wind velocity in troposphere is V=
10 m/s, the cross section of station active 7ones S must be equal

_h__
TV, N’

(h-altitude of troposphere. Sg--Earth area, & - number of stations.). The S
can’t be more than - 10 km®. Consequently the number of stations can be
cstimated as N2200.

The supposed scheme of cleaning station work is shown on Fig.1.
‘The diverged radiation beam is scaned in the planc which is orthogonal to
the wind velocity. So as electric field of radiation invers rates a distance and
air density decrease exponentially, electric field normalysed on its critical
value (critical factor ¥) have a maximum at some altimde A, A discharge is
¢xcited in radiation beam at altitude A, where critical factor is maxdimum.
The k; depend on radiation power. The power modulation gives us a
possibility of scaning discharge region along the beam. Usual value of
moved discharge velocity is V= 1 km/s [°L[’]. One can sce that diameter
of discharge rigion must be equal

Lg = lqE . (1)

d = \/s- Vol s 0.3km, )
/srs

If the mean value of active zone altitude is 8 kin and wave-length of
radiation is 10cm the spot with diameter @ can be created by means of
mitvor with diameter 3-5 m.

The system power depend on the energetic cost of CFCs destroying.
It was defined experimentally [*] that in upcritical pulse discharge energetic
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cost of CFCs molccula destruction equals £ = (0.1:20) keV/molecula CFC.

It is naturally to suppose that in undercritical discharge £ » lkeV/molecula
CIC. Then the average radiation power of system and one station tnust be
equal 40 GWt and 0.2 GWt consequently. The radiation field at middle
altitude of active zonc is super underaritical: ‘¥ ~ 0.002. It is important to
point that applying of pulsc regime of radiation with ¥ ~ 1 is not realizable
because average }, is very small in this case and condition (2) can’t be
satisfied. The main question are: can discharge exist if ¥ <<1?

Statesphese

Tregpesphere
T Cleaning E

4 mea P

Dischrge \,(.\\ gSu.mg
A ;
\\'\ \'- H
NS

Radiation bea;n;' ,,-}T \‘
\A

*, Station

Fig.1 The scheme of cleaning station work

The super underaitical discharge

It is known that the streamer discharge in dense air can exist in
undercritical UHF field after initial ipnition (so called initiated discharge).
The phenomenon is observed very dood in long wave-length part of UHF
diapason. In a dense gas an clectrodeless UHF discharge has a complicated
filamentary structure [*1,['°]. After creation it can be supported by radiation
with ¥ << 1 by means of streamner effect. The discharge consists of thin
filaments selfformed into clectrodynamic resonant dipoles and loops, rising
one from another and ‘propagaﬁng away from the initiating points. 1t was
found experimentally [''] that the streamer discharge initiated by resonant
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metal vibrator can continiously exist even if ¥ < 0.02. The phenomenon
was observed under conditions: air pressure is 0.1-1 atm., radiation wave
length is 8.5 cm. The dependence breakdown value of inversed critical
factor 1/%, upon radius of vibrator is shown on Fig.2. We hope to ignite the
streamer discharge il ¥—0.001.

1000 ETOp vy s

104 O

- RN A —

i0 ey

001 01 1

Fig.2 Dependence breakdown critical factor 1/%, upon resonant initiator
radius @ [cin] (solid - measurements, dots - estimation)

The results of numerical simulation of initiated streamer discharge in
undercritical UHF electric field are shown on Fig.3. The model is taking into
account the elementary chemical processes (ionization by electron impact,
dissociative attachment), clectron diffusion, ambipolar field, gas heating,
finite wave-length. The cilindrical initiator is oriented along electric field.
The radius and length of initiator equal 0.1 and 1 cm, gas pressure - 1 atm,
wave-length - 8.5cm, W =0.25. The typical simulation example illustrate the
first step of discharge ignition. Electric ficld maximum on both ends of
initiator exceed the critical value and the streamer discharge starts to
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germinate in both direction. Electric field maxima move with streamer ends
together. The gas into the streamer is heated. The electric field maximum
maximorum corresponds to resonant value of summary length of initiator
and streamer brunchs. In this point the streamer velocity is maximum and
equals approximatelly 10° cm/s. After resonant point the streamer velocity
decreases and streamer stops. The heated gas in the stoped streamer (with
accordingly small gas density) will play role of initiator for next step of
discharge. And so on step by step. The streamer undercritical discharge in
active zone of a cleaning station will be ignited by means of resonant
metallic vibrators which will be lifted (by balluns, rocket or plane) on
altitude A; once for station work start.

Electric field

... —- . S —

ee

Fig.3. The tenporal evolution of electric field distribution along initiator
axis
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Condusion

The idea of ozone layer reservation by means of stored freon
decomposition in UHF discharge is technically realizable. The more
applicable discharge for this goal is super undercritical streamer discharge in
continuous UHF radiation. The two problems must be investigated: 1)can a
streamer UHF discharge exist if critical factor much less 0.01, 2)what is the
real cleaning efficiency of super undercritical streamer discharge.
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EXPERIMENTAL AND NUMERICAL STUDIES OF
MICROWAVE HEATING OF CERAMICS

J.H. Booske, S.A. Freeman, and R.F. Cooper
University of Wisconsin, Madison, WI, USA

Introduction

Microwaves came of age with the development of radar during
World War II. At that time it was discovered that microwave energy from
radar could dry large ceramic bodies. However, serious efforts to process
ceramics with microwave energy did not appear until the late 1960's [1,2]
and early 1970's [3-6]. In recent years, many researchers have studied
high-temperature processing of ceramics such as firing, sintering, joining,
and melting [7-16]. The initial stimuli for their efforts were the unique
benefits that microwave heating could provide that conventional furnace
heating could not. These potential benefits included more precise and
controlled volumetric heating, faster ramp-up to temperature, lower
energy consumption, and improved quality and properties of the processed
materials. As it tumed out, researchers working with different processes
and materials have found an additional (and unpredicted) benefit of
enhanced process rates. As these enhancements were not initially well-
understood, they came to be generically described as the "microwave
effect.”

In the particular case of ionic crystalline solids (e.g., ceramics), a
growing body of experimental data supports the observation that
microwave heating leads to enhanced mass transport rates when compared
with conventional heating at the same temperature. The empirical
evidence spans a range of thermal processes and material types.
However, direct comparison of different experiments is difficult due to
varying process conditions from laboratory to laboratory, such as the
microwave field strengths, field orientations and patterns, processing
temperature, ramp-up rates, materials and initial material conditions, etc.
Nevertheless, the sheer bulk of the evidence of microwave enhancements
compellingly suggests that an unknown, non-thermal, microwave effect
that induces enhanced mass transport in ceramics does indeed exist.
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Ceramic sintering and heating in microwave furnaces have been
widely studied. Densification rates (and therefore the mass transport
rates) are sometimes enhanced an order of magnitude or more. Process
times and temperatures are dramatically lowered. Specific observations
exist for pure and blended alumina [17-24], blends of zirconia [25-28],
and other ceramics such as hydroxyapatites [29], barium titanate [24],
mullite [30], phosphates [31], borides [32], and nitrides [33-35].
Microwave enhancements have also been reported in reaction sintering of
mullite and aluminum titanate ceramics [36] and in lead-barium titanate
[37], as well in grain growth in alumina [38]. Finally, observations of
diffusion rates of radioactive tracer O' isotope ions into the surface of
sapphire single crystals heated in microwave ovens and conventional
ovens indicate diffusion rate enhancements of up to two orders of
magnitude.[18]

Besides sintering, many other solid state thermal processes have
been studied in microwave fumaces and compared to conventional
processes. Several research groups have reported microwave-enhanced
joining of ceramic parts [12,39,40]. Other processes studied span a wide
range -- nucleation and crystallization [41-43], grain growth [38],
annealing [42,44], combustion synthesis [45], calcination [46], and other
solid-state reactions [47,48]. In addition to the the O™ tracer-isotope-ion-
diffusion-into-sapphire, other fundamental studies of chemical diffusion in
glasses [49] and ceramics [50] have shown microwave-enhanced surface
penetration by the diffusing species. A review of recent and emerging
materials processing applications is described in the paper by Bykov and
Semenov, also presented at this conference.

Mass Transport in Ceramics

Processess such as sintering, joining, chemical and tracer
diffusion, and even ionic conductivity involve mass (or ionic) transport.
Because of the high density, close-packed arrangement of the ions in the
solid state, solid state transport is always diffusive. Furthermore, ions
may only move in the solid state by shifting from their initial occupation
site to a nearby vacant (defect) or open site in the microstructure. To shift
to this new position typically involves a certain potential energy barrier
that the particle's kinetic energy must exceed (e.g., by pushing through
close-packed neighboring ions).  This "activation energy" barrier
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represents the major difference between diffusive transport in a solid and
in a fluid (such as a plasma).

The diffusive transport rate J of ions in ceramic solids can be
generally described by the product of a transport coefficient (such as a
mobility) and a "driving force" (such as a potential energy gradient):

ions Dc kT Dc
J( > ) = - ;‘TT‘—VC - — qV¢ (1
m-s kLo c KL rine
transport driving transport force
coefficient force coefficient
(Newtons)

where D is a diffusion coefficient, c is the concentration (density) of the
mobile species,  is Boltzmann's constant, T is the sample's temperature, g
is the electric charge of the mobile species, and ¢ is the electric potential.
Note that in crystalline solids, the ions move by "jumping" into
neighboring vacant lattice sites (vacancies), and often one describes net
ionic diffusion by following the apparent counter-diffusion of these
vacancies (which also possess local electric charge in ionic crystalline
solids). Again, because of the potential energy barriers for ionic diffusion
and for creating vacancies in the microstructure, diffusion coefficients and
vacancy concentrations in ionic crystalline ceramics are typically
temperature dependent.

Based on Eq.(1), one can predict how various types of microwave
effects on ionic transport should physically manifest. For example, if the
microwave fields were to anomolously enhance the ionic mobility
(transport coefficient), then, according to Eq. (1), this should manifest as
a multiplicative increase of transport flux in the presence of a pre-existing
conventional driving force (such as a gradient in the mobile species
concentration or electric potential). On the other hand, if the microwave
fields were to introduce a new, additional driving force for diffusion, then
the "microwave effect” should manifest as an additive increase of
transport flux in the presence of a pre-existing conventional driving force.
Finally, diffusion coefficients and vacancy concentrations are temperature
sensitive. Hence, under-measured bulk temperatures due to inaccurate
diagnostics or spatially non-uniform (inverted) temperature profiles must
also be considered as candidate explanations for the apparent rate
increases during microwave heating of ceramics.
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Temperature mismeasurement issues

Non-perturbative temperature measurement in a microwave field
environment is a non-trivial problem.  Thermocouples must be
dielectrically shielded, thereby decreasing their sensitivity. Moreover,
temperature gradients exist in the material being microwave-heated, so a
thermocouple contacting the surface may not accurately measure bulk
temperature. Pyrometry appears to be the preferred method, especially
when the emitted light is collected via a light pipe from the bottom of a
"black-body well" drilled into the sample. Questions still remain,
however, on whether even this technique yields an accurate measure of the
true bulk temperature at the center of the heated object. Some researchers
found good agreement between thermocouple and pyrometer
measurements [43,51], others found significant differences [52].

Since microwave energy is absorbed volumetrically, and is
dissipated by convective and radiative heat loss at the surface, inverted
temperature profiles (center hotter than the surface) may result. Surface
temperature diagnostics may therefore under-indicate the "true" interior
temperature.

In many of the experiments mentioned above, the process rates in
microwave fumaces are often 10 or more times faster than in the
conventional control experiments. To explain such apparent
enhancements solely on the basis of temperature profiles or
mismeasurement would require measurement errors of up to 200-400 °C
out of an average temperature of 1000-1800 °C. From the more
comprehensive and careful studies of temperature diagnostic techniques
cited above, it appears beyond credibility that 25% errors were involved.
Furthermore, drastic microstructure differences are not found across the
cross-sections of the processed samples, indicating that the center-to-
surface temperature differences are considerably less than the 25%
variations needed to explain the most dramatic "microwave effects." The
most convincing evidence that temperature mismeasurement (due to
inverted temperature profiles) is unlikely to be the sole explanation for all
microwave effects comes from the surface penetration diffusion
experiments [18,49,50], which measure a physical process which takes
place within microns of the surface. In this case, an accurate surface
temperature measurement would be an accurate measurement of the
temperature in the region being studied.
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Athermal energy distributions

An early candidate theoretical explanation for microwave-
enhanced solid state transport consisted of microwave-driven athermal
energy distributions:[53,54] Such effects could explain the experimental
observations, since even if the temperature (average thermal energy) was
accurately measured, a non-Boltzmann, high-energy tail would increase
the probability of diffusion events beyond the probability predicted by
Boltzmann (thermal) statistics. This phenomenon is more common in rf-
heated plasmas, but rare in the solid state due to extremely fast energy
relaxation rates. Simplified model calculations [S5] indicate that
microwave-heated crystalline ceramics may achieve a slightly but
adequately (to explain tenfold increases in diffusion) perturbed ion energy
distributions, at least for certain material types.

Experimental Evaluation

An ideal and straightforward experiment to test for this possibility
is to measure the effects of strong microwave fields on ionic currents in
ceramic crystals subjected to a static emf. Halide salts represent an
excellent choice of ceramic for this purpose, since their wide-electronic-
bandgaps and comparatively small activation energies for ionic mobility
mean that electric currents in response to applied voltages will be
dominated by ionic transport rather than electronic. Consequently, an
experimental configuration was assembled similar to the schematic in Fig.
1. A detailed description of the apparatus can be obtained from Refs. [S5-
571.

In response to an external bias voltage, mobile ions in a
crystalline ceramic specimen conduct a current:

Dc V..
I = ACGE, =gAx —>xqg-2= 2

where A is the crystal's cross-sectional area, o is the sample's
conductivity, Eyia is the applied bias electric field (E,,, ~V,../L), q is
the mobile ion charge, D is the ion (or ion vacancy) diffusion coefficient,
¢, is the ion vacancy concentration, Vi, is the applied bias voltage, and L
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is the length of the crystal sample. The appropriate experiment is to apply
a bias voltage across the length of a crystalline ceramic specimen and
measure the ionic current. During the measurement, a brief pulse of
microwave radiation is applied. Any increase in the diffusion coefficient
due to a microwave-induced athermal ion energy distribution should lead
to a proportionate (i.e., multiplicative) increase in the ionic current during
the microwave pulse.

Figure (2) displays typical results of such experiments. In the top
frame, a 10 V external bias voltage is applied to a NaCl specimen (for §
ms duration) and an ionic current results, as expected. Two ms after the
bias voltage is applied, the crystal is also illuminated by a 400 ps pulse of
14 GHz microwave energy, with peak power ~1 kW in a Ku-band
waveguide applicator. The microwave pulse is chosen to be much longer
than diffusion timescales, but too brief to significantly heat the specimen
(specimen temperature is controlled by external heating tapes). It is
evident that the ionic current increases significantly during the microwave
pulse.

According to Eq.(1) or (2), if the ionic current enhancement
results from increased mobility, then a doubling of the bias voltage should
coincide with a doubling of ionic current before, during, and after the
microwave pulse (i.e., a multiplicative effect). However, as shown in the
middle and lower frames, the ionic current enhancement magnitude due to
microwave fields is independent of the bias voltage, i.e., an additive
effect. It was this discovery that led to the conclusion that strong
microwave fields introduce a new driving force for ionic diffusion in
ionic ceramics. Moreover, detailed measurements established that the

effect scales linearly with IE |2 , indicating that the new driving force is a
nonlinear phenomenon.

Ponderomotive force model

Close to the completion of these early experiments, a theoretical
model for microwave-enhanced diffusion was proposed by Rybakov and
Sememov [58]. The basic idea is that a high frequency (HF) harmonic
electric field drives a HF flux of charge mobile species (e.g., vacancies or
ions) within the crystal. In the bulk of the crystal the fluxes are spatially
uniform. Near the surface, however, the medium discontinuity results in a
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harmonic oscillation of the ionic (or vacancy) concentration, as it
altemately accumulates and depletes during a HF cycle. According to the
model, these oscillatons in the near-surface vacancy (or ion)
concentrations are in phase with the HF electric field oscillations.
Referring to the sécond term in Eq.(1), in-phase oscillations of electric
field (or potential) and mobile charge concentration multiply to yield a
rectified, quasi-stationary flux of charge carriers that does not cancel
when averaged over a HF cycle. In particular, a second-order expansion
analysis of the combined transport, continuity, and Poisson’s Equations:

D.c.
==DVc. +—g.E 3
J; AL R 3
ac;
i - y. 4
at J; (C))

B=150 () ®

yields the quasi-stationary ionic flux
D.c® D.c® [(c®
I =D Ve + g B4+ (| Sl E® ) ©

where J, ¢, and E have been expanded as
X@)=X2+xD+x® ¢

with X © representing static (equilibrium) solutions, X  representing
HF fluctuation terms, and X representing the HF-period-averaged,
quasi-stationary components. The ( ) brackets indicate a time-average

over a HF—cycle The “i” subscripts denote different mobile species. The
microwave-induced ponderomotive driving force (or pmf) is identified as
the time-average piece of the last term of Eq(6):

@Y o
prf =\| “& [4E ®
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There are many similarities and some differences between this
ponderomotive effect in solids and that conventionally discussed for
plasmas. A thorough discussion of this topic is described in the paper by
Rybakov and Semenov, also presented at this Workshop. At a very
simplified level, the conventional plasma ponderomotive force problem
assumes a nonuniform field and uniform medium (or transport) properties.
The solid state ponderomotive force problem, however, typically, assumes
a uniform field and an (abruptly) nonuniform medium or transport
properties (e.g., at a free surface or grain boundary).

There were several aspects of significant agreement between this
model and the early experimental measurements. First, the model
predicted a nonlinear effect, properly scaling with the square of the
electric field amplitude. Second, the model predicted an additive new
driving force for diffusion, rather than a multiplicative enhancement of the
transport coefficient. Third, the model predicted the effect should
predominate near material surfaces or medium discontinuities, in
agreement with a number of experimental observations.[55]

Further Experimental Confirmation

Motivated by the promising agreement between the preliminary
results and the ponderomotive model, a collaboration was undertaken
(Booske, Cooper, Freeman, Rybakov, and Semenov) to compare
theoretical predictions and experimental measurements of ionic currents in
both NaCl and AgCl crystals for longer microwave pulses. The details of
this work are described in a forthcoming publication [59] and we just
summarize a few illustrative examples here.

An extended theory was developed by Rybakov and Semonov,
analyzing the bulk crystal, the metallic electrode, a contact-interface
region between the electrode and crystal, and the external circuit. This
theory predicted that the ponderomotive force (and ionic current) in a
AgCl crystal with Ag electrodes should decay from initial transient to
steady state according to an inverse square root dependence on time,

I(t) o< IE Iz / Jr. Figure 3 illustrates a typical ionic current response to a

20 ms microwave pulse. Observe how the ionic current has an initial
transient spike that decays over 5-10 ms to a steady state value that
depends on the microwave power. Also, at the end of the microwave
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pulse, there is a transient spike (of opposite polarity to the first one) and a
decay to zero current. For these experimental data, best fit was achieved

by plotting the decaying current versus 1/*/? , as shown in Fig. 4, and in

agreement with the theory. For long pulse experiments with NaCl crystals
with Pt (sputter-deposited) electrodes, the theory predicted that the current
should decay as an exponential function, /(f) e |E |2 exp(-1/t). Again,
there was quite good agreement between this prediction and experimental
observations.

A final experimental investigation concemned the question of why
we should be observing any net current in the external circuit. According
to the model, if the pmf forces mobile charges to diffuse inward (surface-
to-bulk), then this action should occur symmetrically at both ends,
producing mutually canceling currents (i.e., unobservable) in the extemal
circuitt  The external observation of microwave-induced currents,
therefore, predicates that the end conditions of the two crystals are not
precisely identical. There are several reasons why this is expected to be
true for realistic experimental conditions.[55] One example is illustrated
in Fig. 5, showing Rutherford Backscattering Spectroscopy (RBS) spectra
for the two ends of a single NaCl crystal with sputtered platinum
electrodes. Both ends have some intermixing of Pt, Na, and Cl within
several hundred Angstroms from the interface. However, the Pt
concentration, for example, is not identical at the two ends. Note that Pt™
impurity ions in the NaCl can have significant influence on the local
equilibrium Na vacancy concentration. The difference between the two
spectra also offers strong corroborating evidence for our claim that the
asymmetry of properties at the ends of the crystal leads to our
measurement of a net current rather than two equal and opposing currents.

Numerical Modeling

The same sensitivity to crystal end conditions that made
experimental observations possible also made further experiments of this
type problematic. While microwave power and sample temperature could
be adequately controlled, attempts to vary sample properties (such as bulk
impurity concentrations) were frustrated by the fact that the end condition
effects were always a more dominant factor. Moreover, sufficiently
precise control of all the relevant end condition factors was, for practical
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purposes, impossible. [55] Other experimental limitations included
practical challenges to varying frequency and several other physical -
parameters over large dynamic ranges. Nevertheless, the extent of
agreement between the ponderomotive theory and our experimental results
lent sufficient credibility to the model that further investigation seemed
warranted. Consequently, we selected to pursue further study by means
of numerical simulations.

The numerical simulations involved computer solution of Egs.
(3)-(5), with appropriate boundary conditions. The major assumptions
included a one-dimensional model (motion in “x”’) with E-field parallel to
x and the long-wavelength (quasi-static) limit. A principal objective of
this work was to obtain quantitative predictions of the magnitude of the
pmf for various values of physical parameters. To facilitate this
capability, we adopted values for the material defect chemistry parameters
(i.e., activation entropies and enthalpies) consistent with the well-
documented properties of NaCl (one of the materials used in our
experiments).

A comprehensive description of the simulations can be found in
Ref.[55]), as well as forthcoming publications. Here we will just
summarize the parameters or effects investigated, and a few representative
results. Effects accounted for in the simulations included: (1) equilibrium
nonuniformities in anion and cation vacancy concentrations (and space
charges) near the boundaries, (2) divalent impurity concentrations, (3)
both anion and cation mobile species, and (4) several boundary conditions,
including free surfaces and vacancy sources (or sinks) at the boundaries.

Figure 6 illustrates the near-surface, microwave-driven
oscillations of mobile (Cl) vacancies during the first two cycles of the
microwave excitation. Sodium vacancies demonstrated similar behavior.
Figure 7 illustrates the product of the harmonically-oscillating microwave

field and the (Na) vacancy concentration. The rectified, cos? (cot),

nonlinear behavior is evident. As explained earlier, the is the basis for the
time-averaged pmf. In the simulations, the pmf was observed to drive
fluxes of both Na and Cl vacancies into the crystal bulk, i.e., true mass
transport. [55]

With these simulations, it was possible to calculate magnitudes of
the microwave pmf as functions of several variables, including electric
field strength, temperature, frequency, and impurity concentration. To
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illustrate, Fig. 8 shows the predicted linear dependence of the pmf on the
square of the microwave electric field magnitude. Also, one observes that
the magnitude of the pmf ranges from 10™® to 10"® N in NaCl for strong
microwave field intensities, |E|~10°-10° V/m. For typical
variations of other parameters, values of the pmf were also observed
between 107 and 10" N. Table 1 below compares typical values of
various natural driving forces (in NaCl) to the achievable pmf magnitude.
For materials other than NaCl, the absolute values of the driving forces
may change but the relative comparisons are expected to be the same.
From Table 1, one may observe that for strong microwave field
strengths, ie., |E|>10* V/m,the pmf can compete with or dominate

many natural driving forces for ionic mass transport in ceramic materials.

Table 1. Comparison of microwave and natural driving
forces for ionic diffusion in NaCl ceramic

diffusion driving force typical magnitude (N)
sintering (1 pm powder) ~10" 10 10"
joining (identical material) <107
temperature gradients ~ 10"
chemical inter-diffusion ~ oo t0 1076
tracgr isotope diffusion << 1018
microwave pmf 10" to 108
Conclusions

It has been demonstrated that high-power microwave fields can
enhance mass transport in ionic crystalline solids. Experiments measuring
short pulse and long pulse dynamics of microwave-irradiated halide salt
ceramics show that the microwave fields do not enhance the ionic
mobility, but rather are responsible for an additional driving force for
ionic diffusion. The data are in good agreement with qualitative
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predictions of a nonlinear ponderomotive force model. This force arises at
any abrupt nonuniformity in medium transport properties, such as free
surfaces, grain boundaries, or amorphous-crystalline structure interfaces.

Numerical simulations have provided additional insight into the
details of this phenomenon. In particular, illustrative simulations of NaCl
show that opportunities to observe and take advantage of enhanced mass
transport due to strong microwave fields depend on the application and
physical circumstances. The determining issue is whether the microwave
pmf exceeds or is smaller than other “natural” driving forces. Microwave-
enhanced transport should be observable in the sintering of ionic ceramics
whenever strong field intensities (e.g., = 10* V/m) and moderate-to-large
grain powders (e.g., 2 1 um) are used. Applications involving chemical
inter-diffusion are unlikely to observe any “microwave effects” unless the
process is continued long enough to significantly reduce the initially
strong concentration gradient of the diffusing species (thereby depleting
the natural driving force). On the other hand, microwave joining and
radioactive tracer isotope diffusion applications are prime candidates to
observe microwave effects, due to their typically small natural driving
forces.
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MUTUAL-CONCENTRATING EFFECTS OF FIELD
AND PLASMA IN MICROWAVE AND OPTICAL
GAS DISCHARGES

V.B.Gil’denburg, A.G.Litvak, I.A.Shereshevskii*,
A.A.Solodov, N.K.Vdovicheva*, N.V.Vvedenskii,
N.A.Zharova

Institute of Applied Physics, RAS, N. Novgorod, Russia
*Institute of Physics of Micro-structures, RAS, N. Novgorod, Russia

A remarkable feature of the ionization-type nonlinearity in the
nonlinear plasma electrodynamics is existence of the so-called mutual-
concentrating (mutual-enhancement, joint localization) effects of the -
field and plasma in electromagnetic-wave-created discharges. These
effects result in the formation of localized plasma-field structures and
change wave propagation and plasma production conditions drasti-
cally. One of the main effects of this kind is due to the plasma
resonance phenomenon and is manifested as the local ionization-
field (LIF) instability (it is designated also as plasma-resonance or
quasi-static instability). In this paper we present the findings of an
investigation of these effects for different models of the small-scale
LIF-instability (including its linear and nonlinear stages) in the mi-
crowave and optical discharges. The results considered are of interest
for the applications relating to the problems of intensive wave prop-
agation in gases, as well as of production and use of the microwave
and laser plasma (plasma-chemistry, laser technique, wake-field parti-
cle acceleration, artificial ionized regions in atmosphere, and material
processing).

The self-consistent electric field in our treatment is taken to be
quasi-monochromatic and given by the expression £ = JEe™* + c.c.
with slowly varying in time (but arbitrarily varying in coordinates)
complex amplitude E(r,t) and constant (or slowly time-varying) fre-
quency w(t) = 09 /0t. As to the concrete physical mechanism of
plasma production, we center mainly (Section 1-3 ) on the case of
electron-impact (avalanche-type) ionization; in Section 4 we consider
LIF-instability under the alternative ionization mechanism: direct
(tunneling) ionization of atoms by the intense laser field.
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1. Linear stage of small-scale instability in the quasi-
static (potential) field

1.1. Instability of space-periodical perturbations in the homoge-
neous discharge

As the starting point we use the balance equation for the plasma
density N

ON/8t = DAN + (v; — v,)N — aN*? (1)

with ordinary approximations: the diffusion (D) and recombination
(o) coefficients and the attachment frequency (v,) of electron are
supposed to be constant; the ionizing collision frequency of electrons,
vi(|E]) is a fast growing function of electric field amplitude |E|. At
first, we study the plasma-field structures with its scale-length small
compared to the wavelength A. In this case the electric field can be
considered potential and described by the quasi-static equations:

E=-Vp, V(EE)=0. @)

Here ¢ is the electrical potential, ¢ = 1 - (N/Nc)(l — w/w) is the
complex plasma permittivity, N. = m(w? + v?)/4we? is the critical
density, v is the electron collision frequency. Let the discharge plasma
and electric field, in the unperturbed steady state, be homogeneous
and characterized by the following parameters: N = No, E = xoEy,
satisfying to the stationary condition of v = v;(Ep) = v, + alNp
(xo is the unit vector in the z-direction). Consider the stability of
this steady state with respect to small space-periodical perturbations.
Setting N = Ng + N1, E = Eg + E{,E; = —V¢; and linearizing
Egs. (1),(2), we obtain the following equations for the perturbations
Ni(z,t), E1z(z,t) = —0p,/0x:

% = DaN, + 2 ”"’N "(Elz +c.c.)— aNoNy, (3)
OFE:, aN1 B
0z  &o N l - (4)

Here g9 = 1-(No/N.)(1-twv/w), B = d(lnu,-o)/d(lnEo) (for air B =~ 5).
For perturbations of the form Ny, Ey ~ exp(qxt + ikr) we can find,
based on the system (3),(4), a dispersion equation describing the time
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constant v; (growth rate of instability) as a function of longitudinal
(kz) and transverse (k) components of the perturbation wave vector
k. In the simplest (and the most interesting) case of low collision
frequency, v € w, this dispersion equation is as follows:

_ Nok2 2
Y& = ﬂVzONceokz -~ (Dk + aNO)’ (5)

where k2 = k2 + k. In the case of @ = 0 and kX < 1, this re-
sult agrees with that obtained formerly for the recombination-free
discharge in the plane wave field [1]. If the plasma density lies in
the range N; < Noy < N, the perturbations with not too large wave
number k < k; (the value of k; is defined by diffusion) are unstable
(7% > 0). The maximum growth rate of instability

N,
Ym = Yo — aNg, Y0 = Bio cho (6)

is achieved under conditions k, = k, Dk? < Bv;oNo/(eoN.), that is,
for the large-scale density perturbations in the form of layers perpen-
dicular to the vector E. The lower threshold density N; depends on
the ratio ¢ = fr;o/aN;: Ny=0atg>1, Ny=1—-gqgatg< 1.
1.2. Evolution of 3D localized perturbations in the homogeneous
discharge

Generalization of 1D linear Eqgs.(3),(4) to the 3D perturbations
Ny(r,t), ¢1(r,t) leads to the following equations (as in the previous
paragraph we consider the case of v/w = 0):

ON, BrioNo 01
ot = DANI Eo -&— aNoNl, (7)
_ Eq 3N1
Ay = eoN, 0z ° (8)

Taking the Fourier transform of Eqs.(7) and (8) we find:
@ T (e
1) _ k .
{Nl} = /// { N, } exp(7xt + ikr)dk, (9)
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with 7k given by Eq.(5), ¢k = tkzNkEo/(eoNck?), and Ny given by
the initial conditions.

Let the initial (¢ = 0) distribution of the density perturbation
Ni(r,0) be characterized by two parameters: some unified scale-

length Lo and the total particle number Nz = [ f J Nydr. Thus,

in the spectral region k? « 1/L2, we can set Ny ~ N;x = const,
and the Fourier-expansion (10) for N; at the final stage of the pro-
cess (Dt > L%, 7ot > 1) can be transformed in the following way

(r = XoZ + l'_L):

= ¢'m? // Nyexp[(— 7 — Dk?)t + ikr]dk ~
Nigpe'mt /// exp{i(kyry + koz) — [k ( + D) — Dk%)t}dk, dk, ~

7rN12—e7"' /kzexp[zk,z kz( +Dt)dk,_

3/2 Nig e’ymt 22 22
3/2( - )eXp(—_),
2v0D3/215/2 F, 2DtFRy 4DtFy

(10)
where Fi(ry,t) = 1+ (r?/4vDt?). It follows from (10) that the
longitudinal (L,) and transverse (L, ) scale-lengths of perturbation
at large ¢ are the following time-functions: L, = (2Dt)'/2, L, =
2(D70)/?t. In the case of slight diffusion, we can find an intermediate-
time asymptotic solution on the time interval 1/7o < t < (L&/D)).
For example, the evolution of initially Gaussian perturbations N; =
Nyoexp(—r?/L32) at this intermediate stage is as follows:

Nloe 222 12
—_— 1
2 tF3/2( L(Z)Fz )exp( L(2)F2)’ (]‘ )

where Fy(ry,t) = 1+ (r3 Liyt). The longitudinal and transverse
scale-length at this stage are L, = Lo, Ly = Lo(yot)!/2. In both
cases (that is, at 7ot > 1) the ratio of these lengths L, /L, is growing
as (’)’ot)ll Z,

Ny =
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1.8. Instability of plasma slab in the perpendicular electric field

Let a homogeneous steady-state discharge occupies the region
between two planes, £ = L. Unperturbed parameters are: N =
No,e=€60=1-=No/N. ,E,=E at|z|<L; N=0,e=1, E; =
goE. at |z| > L. For simplicity we suppose that » = a = D = 0. The
evolution of small perturbations obeys to: Eq.(7),(8) for the values
Nj, 1 in the discharge, Laplace equation Ap,; = 0 for additional
term ¢, in the field potential outside the discharge (|z| > 0), and the
following boundary conditions at |z| = £L:

_ Ops  0pr | N1E.
P2=p1, 5= =cop—+ N (12)

There are two types of the normal (~ cos(ky)exp(vt)f(z)) solu-
tions of the stated problem: with the symmetrical (N1 ~ ch(pkz))
and antisymmetrical (N7 ~ sh(pkz)) distribution of the density per-
turbation. In both cases

_ Brio(1 — €o)
€o(1—p~?)
The variable p is defined by equation

(13)

cth(pkL) = —(p/e0)*", e

Signs + and — relate to the symmetrical and antisymmetrical solu-
tions respectively. The roots of Eq.(14) are either pure imaginary
(Re p = 0) or pure real (Im p = 0). The first case corresponds to
the x-periodical perturbation which is unstable (y > 0) in the same
region Ng < N, as in the absence of discharge boundaries. The sec-
ond case corresponds to the x-aperiodical perturbations which are
unstable only in the region No > N.. In particular, the symmetri-
cal perturbations can be unstable in interval N, < No < 2N, if its
wave number k exceeds some critical value: th(kL) > No/N. — 1; at
the critical point the growth rate y — oo; at kL > 1 it becomes
v = —Beo/(€0 + 1). The results obtained allow an understanding of
why the plane layers originated due to the LIF-instability during the
initial stage of microwave discharge in the experiments [2], then were
disintegrating into a set of small plasmoids.
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2. Nonlinear stage of small-scale instability in the 1D
quasi-static (potential) field

Nonlinear evolution of 1D x-periodical perturbations was studied
numerically based on a simple solution of Eq.(2) for the field am-
plitude E = x3E(z,t) with the assumption that the average (over
the spatial period L) field amplitude is a given (time-independent)
constant Fo:

L L
E = @ , Ey= L‘I/E(x)dz = const, ee‘flf =L7! /e'ldz
0

. (15)

Here €.y is so-called effective permittivity determining average po-

larizability of plasma. In balance equation (1), we used the ordinary
approximation,

vi — va = vio[(|El/ Ec)’ - 1), (16)

with given coristants v;o and E..

Some results of computation of system (1),(15),(16) are presented
in dimensionless variables ¢ — z/L,, t — vjot, N = N/N(L, =
(D/vio) in Fig.1. The computations were performed at the initial con-
dition M(z,0) = Np + Nj cos(2rz /L) for the parameters: Eo/E. =
0.95, v/w = 0.5, L/L, = 10, Ny = 0.8, N; = 0.04, a =0, 8 = 4.
We can see that discharge evolution is characterized (at E.—Ey < E.)
by several pulsations with deep spatio-temporal modulation of plasma
density. Each pulsation consists of two stages: fast and slow. At the
first of them development of the instability leads to formation of the
over-critical density pike, which is very sharp initially and then ex-
pands fast yielding the breakdown waves. This stage ends in the
establishment of an almost uniform state with A/ > 1 which is sta-
ble in terms of perturbations considered. At the second stage the
density decreases slowly and finally reenters the zone of instability
(N < 1/[1 + (v/w)?] after which the nonuniform component of the
density (if it has not had time to relax too strongly as at the end of
the last pulsation in Fig.1) increases again and the process repeats.
It is obvious that in the presence of a weak random source of ioniza-
tion (which can be taken into account by introducing an additional
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Fig. 1: Spatio-temporal evolution of the plasma densityA/(z, t) in the absence of
an external source of ionization.

term into the right-hand side of eq.(1)) the pulsations outlined above
should become non-stop and take the stochastic form [3].

3. Nonlinear stage of LIF-instability in the 2D wave
problem

Consider the evolution of discharge produced by the plane elec-
tromagnetic wave, & = (1/2)xoEq exp[i(wt — k2)] + c.c. (k = w/c)
propagating in a nonuniform gas in +z direction. The critical (thresh-
old for breakdown) field in the gas is a given smooth function E.(z),
and the wave amplitude Eg exceeds E. in some restricted region. As
is clear from the preceding Sections, the discharge formed in this re-
gion is unstable towards the spatial modulation in the direction of
the electric field xo. The electric field in the z-modulated discharge
has the components E, and E, depending, together with the plasma
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density N, on the variables z, 2, t. The magnetic field has only the
y-component; its complex amplitude Hy(z, z,t), assuming a reason-
ably low ionization rate, v; € w, obeys the stationary equation:

V(e"'VH,)+k*H, =0 (17)

The field components E andE, determining the ionization rate can
be expressed in terms of H, using the Maxwell equations:

_tcO0H, .,  ic0H,

*Twe 8z " we 0z

Notice that this 2D model describes also the dynamics of the dis-

charge created in the uniform gas by the focused wave beam with
given ray trajectories; in the latter case E. = const, Eg = Eg(2).

Equation system (1),(17),(18) was solved numerically in the re-
gion 0 < z < Lz, 0 < z < L, with x-periodicity conditions at
z = 0 and z = L, and radiation or boundedness conditions for the
spatial (in the x-direction) Fourier harmonics of the reflected and
transmitted waves at the boundaries 2 = 0 and z = L,. For the
difference v; — v, the same approximation (16) was used as in the
previous Section. The function E,(z) in our model was chosen in
the form E.(z) = E»[l + (2 — 20)?/l). The initial condition for
the plasma density was similar to that in the above 1-D quasi-static
model: N = Ng + Njcos(2rz/L,).

As the computation demonstrates, the typical scenario of dis-
charge evolution in the parameter range where the instability exists is
as follows. Initially, nearby the minimum of the breakdown field E,(2)
(z = zp), a near-homogeneous (in the = direction) crest of a break-
down wave arises moving towards the incident electromagnetic wave
(in the —2z direction). Then, because of the instability of the small ini-
tial modulation of the density in the z direction, the breakdown wave
disintegrates into small separate plasma clusters (2-D plasmoids) with
over-critical plasma density continuing to move towards the —z di-
rection. The plasmoids contain the regions of the plasma resonance,
where the electric field component parallel to VN has sharp resonance
peaks exceeding (at small collision frequency v <« w) the amplitude
of the incident wave Eq by the factor w/v. The arising structure is
illustrated by Fig.2(a,b) showing the plasma density and electric field

(18)
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amplitude distributions at time instant ¢ = 4 (we use the dimension-
less variables t — v,t, z,z — kz,kz, N - N/N,,|E|> - |E/E.?).
Entering the region with E.(2) > |E|, the plasmoids stop and decay,
after that a new breakdown wave arises at the region z ~ z; and
repeats the evolution of the previous one.

Generation of the moving resonance regions with high peaks of
the field amplitude at the nonlinear stage of the LIF-instability is
a remarkable feature of the process considered. These small-sized
regions are the zones of enhanced activity, where the local electron
energy, the rate of ionization and molecular-excitation process are
much higher than in the surrounding plasma. Thus it is the dynamics
of this active (resonance) zones that defines the energy transfer and
kinetic process rate in the low-pressure microwave discharge.

4. Microfilamentation in the optical-field-induced
ionization process

In this Section, we consider the linear and nonlinear stages of
the LIF-instability in the optical discharge, produced by a high in-
tense laser in the uniform gas with high density under the tunneling
ionization conditions. The statement of electrodynamic problem we
solve here is simpler than in the previous Section: this is the ini-
tial (but not boundary) problem in which the plasma density N(z,t)
and field amplitude | E|(z,t) are the periodical functions of the trans-
verse coordinate z, but does not depend on the longitudinal (parallel
to the wave propagation) coordinate z. The wavelength A in the
z-direction and spatial period L of the traverse modulation of the
density and amplitude are the constants, given by the initial condi-
tions. The transverse distribution N(z,t), |E|(z,t), as well as the
field frequency w, are the slow (on the scale 1/w time functions.

We take, as the model equation for the instantaneous plasma
density n(t), the known static expression for the rate of tunneling
ionization of the hydrogen atom [4]:

/8t = w(€,n) = 6N, — n) 22 exp (-E—) . (19
€] €]
Here Q = me?/h3 = 4.16 x 10'® s~! is atomic frequency unit, h is

Planck’s constant, E, = (2/3)E,0, Es0 = m?e5/h* = 5.14x10° V/cm
is field strength at the first Bohr radius, and N, is the density of
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neutral atoms of the gas before the ionization process.

Equation (19) is applicable to describe jonization in a laser field
with frequency w and amplitude E (see also [5 - 9]), when the fol-
lowing conditions are fulfilled: w € Q, I € ¢, £ < E,, where
q = €2E?/2mw? is quiver energy of electrons, and I is ionization
potential of the atom. The growth of the average plasma density,
N = (n), are determined by the expression dN /0t = (w(£)) (here and
further angle brackets denote averaging over the field period 27 /w).

We seek the solution of equations for the electric (£) and magnetic
(H) fields in the form of a p-polarized wave

(£} = L{E 0 explike 0] e N = NGz, (20)

with a fixed longitudinal wave number k = 27/, slow time-varying
frequency w(t) = d¢/0t and z-periodic amplitudes of the field com-
ponents {E; ., Hy, N}(z,t) = {E;,;, Hy, N}(z + L,t). The range of
interest for the lengths A and L is L/A < 1. The wave frequency w,
as well as the transverse structures of the field and the plasma, may
change significantly in a long (on the scale of 1/w) time.

At a sufficiently low ionization rate the stated problem can be
solved within the adiabatic approximation based on two compara-
tively simple equations for the field. The first one determines the
transverse structure and the frequency of the wave, which correspond
to the instant distribution of the density, N(z), at every instant ¢, as
if this distribution was stationary. For the magnetic field of the form
(20) this stationary equation, as it follows from the Eq.(17), is

0 (1 0H, w? N _
Eax(;"-a—;)+(-;2-€—k)ﬂy—0. (21)

Using the stationary equations (17) and (21) without the terms con-
taining temporal derivatives of the amplitude and the density we
actually neglect group lagging in the transverse direction and exci-
tation of natural plasma oscillations at frequency wy, in time-varying
plasma. This is valid for perturbations with the transverse scale
L < A, if a characteristic time of variation in the complex amplitude,
7. = |E||0E/0t|71, is great compared to the period corresponding to
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the beat frequency, 74 = (w — wr)~!. With the given z-periodicity
condition, the solution of Eq.(21) determines, at each instant of time
¢t (for known distribution of the density N(z,t)), the eigenfunction
Hy(z,t) and eigenvalue w(t).

The time-dependent normalization factor in the determination
of eigenfunction H, must be calculated by means of the evolution
equation that describes variation of the wave energy in a plasma
with growing density:

a rL 4me? L on [OE\?
5 [ Era = -5 Q) dx,cz=5t—(5;) L (2

This equation is a generalization of the intensity transport equation
obtained earlier for a homogeneous quasi-monochromatic wave [7,9]
with transverse modulations of the field and density taken into ac-
count. It may be derived directly from Poynting’s theorem for the
quasi-monochromatic field by using the z-periodicity condition for
the fields and the known equation for the instantaneous electron cur-
rent J:

07/t = (e*n/m)E. (23)

Eq.(23) is valid at any ionization rate w. It is easily derived from
the kinetic equation under realistic assumption that the free elec-
trons are born with zero (or isotropically distributed) velocity. The
right-hand side of the Equation (22) determines energy losses caused
by energy transfer to newly born electrons [5,7,9]. Direct energy
losses by electrons’ detachment, as well as collision losses, can be ne-
glected, assuming € = 1 — N/Nc¢, in the validity region of the static
formula (19) (I < ¢) and at small collision frequency of electrons
(v € wN, € w).

The dynamics of a homogeneous breakdown (in the absence of
space modulations) produced by the field of a linearly polarized trans-
verse wave £ = XoFEo(t) cos(kz — ¢(t)) in the case of |E| € E, is
described by smooth functions Eo(t),w(t),andwr(t) [6]. The aver-
age rates of ionization, (w), and dissipation, (@), in Eq. (22) and
the long-time asymptotic solution are determined in this case by the

following expressions: (w) = w(Eg)\/Eo/E., (@) = (w(dE/8t)?) =
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(W) W2 ES/ E,, wi(t) = w?(t)—w?(0) ~ t3/3, Eg(t) ~ (Inw)~!. Let us
study stability of this process to small perturbations that modulate
the wave amplitude and plasma density in the z-direction. Repre-
senting the expressions for field components and plasma density as
E, = Eo(t) + E1(z,t) and N = Ny(t) + Ny(z,1), and linearizing Eqs.
(18), (19) and (21) against the homogeneous (but non-stationary)
background, Ey and Ny, we obtain the following equations for the
small perturbations E; and ¢y = —N;/N,:

32E1 Ey 5251 w)? 381 .
522 + };5;—2‘ + (?) e1Ep =0, 5t + Y€1 + aE; =0, (24)
where g9 = 1—(No/N.),a = N7 (d (w) /dEo), y0 = (w) (Ng— No)~1.
For perturbations of the form E;,e; ~ cos(2rz/L) exp [7(t)dt we
find, based on system (24), the following expression for the growth
rate of instability, v:

_ Ny, - Ny E, L?

7—70[‘N:__NOE—0(1—F)—1]. (25)
It follows from Eq.(25) that perturbations with the spatial period L
shorter than the length of the electromagnetic wave, A = 27 /k, can
be unstable (y > 0). The instability is caused in fact by the plasma
resonance phenomenon and can be understood in the framework of
a simple quasi-static (plain capacitor) model which is valid for the
small scale L <« A. As the undercritical plasma density N < N,
increases in a thin plane layer, the normal field component increases
according to the quasi-static relation E, = const/e. It results in
the growth of the ionization rate (w) and the further growth of the
density. At the same time, defocusing of the wave by the dense plasma
is negligible on this small scale (but it suppresses the instability with
the scale L > A). When the condition of (Ng— No)E, > (N.— No)Ep
is fulfilled, the maximum of 4 reached in the limit of L/A — 0 is
Ymaz = ((w) E5)/(NcEoeo) . The lower limit of the instability scale,
Lpin, cannot be found in the framework of local relations (1) and (2),
and, probably, must be determined either by the amplitude of electron
oscillations in the optical field, or by the Debye lengths. In a gas with
high density (Ng > N.) the value of v grows infinitely as the density
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Ny approaches the critical value, N.. However, it begins to exceed
the growth rate of the homogeneous background (y > (w) /Np) even
at the values of the background density, Nos, which are much smaller
than the critical one: Nos/N. ~ Eo/E, < 1. If at such values of Ny
the electron or neutral density fluctuations or an external random
source of ionization produce a ”seed” small-scale perturbation with a
sufficiently great value N;g, then the spatial modulation of the plasma
density N(z) may become significant even in the region of € ~ 1, i.e.
much earlier than the point of plasma resonance is achieved. For
example, in the case of N1g/Nos = Eo/E, = 0.1 the value of Ny(0,t)
calculated by means of the above linear theory becomes of the order
of No(t) at No/Nc ~ 0.3.

The dynamics of the field and plasma at the nonlinear stage of
instability (at large €; and E;) was studied by computer simula-
tion. The system of Egs. (18),(19),(21), and (22) was integrated
numerically in the interval 0 < z < L with the periodic bound-
ary conditions and the following initial conditions: N(z,0) = Ngo +
Niyocos(2wz /L), Hy(0,0) = Ho, and 0H,/0z(0,0) = 0; at small Ngg
and Njo the field at the initial instant ¢ = 0 is an almost trans-
verse wave with amplitudes E; ~ H, ~ Hp and frequency wp =~ kc.
The results of numerical caleulations for the values of dimensionless
parameters Neo/N, = 0.8, A\/L = 2r/kL = 3, Ho/E, = 8.25 X
1072, Noo/Ne = 0.1, and N1g/Neo = 0.01 (N = N (wp)) are shown
in Figs. 3 and 4. Figure 3 (a and b) presents spatial distributions
of the electric field components E;(z) and E,(z), the plasma density
N(z) and permittivity ¢(z) at various time moments ¢t. We see that
the nonlinear stage is characterized by formation of sharp maxima in
the transverse field and density; the electric field in a thin layer with
€ < 1lincreases significantly, whereas outside this layer it significantly
decreases as compared to the initial unperturbed value, Eo(0). At a
certain point, this process acquires the explosion character and goes
on until the gas is almost completely ionized at the maximum point,
where the difference w —wy, reduces to the minimum (positive) value.
Thereafter the produced layer with increased density extends slowly,
and the field maximum becomes lower.

Figure 4 shows the time-dependencies of the frequency w(t), field
energy K (t), average energy flux P(t) (related to their initial values),
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Fig. 3: Spatio-temporal evolution of the field and plasma at the nonlinear stage of
LIF instability: (a) transverse, E;(z), and longitudinal, E;(z), field components,
(b) dimensionless plasma density, A'(z) = N/Nco, and permittivity, &(z), at vari-
ous instants of time; the curves 1 — 6 correspond to the values of wt x 10~° = 0;
7.39; 7.96; 8.45; 10.2; 25, respectively; the period of initial transverse modulation

is L =2)/3.
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Fig. 4: Wave frequency, w/wo, energy, K /Ko, energy flux, P/P,, and effective
permittivity, e.ss (curves 1 -- 4 respectively) as time functions.
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and the real part of the effective permittivity, ecf(t) = (ck/w)?,
which determines characteristics of average (over the x coordinate)
fields. These dependencies are rather steep at the stage of fast growth
of the field and density and slow down sharply after ionization is
saturated at the maximum point.

The studied numerical example may correspond to different sets
of dimensional parameters of the problem. Specifically, the frame-
work of the approximations used above includes, with a sufficient
accuracy, the case of H-gas with the density N, = 1.4 x 10%° ¢cm~3
(the pressure p ~ 5.8 atm) ionized by a laser pulse with wavelength
A=3um (wp = 6.3 x 10! 571, Ny = 1.1 X 10%° cm~3), initial inten-
sity § = 10 W/cm?, and duration 7, > 200 fs. An analysis of the
calculation results shows that for the above example 74/7, ~ 1071,
i.e. the condition of validity of adiabatic approximation (4)-(6) is
fulfilled in this case. Note, however, that the maximum rate of the
explosion process that is achieved near N = N, grows as the parame-
ter Ny /N, increases; thus, at a sufficiently high gas density (actually,
starting from Ny/N¢o ~ 2) the adiabaticity condition, 7, 3> 74, must
be inevitably violated near the sharpening point. By that, evidently,
the effective refractive index 6;42 must change step-wise and this
change must be accompanied by shock excitation of a reflected wave
and generation of intense plasma oscillations. In this case the the-
ory developed makes it possible to conclude only that the explosion
process is inevitable and to describe the first (adiabatic) stage of the
process in a "temporal” problem. More specific conclusions on the
character of LIF instability manifestation in actual conditions of an
optical breakdown produced by focused laser pulses in a limited gas
region could be made by means of solving a more complicated (two- or
three-dimensional) spatio-temporal problem within the non-adiabatic
approximation.

To conclude this Section, we have shown that in the process of
optical-field-induced ionization the field and plasma cannot stay ho-
mogeneous even on scales small compared to the wavelength. Due
to the effect of LIF instability, on such scales development of the pe-
riodic plasma-field microstructure occurs with gradients parallel to
the wave electric field. At a sufficiently high gas density, the sharp-
ening regime is realized at the nonlinear stage of the instability, the
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process acquires the explosion character and leads to formation of
thin resonance layers, in which the electric field of the wave concen-
trates. In this regime the processes of scattering and generation of
higher radiation harmonics must be strongly intensified, and this is
highly important for problems of production and diagnostics of laser
plasmas with high density.

This work was supported by the International Scientific Founda-
tion (grant No. R8A300), and the Russian Basic Research Founda-

tion (grant No. 96-02-17467).
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MICROWAVE REFLECTION FROM A SHEET PLASMA
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- As is well known, a plasma is a good reflector of electromagnetic
radiation up to the plasma frequency, but unlike a metallic reflector, a
plasma has low mass and can therefore be repositioned or recreated
quickly. Manheimer [1] has suggested that these properties be exploited to
produce an agile plasma mirror for steering radar beams rapidly over wide
angles. Such a mirror would have the directional capability of phased-
array antennas, but with broad instantaneous bandwidth and potentially
lower cost. To explore this possibility, the Naval Research Laboratory has
been conducting experiments using a sheet plasma to reflect 10 GHz
microwaves. As discussed by Robson et al. [2] and Meger et al. [3], the
plasma is created using a hollow-cathode discharge in a low-pressure gas
(~ 100 mtorr). Mathew et al. [4] have shown that these discharges operate
in an unusual “enhanced glow” mode, in which a low-current beam of
energetic electrons formed at the cathode propagates all the way to the
anode. The beam ionizes the gas and creates the dense plasma responsible
for reflecting microwaves.

In this paper we determine the plasma properties needed to reflect
microwaves, and then consider how to produce such a plasma using an
energetic beam of electrons. Included in the calculations are estimates of
the absorptive and radiative properties of the plasma, the maximum
microwave power that can be tolerated, and the requirements for plasma
flatness and surface motion. We then discuss the experimental apparatus
and results achieved thus far, as well future plans. Included in the latter is
the production of a sheet plasma more than a square meter in cross-
sectional area. The experiments described here were performed with a
plasma 50 cm across by 60 cm long and roughly 2 cm thick.
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Plasma Requirements

In this section we determine the plasma properties needed to reflect
microwaves of frequency f, < 15 GHz. We start by considering the
current induced in the plasma by the microwave electric field E. If the
plasma electrons are treated as cold and there is no dc magnetic field, the
electron current density is given from the momentum equation by

eznpeE

m(v,, +iw)

Here n,. is the plasma electron density, e and m are the electron charge
and mass, respectively, V. is the momentum-transfer collision frequency,
and o = 2nf, is the angular microwave frequency. The power absorbed
equals the real part of j.-E, and for normal incidence, Eq.(1) combined
with Maxwell’s equations and the WKB approximation yields the
dispersion relationship,

kKc* =0 ——2— . )

Je = (D

Here c is the speed of light, k is the wave number, and oy = (41te2n,,,/m)”2
is the plasma frequency. The neglect of the magnetic field B is justified
provided the electron cyclotron frequency . = eB/mc << . This
corresponds to fields B < 1 kG for frequencies of interest.

Wave absorption is determined by the imaginary part of k, and
Eq. (2) indicates that this absorption is small only if Ve << ® < . In a
singly ionized plasma with an electron temperature T, ~ 1 eV, the
electron-ion collision frequency is Ve ~ 3x10’5npe, while the electron-
neutral collision frequency is Ve, ~ 107N, where N is the neutral gas
density. The total collision frequency vp, equals the sum of these, and it
is less than @ only if np < 3x10"° cm™ and N < 10"7 cm™. As we shall
show, plasma densities well below 3x10" cm™ are sufficient to reflect
microwaves, and thus a weakly ionized plasma can be used in a cold
background gas at pressures below 1 torr. A weakly ionized plasma in a
cold gas is advantageous, because the plasma density n, decays rapidly
once the ionization source is removed.

To determine the plasma size and density needed, consider first a
uniform sheet plasma of thickness x,. For vy << , the imaginary part of
k is given from Eq. (2) by
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If ® < @y, the waves are evanescent and propagation effectively ceases if
Xo > 5¢/@pe ~ 1 cm. The rate of energy absorption equals the integral of
je-E over x,, and dividing by the incident power, cEY4r, gives the fraction
of power absorbed:
2
= _Yoe Ope
“ 2kc &
Maximum absorption occurs at the plasma frequency, and there f, =
(Vpe/20)". However, for frequencies ® < 0.9y, the fraction drops to
Vpe
f, < I.S—w—- . )

pe

(C))

The power absorbed is then less than 2% if vy < 10° s . This corresponds
to gas densities N < 10'® cm™,

Additional absorption occurs in the plasma wings where the density
n, falls off. The fraction of power absorbed in the wings is given by
4[dzki(z) for the round trip, where k; =V, a)‘f,/2wc(w2— a)‘fe)l/2

according to Eq. (3). If ny. falls linearly from critical density to zero over
a distance Ax, the fraction of power absorbed in the wings is given by

8 Ve Ax

Af =— 6
3 ¢ ©)

Typically Af, > f,, meaning that most absorption occurs in the wings. The
sum of Af, and f, gives the total absorption coefficient, and it is less than
5% if Ax < 1cm and vy < 6x10° s™'. The latter corresponds to gas
densities N < 6x10"° cm?®, or pressures below 200 mtorr at room
temperature. We thus conclude that high reflectivity requires low gas
density and a dense plasma more than a cm thick, with wings not much
more than a cm wide. In addition, the plasma surface should be smooth
and stationary to within a tenth of a wavelength, 0.1A = 2 mm, during a
pulse. The flatness criterion is generally well satisfied, since spatial
fluctuations in a plasma are typically confined to a few Debye lengths, Ap
= (2TJm)"*/@, ~ 107 mm. Motion of the plasma surface will be
addressed later.
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Non-Normal Incidence and Refraction

The preceding calculations confirm the well-known reflective
properties of plasmas at frequencies ® < ®,.. Waves with ® > @, can
reflect as well, however, provided they strike the plasma at an angle. To
show this, let us ignore absorption and set v, = 0. The phase velocity of

waves in a uniform plasma is then given from Eq. (2) by
(0] ac

V, = — = 7
ph k ,(O—__z _wpi: ( )

This velocity exceeds c, and thus the waves refract. Complete reflection
occurs when the angle of incidence satisfies

6 > sin"'(c/V,,) . 8)
Combining the last two equations, we find that reflection occurs when the
plasma frequency satisfies

®, > ® cosf . )

This equation shows that plasmas can reflect high-frequency waves
incident off axis.

Microwave Emission

To be useful as a receiver, the plasma should be a poor microwave
emitter, with an equivalent radiation temperature ideally at or below room
temperature. This condition appears to be difficult to meet, given the 1 eV
temperature of the plasma electrons. However, Kirchoff’s law (detailed
balance) relates emissivity to absorptivity, and it dictates that a good
reflector is a poor emitter. To estimate the radiation temperature, we
observe that the microwave quantum energy /@ is well below the gas
kinetic energy at room temperature, and thus that the microwave emission
is proportional to the plasma temperature times the plasma absorptivity.
Because the plasma electrons are the hottest species in the plasma and the
source of the microwaves (through bremsstrahlung), the radiation
temperature is given by

IT,=~ ,+Af)T, (10)
where the absorptivity (f,+Af,) << 1 by design. If we assume an electron
temperature T = 1 eV and an absorptivity ~ 0.05, the microwave
radiation temperature is T, ~ 600 K, or roughly twice room temperature.
This temperature can be reduced by lowering the gas density to reduce
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Vpe, until Vpe = Vei > 5x10" s'. In principle, radiation temperatures T,
well below room temperature are possible, according to Egs. (5) and (6).

Maximum Microwave Power

As discussed above, the use of a weakly ionized plasma has several
advantages, and one of these is the ability to handle high microwave
power. The principal requirement is that the microwaves should not
appreciably affect the plasma volume or density. This is generally true as
long as V,T,< 2, where V, is the electron avalanche rate due to microwave
heating and T, is the microwave pulse duration. The finite magnitude of
the electron ionization cross section limits the avalanche rate to v, <
107N in most gases, where Vv, is in s and N is in cm™. There is then no
limit on microwave power, provided NT,< 107 s/em’.

To determine the maximum microwave power for long pulses, we
express V, as the gas density N times the average of the electron velocity
times the ionization cross section. That average is a function of the
plasma electron temperature T, and in equilibrium T, is determined by a
balance between electron collisional cooling and Joule heating, given by
the real part of j.'E. Balancing the two rates, we find that T, is a strong
function of E./N, where E. is the equivalent dc electric field giving the

same heating rate:

E=—% (11)

o+ 0’V
In this equation E is the rms (rather than peak) microwave electric field. If
we set Vpe << O to minimize absorption, Eq. (11) reduces to E. = (Vp/®)E.
Allowing for constructive interference outside the plasma, the rms field is
related to the incident microwave intensity I, by E < 4(1tI°/c)"2, and thus
E. < 4(Vp/)(nl/c) .
Using swarm data tabulated by Dutton [5], the reduced avalanche

rate in air can be approximated by

107 exp(—960N/E,) —7x10™", for E,/N < 370 Td

V.IN = (12)

5x107* exp(—1550N/E,), for E/N 2 370 Td.
Here V4/N is in cm*/s and EJ/N is expressed in Townsends (Td), where
1Td = 10" V-cm®>. Using Eq. (12) and approximating the collision
frequency by vy = 107N, we find that there is no limit on the pulse
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duration if the microwave intensity I, < 3 MW/m’. Conversely, for pulse
lengths T, < 50 s, intensities well above 3 MW/m” are permitted.

Plasma Creation

Although several different schemes for creating the agile-mirror
plasma have been considered, the present device uses a high-voltage,
hollow-cathode discharge. The hollow cathode used for most of the
experiments described herein consists of a three-sided rectangular cavity,
50 cm long and 1.2 cm deep by 1.6 cm wide. The operating
characteristics of the discharge are sensitive to the cavity size and shape,
as well as to the voltage, gas pressure and magnetic field. Typical
parameters used to reflect 10 GHz microwaves were: anode-cathode
length ¢ = 60 cm; solenoidal field B ~ 200 G; air at P ~ 100 mtorr; and
discharge voltage ®, > 3kV. In this parameter regime, the discharge
operates in an enhanced glow mode, in which a low-current electron
beam is created in the hollow cathode and propagates all the way to the
anode. The beam, rather than field-driven avalanche ionization, is
responsible for producing the dense plasma used to reflect microwaves.
Such a discharge differs from conventional glow discharges in terms of
the current density achieved, and it differs from most hollow-cathode
discharges, in that the beam continues to propagate from cathode to anode
throughout the pulse. For purposes of discussion, we shall treat the beam
as a source of known current density j, and energy e®,. Operation of the
hollow cathode itself will not be addressed.

Beam self-forces are negligible because j, is small, and the electric
field is weak (except near the cathode) because of shorting by the plasma.
The advance of the beam toward the anode is then determined primarily
by the applied magnetic field B and by collisions with the gas molecules.
If collisions are temporarily neglected, the transverse motion of the ith
beam electron is described by

x(D) = x,; + 2 sin(w,_t +9,) , 13)
wce
where x.; denotes the location of the guiding center, vg; is the rotation
speed, ¢ is a phase factor, and @, = eB/mc is the cyclotron frequency.
The mean-square beam width is obtained by averaging x;* over space and
time for all beam electrons in a given lateral slice, giving
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x> : (14)

maJ

where x.2 is the average of X and €, is the average of the transverse
energy, mve /2. Note that 8xy is the beam half-width.

Inelastic collisions create the plasma, but small-angle elastic
collisions occur more often. The elastic collisions increase X, and €, thus
causing the beam to expand. The increase in x; occurs because redirection
of a particle displaces its guiding center X by r;008,, where r is the
particle gyroradius and 86, is the transverse deflection angle. As a result,
X.” increases by the number of collisions times the mean-square scattering
angle, 30,2, per collision. For planar discharges, only half of the
deflection is normal to the discharge, and thus

2
dx; _%WNOr, 602 (15)
dt 2
where vy is the beam speed, G, is the elastic scattering cross section, and
r. is the rms gyroradius. At the same time, scattering transfers
longitudinal beam energy to transverse energy at a rate

de
2L . v, No, mv"z ™ 592, (16)
dt
where vy, is the axial beam velocity.

For small-angle scattering, one can set

0, 60> = ZJdQ (l—cose)j—g = 20, , 17

where do/dQ is the differential cross section and o, is the momentum-
transfer cross section. Combining Eqs. (14)-(17), we find that scattering
spreads the beam at a rate

%5::,3 =~v,No, [’ + (v, /o,)]. (18)
The term in brackets is related to the total beam energy by
Pt (0, = o (19)
If the energy &, is a constant equal to e®,, we ocl;tain
4 dx; = v,No, r?, (20)

dt

333



where r, = (23(I>(,Imcoce2)”2 is the maximum gyroradius possible. In
practice, inelastic collisions lower &, as the beam propagates, and thus the
expansion rate gradually slows.
Momentum loss from elastic scattering limits the forward advance of

the beam to distances

z<z,=(n0,)". 1)
The time taken to reach this distance is z/v;, and thus Eq. (20) indicates
that

ASx2) =~ —& 2 p2 (22)

vbz m

For ®, = 3 kV and B = 200 G, the maximum radius increase is ~ 1 cm.
This is comparable to the initial plasma width, based on the size of the
cathode. The increase is smaller, of course, if the discharge length £ < zy,
For example, the momentum-transfer cross section for a 3 keV electron in
air is om = 1.2x10"® cm™, and the gas density at 100 mtorr is N = 3.3x10"
cm’. The beam range is then z,,= 4/ for £ =60 cm. In that case, a beam
starting with a 1 cm half-width would broaden by only 2 mm or so.

At sufficiently small voltages, the range z, becomes shorter than the
discharge length £. In the example cited, this occurs at voltages below
2 kV, depending on gas pressure. At distances z > z, the discharge takes
the form of a positive column sustained by avalanching. Avalanching
requires a high electric field, and associated with this field is a high
electron drift velocity. The large drift velocity necessitates a small
plasma density, in order to maintain current continuity with the negative-
glow region where the drift velocity is small. The low plasma density of
the positive column makes it nearly transparent to microwaves, and
consequently the discharge is a good microwave reflector only if an
enhanced glow is maintained over virtually the entire volume. To achieve
the latter, the discharge voltage must be high and the gas pressure low.

Let us next consider the beam needed for an enhanced glow to
produce plasmas capable of reflecting microwaves. To reflect 15 GHz
waves, the plasma density should satisfy ng = 2.8x10" cm?, while for
10 GHz the requirement is np > 1.2x10" cm®. To determine the plasma
density, we use the plasma-electron continuity equation,

dn, j 1 de
e = % 4 DV, - Bn’ . 23
ot ew, dz 7 b @
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Here j, is the axial beam current density, dey/dz is the beam energy
deposited axially per cm in the gas, w; is the average beam energy
deposited per electron-ion pair created, D, is the ambipolar diffusion
coefficient, and B is the electron-ion recombination rate. In this equation
we have dropped electron attachment relative to recombination because
of the high plasma density, and we have dropped avalanching because the
plasma keeps the electric field well below breakdown.
For beam energies of interest, the inelastic loss function can be

approximated by

de, 2mNZ(r.mc*)’

ds £,
where s is the path length, Z is the atomic number of the molecules, r. is
the classical electron radius, and W, is the mean molecular excitation
energy. The loss function per axial cm, dey/dz, equals dey/ds times
(vv/Viz), Where vy is the speed of the beam electrons and vy, < v, is the
axial beam velocity. The total path length is limited to

§s< s,(€,)= Ideb (‘f:;b)

s—%

(de,/ds)
This distance is comparable to the elastic range z, given by Eq. (21), so
that the neglect of energy loss in Eq. (22) is not truly justified. Both sy
and z,, increase quadratically with beam energy €, to lowest order.

Let us now consider the loss terms in Eq. (23), starting with electron
diffusion. Because the plasma Debye length Ap is much shorter than the
plasma width x,, the plasma electrons are electrostatically tied to the ions,
and the diffusion is ambipolar. Ignoring negative ions, the diffusion
coefficient is given by

[In(e,/W) +0.15], (24)

(25)

=

D, = T+T i ’ 26)
1+ (@,/v, )’ 1my, + [1+(@,/v,)" 1MV,

where T;, M;, @ and v; are the temperature, mass, cyclotron frequency,

and collision frequency, respectively, of the ions. Collisions with the gas

molecules keep the ions cold, T; << T, and for magnetic fields less than

250 G and gas pressures ~ 100 mtorr, typical values are 0y < 5x10° s
~2x10°s", @ < 5x109 ", and vy ~ 3x10% ™. The diffusion coefﬁcxent

then satisfies D, ~ 10* cm®/s for T.~1eV.
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The last term in Eq. (23) represents electron-ion recombination. In
molecular gases like air, the dissociative recombination coefficient is
large: B = 5x10%T. ¥ cm’s. For Npe ~ 10”2 cm® and T, ~ 1 eV, the
recombination loss rate is Bny ~ 5x10*s™. This is large compared with
the diffusion loss rate, Da/x.,2 ~ 10* 5!, and thus the steady-state plasma
density in Eq. (24) can be approximated by

f Jp _d&s
= —_—. 27
e efw, dz @D

For 3 keV electrons in 100 mtorr of air, dey/dz exceeds 7 eV/cm,
depending on vy/vy,. The axial beam current density needed to produce
n, > 10'2 cm? is then

j, 2 30 mA/cm® . (28)

Equations (21)-(28) indicate that an electron beam with an energy of
3 keV and a current of 30 mA/cm’ or more can produce a dense plasma
capable of reflecting microwaves, over lengths up to 2 m in 100 mtorr of
air. The beam profile should be roughly flat-topped over a cm or more,
and it can be kept from spreading excessively by applying a longitudinal
magnetic field ~ 200 G. Note that beam ionization produces a stable
stationary plasma, as long as the beam itself is stable. In addition, after
the beam turns off, the plasma density decays, halving in a time Ty =
1/Bny,. During this decay, the plasma electrons cool so that T, falls and B
rises; as a result, Ty, is less than 10 ps for plasma densities ng. > 10" cm?,
After 91y, the density decreases by an order of magnitude. A new plasma
mirror can thus be created and destroyed as rapidly as every 20 ps or so.

Higher plasma densities can be obtained by using an atomic gas like
argon, in place of molecular gases like air, so that diffusion rather than
recombination is the major loss mechanism. However, the decay time is
then longer and the plasma profile is more rounded.

In the present device, the beam is created as ions bombard the cathode
and liberate secondary electrons. The ion current is converted to plasma
electron current past the cathode, through gas ionization. If one beam
electron is produced for every ten incident ions on average, the ion
current striking the cathode must be ten times the beam current. A
plasma current density j, = 0.3 A/cm’ is therefore needed to produce j, =
30 mA/cm’. To sustain the plasma current in the bulk plasma, the electron
drift velocity must be ~ 10° c/s, for plasma densities Npe ~ 10”2 cm?.
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Such a drift velocity requires an axial electric field E, ~ 0.1 V/cm in
100 mtorr of air. This field is well below the breakdown strength, and the
beam energy gained from it is negligible compared with the inelastic loss
function, eE << dg/dz ~ 7 eV/cm, as assumed earlier. Thus, as long as the
cathode can-supply the necessary current, a dense plasma capable of
reflecting microwaves can be produced and sustained.

Left out of this analysis are space-charge effects in the sheaths near
the cathode. Space-charge effects keep j, below the Child-Langmuir limit,
which decreases with sheath thickness. For planar cathodes, j, is small
because the sheath must be thicker than an ionization mean free path. In
a hollow cathode, however, two opposing cathodes develop on the inner
side walls, and electrons reflex transversely between the two walls. Such
reflexing increases the gas ionization rate, which increases the plasma
density and reduces the sheath thickness. Much higher currents can
therefore be drawn from hollow cathodes than from planar ones. The
current drawn depends on the cathode dimensions, gas pressure, voltage
and magnetic field, but analysis of these effects is outside the scope of
the present paper.

We close the theoretical analysis with an estimate of the gas
temperature rise. Such a rise causes the gas to expand and rarefy in a time
Xo/Cs ~ 50 ps, where ¢, ~ 3x10* cm/s is the sound speed. If heating and
expansion are appreciable on this time scale, thermal instabilities and
arcing are likely. In the present system, there are two sources of energy
deposition in the bulk plasma. The beam deposits energy at a volumetric
rate (jy/e)(dey/dz) = 0.2 W/cm®, while the ohmic heating rate is j,E,=
0.03 W/cm®. The total heating rate per molecule is ~ 0.5 keV/s, and thus
~ 0.5 eV per molecule is deposited in a pulse T, = 1 ms long. This energy
is eight times the initial thermal energy and will eventually lead to
appreciable gas heating and expansion.

Fortunately, little of the deposited energy goes directly into gas
heating, so that the temperature rise and expansion occur only slowly.
For example, most of the ohmic energy goes into vibrational excitation of
the molecules, and that energy is recovered only slowly (over minutes to
hours) through vibrational-translational relaxation. For the beam, roughly
two-thirds of the deposited energy goes into ionization and dissociation,
with the remainder going into gas excitation and electron heating. The
ionization energy is later recovered through dissociative recombination,
but this process converts only a few percent of the total deposited beam
energy into gas heating. The dissociation energy is itself later recovered
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as the atoms recombine, but atomic recombination takes minutes or more,
based on a three-body rate coefficient ~ 10 cm®/s. Thus, only a few
percent of the total deposited energy goes into gas heating during a pulse,
and consequently the gas temperature during a pulse is modest. Gas
heating and expansion are therefore unimportant, as long as the gas is
refreshed between pulses and each pulse is less than 1 ms long. However,
gas heating can become a problem for long pulses or a continuous train of
closely-spaced pulses. We point that in the present system most of the
energy supplied (nearly 100 kW peak) is deposited not in the gas but on
the cathode, by energetic ions crossing the high-voltage sheath. The use
of an externally generated electron beam, with zero voltage applied across
the plasma, would reduce this consumption by roughly an order of
magnitude.

Experimental Apparatus

A schematic of the system used is shown in Fig. 1. The cylindrical
vacuum chamber is made of lexan 1.2 cm thick, capped by acrylic
endplates 10 cm thick. The chamber is 81 cm long and has an inner
diameter of 79 cm. A brass anode 67 cm in diameter is mounted on a
conducting rod through the bottom of the chamber, and the height of the
rod can be adjusted to change the anode-cathode separation £. In the
experiments reported here, / was 60 cm. The cathode is brass and
contains a hollow rectangular channel on the bottom. The behavior of the
discharge is strongly influenced by the dimensions of the channel, and for
the results given here the channel was 50 cm long by 1.6 cm wide and 1.2
cm deep, recessed in rectangular acrylic plate 58 cm long by 10 cm wide.
A rectangular mask with a slot S0 cm long and 1.8 cm wide was placed
over the channel, to suppress the formation of plasma outside the hollow.
The cathode structure is attached to a conducting rod though the top plate
of the vacuum chamber, enabling the cathode to be rotated while under
vacuum. A longitudinal magnetic field up to 500 G is produced using
two, 110-turn Helmholtz coils, 120 cm in diameter and 60 cm apart. The
cathode is pulsed negative by a Crossatron switch connected to a high-
voltage power supply in series with an 80 Q resistor. Square voltage
pulses with a duration between 20 pus and 1 ms have been produced, at
repetition frequencies up to 10 Hz. The device has also been operated in
a ten-pulse burst mode at 10 kHz, with pulse lengths 1, between 30 and
70 us. Typical operating parameters for the discharge are voltage ~ 4 kV,
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current ~ 20 A, magnetic field ~ 200 G, and air at a pressure ~ 100 mtorr.
Diagnostics include various microwave receivers and sources (at 8, 10
and 140 GHz), a calibrated microwave noise source, an energy analyzer,
Langmuir probes, and optical spectroscopy.

Results

Figure 2 shows typical results for the discharge current and voltage
in an eight-pulse burst at 10 kHz. Each voltage pulse is 60 ps long, and
the repetition rate of the burst is 0.5 Hz. The bottom trace shows the
microwave signal reflected off the plasma from a 10 GHz, continuous
source. Reflection occurs only while the mirror is on, and the signal is
nearly flat-topped with a rise time ~ 6 pus and a decay time ~ 10 ps. In
burst mode as well as for long-duration single pulses, there was a
transient period lasting ~ 100 ps, during which the discharge current was
higher. During this phase, the plasma surface contracted by ~ 2 mm,
according to microwave interferometry. After the transient period, the
surface was essentially stationary. Time-resolved digital images of the
plasma confirmed this behavior. The transient phase of the discharge
current and surface movement is believed to be associated with processes
occurring within the hollow cathode.

The reflective properties of the plasma were compared with those of
a flat aluminum plate 10 cm wider than the plasma. This data was taken
by rotating the plasma or plate while keeping the microwave source and
receiver at fixed locations. The microwave dish had a 30 cm diameter
and was 96 cm from the mirror, so some of the radiation missed the
mirror. As shown in Fig. 3, the peak power reflected from the plasma is
virtually indistinguishable from that reflected from the metal plate, which
indicates high reflectivity from all portions of the plasma. Moreover, the
sidelobes of the two signals are similar and down by more than 20 db,
which indicates a surface flatness better than A/8. The small differences
in the sidelobes can be attributed, at least in part, to the larger size of the
aluminum plate, and/or to reflections from the walls of the vacuum
chamber. No significant dependence on microwave polarization has been
found.

The plasma density was measured independently using Langmuir
probes and a 140 GHz microwave interferometer. These diagnostics
confirmed that the density exceeded 10'? cm?, and higher densities have
been obtained using other cathodes and gases. In addition, the Langmuir
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probe indicated an electron temperature T, ~ 1 eV and a dc longitudinal
electric field E ~ 0.1 V/cm. The behavior of the plasma afterglow was
determined as well, after the voltage turned off. Plots of the inverse of the
plasma density versus time were linear, giving a rate coefficient f = 2x10°
" em’/s. This value is in good agreement with that expected for
dissociative recombination of cold electrons.

An energy analyzer was constructed using a biased Faraday cup
behind a hole in the anode. This device measures longitudinal energy
only, and it confirmed the presence of a low-current, energetic electron
beam reaching the anode. Near the cathode, the beam energy essentially
equaled the full discharge voltage, and it dropped by only a few hundred
volts at the anode. The beam full-width was ~ 2 cm, while the plasma
full-width was ~ 2.5 cm. The one unexpected result was a low beam
current density, j, ~ 3 mA/cm’. This result represents the only major
discrepancy with theory, and additional efforts to repeat the measurement
are planned.

A pulsed transverse magnetic field was added to the longitudinal dc
field, in order to tilt the plasma. Pulsed fields up to 80 G were applied,
and this enabled the plasma to be tilted by as much as +20°, at which
point the ends of the plasma struck the chamber walls. Such deflection
should redirect the microwave beam by twice as much, or 80° overall.
Calculations indicate that the magnetic field is uniform to within a few
percent within the plasma, and the plasma appeared to remain planar
when deflected. Microwave reflection from the deflected plasma has yet
to be demonstrated, however.

The radiation emitted at 10 GHz from the plasma was compared with
that from a known noise source, and the comparison indicates a radiation
temperature T, ~ 600 K. This result is only preliminary, however,
because it was taken with a different cathode and because a non-random
component was detected in both signals. Efforts to refine the
measurement are underway.

Summary

Experiments supported by theory demonstrate that a stable, flat and
mobile plasma can be constructed to reflect microwaves nearly as well as
a metallic plate. The plasma can be created and destroyed in times as
short as 10 s, be maintained for 1 ms or longer, and be reoriented
magnetically. In addition, microwave emission from the plasma was
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shown to be low, with an equivalent radiation temperature well below the
electron temperature. The experimental results are in generally good
agreement with theory, except for measurements of the beam current
density. Those measurements are believed to be in error, based on several
independent measurements of the plasma density and the known plasma
production and loss rates. In addition to the efforts already described,
several new studies are underway, including: the use of different gases
and cathode designs, in order to increase the plasma density while
decreasing power consumption; microwave reflection from magnetically
tilted plasmas; refined measurements of plasma emission; and the
construction of a larger chamber for producing plasmas more than a
square meter in area. And last, an effort is underway to eliminate the
linear hollow cathode by using one or more externally generated electron
beams. With external beams, a high-current discharge is no longer
needed, thus reducing gas heating and power consumption by roughly an
order of magnitude.
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DISCHARGE

Bogatov N.A., Gitlin M.S., Dikan D.A., Luchinin G.A.

Institute of Applied Physics, Russian Academy of Sciences, Nizhny Novgorod,
Russia

Abstract

A plasma of the positive column of DC discharge in a cesium and
xenon mixture was shown to provide an effective volumetric nonlinear
medium for microwaves. In such a gas-discharge plasma under a xenon

pressure 30 Torr and an electron density N, > 10 cm?, a homogeneous
spatial distribution of electron density with width about 0.8 of the dis-
charge tube diameter was achieved. Using a 35 GHz microwave beam
with intensities up to 0.25 W/cm?, it has been found that the plasma of the
positive column Cs-Xe discharge has a very high nonlinear refractive in-
dex, n, = - 0.1 cm’/W, and a relatively fast response time of about several
microseconds.

Introduction

There has recently been considerable interest in nonlinear microwave
quasi-optics [1-7]. This interest arises from the fundamental scientific
significance of nonlinear microwave quasi-optics as well as enormous
number of possible applications, for example, in passive self-limiters [8],
power-controlled switches [9], spatial modulators [10], image correlators
[11], bistable devices [12], for beam deflection and steering [13], nonlinear
phase shifting [2], real-time holography and phase conjugation (PC) [12-
15], microwave beam combining and amplification via two- and four-wave
mixing (FWM) [12-15], etc. These processes can be used in radar, micro-
wave communications, beamed microwave power transmission, etc. How-
ever, the lack of appropriate nonlinear materials for microwaves is consid-
ered a bottleneck in achieving potential of the field [16].

Artificial Kerr media, saturable-absorbing molecular gases, and
plasmas have been proposed as nonlinear media for microwaves. However,
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values of nonlinear refractive index cocfficient, n,, less than 10° cm®W
have been attained in the microwave region for artificial Kerr media [1-3],
saturable-absorbing molecular gases [4], collisionless plasma with pon-
deromotive force nonlinearity [5,6,7]. For such a small value of the non-
linear refractive index effective self-action and interaction of microwaves
are possible. only with participation of powerful beams (microwave inten-
sity W more than 10 W/cm® and, hence, pump beam power more than 1
kW). Therefore, artificial Kerr media, saturable-absorbing molecular
gases, and collisionless plasma can be used for control and analysis of
rather powerful microwave signals. Besides, these nonlinear media have a
number of other shortcomings. Artificial Kerr media have slow response
times (> 1 s) and therefore generally cannot be used as a real-time quasi-
optical element for microwaves. Saturable-absorbing molecular gases and
collisionless plasmas have fast response times, 0.1-10 ps, but these nonlin-
ear media are applicable in a severely limited frequency range. Saturable-
absorbing gas media are applicable only for microwaves with selective
wavelengths in the submillimeter and short-millimeter wave region (A < 2
mm), where there is high resonance absorption by rotational transitions of
dipole molecules [4]. Collisionless plasma with ponderomotive force non-
linearity was used as a nonlinear medium for the middle-centimeter wave
region [6,7], but for efficient interaction of radiation in the short-
centimeter and millimeter wave region, plasma with high electron density,
N, > 10" cm?, and low electron temperature, T, < 1 €V, is required. Gen-
eration of homogeneous strongly ionized collisionless plasma with such
parameters in a large volume (10° - 10* cm®) is a rather complicated prob-
lem. This proves that further study and optimization of the mentioned non-
linear media, as well as the search for novel nonlinear materials for centi-
meter and millimeter waves, are necessary. One good prospect for nonlin-
ear media for microwaves would be a non-equilibrium weakly ionized gas
discharge plasma [17]. The mechanism of nonlinearity in a weakly ionized
plasma is caused by the dependence of ‘plasma kinetic coefficients
(generation and loss rates of charged particles, their mobility, diffusion
coefficient, etc. [18]) on electron temperature 7. In such a gas-discharge
nonlinear medium the heating of electrons under the action of microwaves

leads to variation of electron density, N,, and their mobility; therefore,
complex high-frequency permittivity of the plasma depends on the inten-
sity of the microwave radiation, /.
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In this work we have shown experimentally that a non-equilibrium
weakly ionized plasma. of a positive column of the DC discharge in a
mixture of cesium and a rare gas can provide an effective and fast volu-
metric nonlinear medium for microwaves. In our opinion, such a gas dis-
charge medium can be used for fast control and analysis of relatively weak
CW microwave signals in the broad region of centimeter and millimeter
waves.

The experimental apparatus

Figure 1 illustrates the basic experimental arrangement used to study
discharges in a mixture of cesium vapor with a rare gas. The plasma was

16

—117

21 19

Fig. 1. Experimental set-up (top view).
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produced in the sealed cylindrical glass gas-discharge tube 1 with a heated
cathode. The lowest energy losses in elastic electron-atom collisions takes
place in xenon due to its maximum, among stable rare gases, atomic mass.
For this reason, gas discharge tubes filled with xenon were generally used
in the experiments reported here. The xenon gas pressure at the room tem-

perature was 30 Torr (xenon number density Nxe is 10'® cm®). The dis-
charge tube had a sidearm, in which a drop of cesium was placed. To ob-
tain the required density of cesium vapor, the gas-discharge tube was
heated in special oven 4 with hot air supplied through tube 5. The tempera-

ture of the discharge tube wall, Ty, was controlled by means of thermo-
couples 6 with accuracy +2 degrees. The big bend of the L-shaped gas
discharge tube 1 of length 40 cm and internal diameter 48 mm was placed
horizontally, and the distance between cathode 2 and anode 3 was 38 cm.
The gas discharge tube was provided with two single probes 7, placed at
the tube axis and spaced 10 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.
Through quartz window 8 and lens 9 the emission of the positive column
of the gas discharge was sent to monochromator 10. The light was de-
tected with photomultiplier 11. Its output signal was fed to the input of an
oscilloscope, or, through amplifier 12, to X-Y recorder 13. A microwave
beam was fed into the oven perpendicularly to the discharge tube axis
through quartz window 14. The microwave beam was formed by pyrami-
dal horn antenna 15 which measured 50 cm in length with aperture di-
mensions 8 x 6 cm. The 35 GHz CW magnetron 16 fed by power supply
17, was used as a microwave source with maximum output power 10 W.
The microwaves were fed to horn antenna 15 by means of rectangular
waveguide 18. The waveguide directional coupler 19 branched off a small
part of the microwave radiation to microwave diode 20 which was used to
control the power of millimeter waves. The signal from the diode entered
the oscilloscope 21.

Experimental results

Parameters of the plasma of the positive column

of Cs-Xe DC gas discharge

The electron temperature and relative variation of electron density in
the positive column of the discharge were deduced from the emission

347



spectrum of radiative recombination of electrons and cesium atomic ions
Cs' with formation of a cesium atom in a state 6P (6P-recombination con-
tinuum of cesium) [18,19,20]. In the range of electron energy, €, where the
Maxwellian electron energy distribution function took place (¢ < 1.39
eV), the intensity of the recombination continuum is described by the fol-
lowing expression [18, 20]:

1(Y)=4-N, Nog T v (v=vp) - (v-vo) -epf-hv-vy [ K} (1)

where N + is number density of cesium atomic ions, v is radiation
frequency, v,, is boundary frequency of the continuum, o, (v -V 0) is the

cross section of radiative recombination into the 6P atomic state of cesium,
and A is constant. For the 6P-recombination continuum of cesium the

product (v - vo) -Op (v - vo) is constant with good accuracy [19,20] and
therefore the electron temperature may be obtained by the slope of the
straight line approximating the dependence of ln[I )/ v] onv.

The positive column of the Cs-Xe discharge was studied experimen-
tally in the range of tube wall temperatures from 350 to 400 degrees K

(partial pressure of cesium vapor 107 - 2-10 Torr) and at discharge
current densities from 20 mA/cm’ to 200 mA/cm’. At a preassigned value
of the discharge current three different forms of the positive column were
observed depending on the temperature of the tube wall. At high wall tem-
peratures the positive column was constricted and occupied only the upper
part of the horizontally placed bend of the tube; this is denoted as the first
discharge form. For this discharge form the longitudinal electric field and

the electron temperature were low (E < 0.4 V/cm, T, < 0.3 eV) and the
optical emission lines of atomic cesium and cesium recombination contin-
uum were observed only in the spectrum of the positive column discharge.
When the tube temperature was reduced, the diameter of the positive col-
umn discharge increased gradually. Finally its glow filled the entire tube
volume; this is denoted as the second discharge form. In the spectrum of
the second form of the discharge xenon atom emission lines are also pres-
ent along -with the cesium atom emission lines and cesium recombination
continuum. Appearance of the xenon lines reveals that except cesium,
xenon also plays an important role in the energy and ionization balance of
this form of the positive column of the discharge [21-23]. When the tube
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was cooled further, a bright filament about 5 mm in diameter strongly
emitting xenon lines appeared in its upper part; this we denote as the third
discharge form. The expansion of the positive column of the discharge
with decreasing tube temperature resulted from considerable cesium atom
depletion which is most pronounced in the region of the current density
maximum owing to ionization of cesium atoms and the inhomogeneity of
the gas density due to heating by discharge current and heat conduction of
the gas [21,22]. Consequently, the longitudinal electric field and the elec-

tron temperature increased noticeably (E=0.5-0.7 V/em, 7,=0.35 - 0.4

eV). Figure 2 shows the plot of the longitudinal electric field in the positive
column as a function of the tube wall temperature for discharge current
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Fig. 2. The longitudinal electric field in the plasma of the positive column
of Cs-Xe DC gas discharge on the tube wall temperature for
J=1.5 A.

J =15 A. Figure 3 shows dependence of the electron temperature in the
positive column on the tube wall temperature. The study of the spatial
distribution of electron density in the positive column of the discharge was
peformed using movable single probes. It showed that the spatial distribu-
tion of electron density in the second form of the discharge is nearly uni-
form and its width (FWHM), d, reaches 0.8 of the tube diameter in the
vicinity of a boundary of the third discharge form (7,, = 365-370 K). A
similar result was obtained for a discharge tube with inner diameter of 98
mm. Therefore, the use of the second form of the positive column of the
Cs-Xe discharge should be especially advantageous for the creation of a
homogeneous nonlinear medium with dimensions significantly exceeding
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Fig. 3. The electron temperature in the plasma on the tube wall tempera-
ture for J=1.5 A.
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Fig. 4. The electron density in the plasma on the tube wall temperature for
J=15A.
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the microwave wavelength. The absolute value of electron density in the
positive column of the discharge was determined from discharge current J
on the basis of measuring the longitudinal electric field, E, the electron
temperature, T,, and the width of the spatial distribution of the electron
density, d, according to

N, =4J/nd’e(T,)E , Q)

where g«(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 [24]. Figure 4 shows electron density in the positive column as a
function of the tube wall temperature at J = 1.5 A.

Microwave interaction with the plasma
The action of microwaves on the plasma of the noncontracted positive
column of the Cs-Xe discharge was studied at discharge current 1.5 A,

tube wall temperature 368 K. For such conditions 7, = 0.37 €V and the
electron density is 2.5-10"* cm™ which is about one-seventh of the critical
plasma density, N, for microwaves with A= 8 mm. The ratio of mean
electron-xenon atom collision frequency for momentum transfer, v,,, [18],

to the angular frequency of the microwave field, o , equals v, /o =

0.05. The absorption coefficient of microwaves in the plasma at these
conditions is 0.05 cm™, and the reflection coefficient of microwave beam
from the plasma boundary is less than 1%. Therefore, intensity of micro-
waves propagating normally to the axis of the positive column Cs-Xe dis-
charge 40 mm in diameter can be assumed to be approximately constant.
Variation of the electron density and temperature under the action of the
microwaves could be found from the variation of the emission of 6P-
recombination continuum of cesium. Figure 5 shows the plot of relative
intensity /1, of the recombination continuum at wavelength 490 nm as a

function of microwave intensity W; here I, is intensity of the continuum in
the absence of the microwave field. The variation of electron temperature
was less than the 5% experimental error, even at the maximum 0.25
W/em?® intensity of the microwaves. This is caused evidently by the fact
that the atomic excitation and ionization rate coefficients depend strongly

on T, and small variation of the electron temperature is sufficient to
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change the electron density significantly. To clear up the ionization
mechanism of the nonlinearity of the positive column of the Cs-Xe dis-
charge and to determine the response time of the nonlinear media, we study
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Fig. 5. The relative intensity of the 6P-recombination continuum of
cesium vs the microwave intensity.

relaxation of the charged particle density up to the unperturbed level after
switching off the microwave source instantaneously. Figure 6 shows the
time history of the microwave intensity and the intensity of the cesium
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Fig. 6. The time history of the microwave intensity and the intensity of the
6P-recombination continuum of cesium.
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6P-recombination continuum at the 490 nm wavelength. The intensity of
CW microwave radiation was 0.25 W/cm®. As may be observed from the
oscillogram the response time of the nonlinear medium determined as the
time of electron density relaxation, is several microseconds and it is ap-
proximately equal to the time of formation of Xe," ions, which are fast
destroyed in the discharge by dissociative recombination [25,26]. Dimer
ions, Xe, , appear due to three-body association reaction between xenon
atoms and atomic ions Xe* formed by stepwise ionization of xenon atoms.
Thus one may conclude that the main variation of the density of charged
particles in the noncontracted positive column under the action of the mi-
crowave radiation occurs due to additional ionization of xenon atoms.
Variations of electron density and the density of Cs” ions due to additional
ionization of cesium atoms under the action of microwaves were rather
small, so that slow relaxation of charged particle density to the unper-
turbed level caused by recombination of electrons and Cs" ions was not
observed over the noise background of the measured history of the cesium
recombination continuum [25]. Since in the noncontracted positive column
the density of Cs” ions and the electron temperature were little affected by

the microwaves, the relative variation of the electron density, No/N,,, as it
follows from relation (1), equals the relative variation of the intensity of
the recombination continuum /1, ; here N, is electron density in the

absence of microwave radiation. Figure 7 shows the plot of the value of
variation of electron density in the plasma,

AN,=N,-N,, =(/1,-1)N,, 3)

as a function of the microwave intensity. It follows from this plot that the
variation of the electron density is approximately in direct proportion to
the microwave intensity,

ANe':q'W> (4)

where coefficient ¢ equals 2.5-10'> (W cm)’. The intensity-dependent
refractive index, n(W) [12], for plasmas in the limit v,, << © is given by

the following expression

n(W) = (1 - Ne(WYN)'™ = (no - AN/N,)'"* )
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[18]; here #y is linear refractive index of the plasma. When AN,<< N, ny,
plasma intensity-dependent refractive index equals n(W) = ny + n,W, were
the nonlinear refractive index of the plasma of the positive column Cs-Xe

discharge is n, = - g/(2N, ng) = - 0.1 cm*/W.

1.0

0 50 100 150 200 250 300
W (mW/cm?)

Fig. 7. Variation of the electron density in the plasma as a function of the
microwave intensity.

As an example, using the measured value of the nonlinear refractive
index we have estimated phase conjugate reflectivity via FWM [12-15] in
a homogeneous slab of the plasma of the positive column of the Cs-Xe
discharge. For microwaves with A =8 mm PC power reflectivity of the
slab of Cs-Xe plasma 10 cm long at xenon pressure 30 Torr, electron

density Np,= 2.5-10"> cm™ and equal intensities of the pump waves, W, =
W, =W =30 mW/cm’, should be about 10%.

Conclusion

Thus, our study has shown that the plasma of the positive column of a
DC discharge in the cesium - xenon mixture provides a stationary, homo-
geneous nonlinear medium for microwaves with sizes much larger than the
microwave wavelength, a high nonlinear refractive index, and fast re-
sponse time.
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TAIL EROSION OF HPM PULSES
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*Chalmers University of Technology, Goteborg, Sweden
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Introduction

High power microwave (HPM) pulses propagating in gases may
experience tail erosion, i.e. the trailing part of the pulse is suppressed by
self-induced absorption and reflection. The basic physics of tail erosion
is discussed in this work, together with two technical aspects and
experimental results. Extreme tail erosion takes place in microwave
transmit receive (TR) switches, which have been studied theoretically
and experimentally [1,2]. Tail erosion of HPM pulses propagating in air
has been studied both experimentally [3] and theoretically [4]. As a
continuation of these studies, HPM aspects of microwave induced air
breakdown has been analyzed further in the present work. A 37 GHz
microwave generator which produces 15 MW, 4 ns pulses, has been used
to demonstrate breakdown and tail erosion in a focused beam. The
breakdown field strength and turn-on time have been experimentally
determined and shown to be in good agreement with predictions in [4].

Basic physics involved in the tail erosion phenomenon

The nonlinear coupling between the wave and the properties of the
medium is given by the equation of continuity for the electron density, n,
which determines the time evolution of n,

5 =V, (1)

where v, denotes the net ionization frequency, which is a function
of gas composition and pressure but particularly also of wave power P.
From eq (1) one infers that if v, > O, the electron density will
exponentiate to very high values and obviously the continous wave
breakdown criterion determining the critical microwave power Py, , where
breakdown occurs is given by Vpet = Vit (Pb) = 0. For short pulses, the
pulse length,t, becomes important and the breakdown criterion is
qualitatively determined by the requirement that the pulse length, T ,
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should be longer than the turn-on time, T, , which is defined as the time
needed for the electron density to exponentiate to the critical value n,, at
which the concomitant plasma frequency equals the wave frequency, i.e.

[ V0 (P@)dt = 1n e @)
Ry
where ny is the initial electron density. In the case when P can be
considered constant in time eq (2) implies that the turn-on time , T, , is

T = ln(ncr / nO)
T Ve(B)
The breakdown condition for a microwave pulse of length T then

becomes T = T. For 1> 1,, parts of the trailing portion of the pulse will
be suppressed, the suppressed part increasing as T increases.

3

Tail erosion in the microwave TR-switch

Extreme tail erosion takes place in the microwave TR-switch, in
which a number of measures have been taken to obtain a turn-on time
shorter than the rise time of the incident pulse. Field enhancement cones
are used, together with a keep-alive arrangement, which ensures
continous presence of a first electron to trigger the breakdown. The gas
pressure within the TR-switch is chosen to correspond to the minimum
of the Paschen curve. Experiments have shown [1], that sub-ns turn-on
times are achieved and that only a narrow spike pulse is transmitted
through the TR-switch. It can be shown [1] that the peak leakage power,

>, 1s equal to the incident power at the turn-on time, which yields:
=1 p @
v.(B,)
where 7y is the exponential growth rate of the the incident power,
G=In(n,, /n,)=const, v; is the ionization rate and Py, is the breakdown

power. Predictions based on (4) have shown good agreement with
experiments [1].
Tail erosion of HPM pulses propagating in air

Microwave breakdown in ambient air at atmospheric pressure has
been demonstrated, using a 37 GHz BWO-oscillator, which produces 15
MW peak power, 4 ns pulses. A cylindrical tapered open end horn was
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used to concentrate the microwave power. The big opening of the horn
was placed adjacent to the 37 GHz radiating hom, cf. Fig 1. The length
of the horn was 350 mm. A 4 mm wide slot was made in the output part
of the horn, to provide a window for visual inspection of the breakdown.

Fig. 1 - Cylindrical field concentrating horn and detector

A recording of air breakdown inside the concentrating horn was
made, using a standard S-VHS video camera. A burst of pulses at 10 Hz
repetition rate and peak power of 15 MW was injected into the horn and
a microwave induced breakdown pattern was observed, cf. Fig. 2.

Fig. 2 - Inverted image of microwave breakdown in the horn

The black breakdown “clouds” in Fig. 2 have been numbered 1-3
and their volumes estimated to be 13 mm’, 2 mm’ and 38 mm’,
respectively. The fact that a standing wave is formed at the output
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section is infered from the 5 mm separation between breakdown no 1-2,
which shows reasonable agreement with the oscillator 4 mm half
wavelength. The field strengths at the breakdown points 1-3 have been
estimated to be Ej= 6.4 MV/m, Ep= 6.1 MV/m and E3= 5.0 MV/m.

A theoretical model for the breakdown field strength of air was
published in [4]. The model, which is based on an empirical
approximation for the air ionization frequency, predicts that the
breakdown field at 1 atm, 37 GHz and 4 ns pulse width is 5.3 MV/m, in
reasonable agreement with the observed value Ej3 at the first strong
breakdown formation. The pulse from the 37 GHz generator, as
measured by the detector is shown in Fig 3a and Fig 4a. Shown in Fig 3b
and Fig 4b are also the pulses when affected by tail erosion, measured
by the detector placed 10 cm from the receiving horn output, cf. F1g 1.

{50&) m‘% 5ns ,

Fig. 3a - 37 GHz pulse measured without breakdown horn

;g 50% m\g , 5' ns §

Fig. 3b - Pulse affeted by iI esmn in brea ownh
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. |

Fig. 4b - Pulse affected by tail erosion in breakdown horn

The tail erosion effect is clearly seen in Fig. 3b and Fig. 4b above.
The leading edge sneaks through and the trailing part of the incident
pulse energy is transfered to plasma formation. Tail erosion only has a
minor effect on the second pulse in Fig 3b, which has a peak amplitude 4
dB below the first pulse. The turn-on time jitters between 1.5 ns and 2
ns, cf. Fig. 4b. An estimate of the energy in the trailing part of the first
pulse which is dissipated in plasma formation can be made by
integrating the difference between the curves in Fig. 4a and Fig 4b,
which results in an energy transfer to the breakdown plasma of 50 mJ
per pulse. The turn-on time observed in Fig. 4b can be compared with
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the predicted turn-on time from a model previously published [4], which
basically is similar to eq. (3), with an empirical model for v,,, for air,

_ ln(ncr/no) . 73(p2 +p62)
*7514-10"p E**

where, p. =1.26- f5y, . Using p = 760 Torr, E = 6.4 MV/m and
In(ni/ng) = 20 we obtain the switch time 7, =1.7 ns, in excellent

agreement with the observed turn-on time in Fig. 4b. Note that the field
strength estimated at the very output of the breakdown horn E; was used
in the above evaluation, since the pulse form was measured after
propagation of the wave through the entire horn.

net
0.22

&)

Conclusions and further work

An experimental demonstration of short pulse microwave induced
breakdown of air and concomitant pulse tail erosion has been made and
the experimentally determined breakdown field strength and turn-on
time have been shown to be in good agreement with theoretical models.
The fact that the half wavelength periodic breakdown pattern is not
clearly visible along the entire slot in Fig. 2 can be explained by strong
tail erosion of the pulse in breakdown no 3. The pulse that penetrates the
breakdown no 3 is shortened and the power density needs to achieve a
higher value for breakdown to occur. The observed breakdown pattern,
will be analyzed further and compared with models for air ionization,
induced by short high-power microwave pulses.
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ION CHARGE STATE DISTRIBUTION
IN THE ECR SOURCE WITH PUMPING
BY MILLIMETER -WAVE GYROTRON RADIATION

S.V. Golubev, V.G. Zorin, S.V. Razin

Institute of Applied Physics of Russian Academy of Sciences
Nizhny Novgorod, Russia

The sources using microwave discharge plasma sustained in an open
magnetic trap under the conditions of electron-cyclotron resonance (ECR)
recently has began to be considered as the most perspective sources of
multi-charged ions (MCI). Such ECR sources are intended mostly for ion
injection into cyclotron accelerators, the efficiency of which strongly
depends on the efficiency of the ion source [1,2].!

An essential increase in operation efficiency of the ECR source, i.¢.
increasing charge and ion beams intensity, is possible with the increase of
pumping frequency. These investigations started to develop after a series
of experimental works had been published (see, e.g. [5]), in which the
sufficient increase of MCI output was demonstrated with the increase of
pumping frequency from /0 to /8 GHz: ion current mean with respect to
charge state distribution had increased proportionally to the square of the
pumping frequency (L ~ /7). At the same time, the ion charge state
distribution almost did not change (see Fig. 2). This can be explained in
the context of an elementary model. Plasma density N, increases with
microwave pumping frequency increase, the plasma losses increase in
proportion to N, due to Coulomb collisions. Plasma confinement time in
trap 1 is inversely proportional to N,. In this case the ion charge state
distribution determined by N,t doesn’t change, while MCI current
determined by N/t is proportional to /7 if N, ~ £ In connection with the
above consideration the interest to investigations of the ECR discharge
pumped by high frequency and according increase of MCI current is
understandable. Moreover, the use of millimeter wave radiation of modern
gyrotrons makes it possible to hope for such increase of plasma density

'ECR discharge is presented as a possible source of soft incoherent X-ray
radiation [3, 4].
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that allows changes in the character of plasma confinement in the trap. The
so-called quasi-gas-dynamic regime of plasma confinement realized [6]
when plasma lifetime weakly depends on its density .

The realization of such a regime means not only the growth of MCI
beam intensity, but mainly the growth of confinement parameter N,t that
leads to a sufficient shift of ion charge state distribution to the region of
large ionization states.

This paper contains first experimental data on ion distribution over
charge states in high-power pulsed ECR discharge sustained by short-
wave gyrotron radiation. An experiment scheme is shown in Fig. 1.

Gas inlet
{ 4 .
ln.-»v-"\ ~~~_ & T @ - :
“ e
*\2’-— @ &] & \ }
1

3 \ Pumpout

Fig. 1. The experiment scheme.

Microwave radiation from pulse-mode gyrotron (1) (frequency 37.5 GHz,
pulse duration 1 ms and power /30 kW) was focused by dielectric lens (2)
into vacuum discharge chamber (3). The wave was linearly polarized. The
discharge chamber with an input window 70 mm in diameter was placed

% The lifetime in the quasi-gas-dynamic regime of dense plasma confinement
with magnetized collisionless electrons and cold ions, in the case when the
electron scattering into a loss cone due to interaction with a resonant microwave
pump controls the losses, is determined according to [7] by relation ==L K / V,
where L is characteristic size of the trap, V is ion sound velocity, and X is
coefficient that weakly depends on plasma density.
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into a mirror magnetic trap formed by two solenoids (duration of the
magnetic field pulse was about /3 ms). The trap length was 25 cm, mirror
ratio was 3.2. The maximum value of magnetic field strength in the plug
was 2.3 T. To evaluate plasma density in the discharge, the factor of
transmission of the diagnostic microwave through the plasma (4, 5) was
measured. The diagnostic microwave radiation with frequency 35.52 GHz
and polarization corresponding to the ordinary wave was injected into the
trap center perpendicularly to the magnetic field. The ions coming out
from the plasma along the magnetic field lines were investigated with a
two-step (magnetic and electrostatic analysis) five-channel analyzer (6)
with mass resolution 3 attached to the discharge chamber through coupling
section (7). The pressure of used gas (Argon) was set using a pulse valve
and was about or over 310 Torr. Gas inlet put in practice into discharge
chamber (see Fig. 1) while pressure in the analyzer and coupling section
was low (about /0 Torr). The peculiarity of these experiments was that
efficiency of MCI generation was investigated at rather high plasma
density (an order of magnitude higher than in traditional ECR sources of
MCI). In these experiments the total shielding of diagnostic and high-
power microwaves by the discharge was observed, thus testifying that
plasma density with value more that 4/0"° cm™ was obtained.

The efficiency of MCI generation and ion energy depend essentially
on the gas pressure and power of microwave radiation. Energy of ions
flown out from plasma was between /00 eV and 10 keV. The typical ion
charge state distribution at optimum gas pressure (about /0™ Torr) is
shown in Fig. 2. For the comparison in the same figure the ion charge state
distributions for traditional ECR continuous mode operation sources of
MCI with pumping by centimeter wave radiation (from 6 to /8 GHz) [5, 8,
9, 10] are shown. As it is seen from this figure, the distribution obtained in
our experiments is shifted to the larger ionization states (maximum
corresponds to ion charge //-12 while in traditional sources it is about §).

Thus, using more powerful and more short-wavelength gyrotron
radiation we suppose to succeed in realization of the quasi-gas dynamic
regime of plasma confinement that increased N,t parameter and provided
the corresponding shift of ion charge state distribution in the direction of
larger ionization states.
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Fig. 2. Dependence of ion analyzer signal on current of analyzer
magnet. The magnet currents corresponding the Argon ions with
different charges are shown on upper part of the picture. Points are
result of our experiments, 4 - data on charge state distribution of [5],

+ -8, O- 9], O-[10].
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THE MICROWAVE DISCHARGE IN A PLASMA
NEUTRALIZER OF ITER INJECTOR

A.A.Skovoroda, V.A.Zhil'tsov
INF, RRC Kurchatov Institute, Moscow, Russia

INTRODUCTION. The basis of the injection method for heating and
current drive in tokamak is neutralization of negative hydrogen ions
accelerated up to MeV energies. Efficiency of neutralization N (the ratio of
H° flow to H ion current) determines the total efficiency of NBL ) (ratio
of neutral beam power, P;, to electric power, P) in many respects. In Fig.1
is shown, how N varies on linear density, 1 :
(n.+ny)l, at high i=0.9 (plasma neutralizer, PN) N W\
and low i=0.01 (gas neutralizer, GN) ionization °.sf GN 3
degrees of a target, i=n,/(n.+n,). It is seen that
efficiency of neutralization reaches the maximum °% 10 20
value for PN at optimum linear density of a target Fig.gj%;;.::i):nfy of
about 2:10"°cm™. At the characteristic length of neutralization of 1 MeV ion
ITER PN /=3m we obtain the characteristic H Inhydrogen plasma
density of plasma n, ~7-10"*cm™.

At the moment GN with low peak N~60% is used. This is caused by
low power efficiency of the known discharge systems for plasma
production, when the whole gain in N is spent on plasma production. The
problem consists in creation of a system for producing plasma with high
efficiency.

REQUIREMENTS AND CONCEPT OF PN. We shall show as the

necessity of requirements fulfilment has defined our concept.
Effective confinement of plasma

For ITER conditions we shall estimate the power needed for plasma
production, P,,, , at which PN remains effective. We shall proceed from
the following quantities: one NBL module power P,=12.5MW, n with
GN, Ngas=0.43; n with PN, Nn,,=0.6(1-P,,/P); the total beam cross-section
1.45x0.5m’ is determined by an existing current density (20mA/cm?) of
negative ions source.

When accepting efficiency enhancement factor Npn/Ng.s=1.27, then it is
allowable to spend on plasma production less than 2MW of electrical
power. The volume of high-ionized plasma with density 7-10"%cm™ will
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make more than 10m’ and, hence, the power density will make less than
0.2 W/cm®. From simple power balance P, =nVal, /tn,, by

accepting the following magnitudes of factors: =10 - cost coefficient,
M, =0.5 - performance coefficient of microwave generator (for reduction
of plasma losses and for maintenance of steady state work we use the
electrodeless microwave discharge), we shall obtain the following
condition on plasma confinement: 7,[e}]/7[ms]<10. Two approaches
are basically possible: the hot plasma, when the time of life,t, grows faster
then temperature, and the cold plasma, when it is necessary to obtain
rather large T. We consider, that the latter opportunity is more real. At
T.~10 eV 7 should be more than 1ms. It can be reached, for example, at
plasma confinement in a multipole mirror, where the confinement time
does not depend on plasma density and grows with reduction of
temperature under the scaling

B[TV[m’1A°%

L[mI>*T" eV

7[s]~3

B,, L,- magnetic field and total length of magnetic slits. It is visible, that
by use of large B,~1T at rather large volume rather large T can be realized.
Deviations of ions in PN

The necessary use of 3D plasma confinement results in a problem,
connected to the requirement of small (<5 mrad) deviations at passage of
ions through PN magnetic system.
Fortunately, the magnetic system of
the multipole trap allows to use the
effect of auto-compensation of large
deviations at passage of the end wall
in practically complete absence of a
magnetic field in the basic volume of
a PN [1]. Numerical calculations
confirm this opportunity.

Large ionization degree

The problem consists in obtaining
plasma with high ionization degree at
low T.. It is important also to strongly

Fig.2. Plasma in multipole mirror reduce gas flows from PN, than even
more to improve parameters of PN in comparison with GN. The geometry

369



of a multipole trap (see Fig.2) allows to use the following opportunities: (a)
gas screening in PN centre due to large volumes of a plasma; (b) small gas
pressure in the PN chamber at large pressure in gas boxes; (c) use of a
superpermeation of Nb boxes for direct absorption of plasma flows on the
PN walls.

The absence of a magnetic field in the basic volume of a trap provides
a free movement of charged particles, that makes it possible to use gas
ionization mainly on the plasma periphery.

Concept of PN
In Table 1 the basic requirements to PN for the single ITER NBL module
are specified.

Table1  Oyr concept is based on use of a

3
a4 3m /g IO_T multipole magnetic trap with the
n. /T, 7 10“cm™/ <10eV . . .
. > Tms following properties: (a) closed VB drift
dP/dv ~0.1 Wem® of electrons, (b) large B,>1T, (c) large
i >03 magnetic field on a plasma surface 1kG,
divergence | <S5 mrad (d) large PN volume V>10m>. The

plasma will be produced in steady state
by the electrodeless microwave discharge at gas pressure less than 10™torr
at mainly collisionless character of microwave energy absorption.

MICROWAVE DISCHARGE IN MULTIPOLE TRAP. Use of the
electrodeless discharge provides steady-state work of PN by the most
effective transfer of energy to electrons (for example, in ECR conditions),
the ionization ability of which provides plasma production. The physics of
such discharges in multipole traps is not investigated practically.

A major factor determining character of such discharges is the value of
the cut-off density, when the microwaves cannot freely propagate through
PN. Thus fact defines the necessity of use in ITER of the microwaves with
high frequencies, 20-30 GHz, i.e. the gyrotrons. However, of large interest

is the research of the opportunity to use

" the klystron type generators with lower
s— frequency, 7 GHz.

- Nz e * et Installations of PN line
S o I el For an experimental investigation of
SN the above questions in INF RRC
Kurchatov Institute there is the line of PN

oot T W6 1600 type installations, shown in Fig.3.

® kW

Fig.3. PN installations line.
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In Table 2 the modem status of these installations is shown.

The experiment on PN-1 device (see Fig.4) has shown, that by
stationary work in 701 chamber the plasma density 5- 10“cm'3=7nw,.oﬁr was
produced at low absorbed power density 0.02W/cm®. Thus at 7,=4-10eV
the ratio 7./7=10 was obtained at the ionization degree 0.1.

Table 2
Device Status nel, V, | Pow, | B;, i Type of
10%m?{ m® | kW | GHz | T mag system

PN-1 exp.95-96 0.03 0.07 5 245 1 02 | 0.1 | PermMagn.
PN-2 exp.07.96 | >0.03 | 0.07 | 542 | 2.5+7 | 0.2 | >0.1 | Perm.Magn. |
PNX-U | constr.96 0.3 0.7 | 50 7 0.5 | 0.2 | CopperCoils

PNX-SU | beam exp. >1 1 100 7 1 0.3 | SuperCond.
proposal +Copp.Coils
N-ITER design 2 >10 {>500| >18 | >1 | >0.3 | SuperCond.

The original surface-type discharge
was realized, when the microwaves were
excited in plasma wavequides axb, formed
by plasma surface and in a metal
chamber wall see Fig.5. The plasma was
heated on periphery in conditions of upper
hybrid plasma resonance. The gas
ionization takes place on periphery. The
detail investigation of this discharge can be

plasma

Schematic of the PN-1 device «a) wp view. (b) E2
end view (J) magnetron {2) temte airculator (3) tunable
ateenuator, (4) motching trarsformer. (5) vacuum-seajod
quartz waveguide window (6) vacuum chamber, (7) insen,
consiting of isolated cylindvica! side surface (SS) mdphm
end surfaces (E1 ond E2), i8) penmanent magnets and
(9) MW input b -b6 arc *he bel numbers Poiots note the
hocatioms of calonmeters

Per.Magn.

Fig.4. PN-1 device Fia5. F " fol dei
. 1g.9. Formation of plasma waveguide in
found in work [2]. multipole mirror PN-1 [2].

On PN-1 the opportunity to
use superpermeation of Nb tubes 0.1 mm thick for pumping hydrogen
was checked too. At fall of 0.25A plasma flow on a tube in stationary
conditions up to 33 % of the flow penetrated inside the tube. Thus the gas
pressure inside the tube in 1000 time exceeded pressure in the discharge
chamber.
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In Fig.6 constructing installation PNX-U is shown. On this larger
device three variants of the microwave discharge is planned to test.

4000

£y

Fig.6. PNX-U installation ( multipole magnetic system is moved out from vacuum
vessel).

Various types of the microwave discharge

In Fig.7 PNX-U microwave system is shown.

Local generator
2kW; 7 GHz |

gyrorron |
I7SGUHZ 200 kW /NS &

Fig.7. PNX-U microwave system.
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GEOMETRY OF SURFACE & ECR DISCHARGES

S,
— SURFACE
ECR DISCHARGE DISC!.‘!ARGE
WAVEGUIDE WAVEGUIDE

GEOMETRY OF VOLUME HEATING

Fig.8. Various types of the microwave discharge in PN.

The first type of discharge organization is the same as in PN-1 installation
and uses the excitation of circular plasma wavequides in conditions, when
plasma density is higher then the cut-off density. In Fig.8 geometry of such
discharge is shown.

The second type uses ECR for electron heating at plasma density close
to critical. The ECR area is concentrated close to gas boxes, therefore,
microwave power is favourable for entering direct into these boxes.
Experiments on such discharge organization are not known. The third type
is associated with opportunity of volumetric heating of electrons on
collisions at multipass (1-2 wall reflections) propagation of microwaves.
For these purposes gyrotrons is planned to use.
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CHARGE AND MASS TRANSPORT IN
INHOMOGENEOUS SOLIDS INDUCED BY
MICROWAVE FIELDS

K.I. Rybakov and V.E. Semenov

Institute of Applied Physics, Russian Academy of Sciences,
Nizhny Novgorod, Russia

In recent years, many independent experiments in materials science
and technology have established the presence of significant nonther-
mal influence of microwave electromagnetic fields of moderate inten-
sity on the mass and charge transport in solids [1]. In our previous
papers [2,3] we proposed a theoretical explanation of these observa-
tions based on the concept of the averaged ponderomotive action of
the microwave field. This theory has received a recent experimental
confirmation [4]. In this paper, the theoretical results are reviewed
with an emphasis on the methodology of defining and obtaining the
averaged ponderomotive force.

The fact that the spatially nonuniform high-frequency electromag-
netic field influences the time-averaged motion of charged particles is
well known in physics. The slowly varying force acting on a particle
in such a field is called the averaged ponderomotive force [5]. In gen-
eral, it is quadratic with respect to the field strength and depends on
the degree of its nonuhiformity. However, an exact definition of the
ponderomotive force can be given only within a chosen mathemat-
ical model of the dynamic system. Consequently, several different
physical quantities may be called the ponderomotive force. The most
important cases are reviewed below.

1. The FEuler hydrodynamics approach uses the following basic
equations:

a—N+V-(Nv)=0;
ot
ov v (1)
m[ﬁ-+(v-V)v] =eE+e[sz]—1/v,

where N is concentration of particles (per unit volume), v is hydro-
dynamic velocity, m and e are mass and charge of particles, E and

374



H are electric and magnetic vectors of the field (E, H x exp(iwt)),
and v is friction coefficient, or collision frequency.

Defining within this approach the ponderomotive force (per unit
volume), fj, as the total averaged force exerted by the electromagnetic

field,
= m(m) [+ () V)9) +v)] 2

where angular brackets denote time averaging, and solving Eqgs.(1),
we obtain the following expression for f;:

w? E? w2 v /e
—_ P - _Pr [
fi = w2+t/2v<87r>-I-c,.12+1/2c2 <4W[EXH]>’ (3)

where w, = \/4me2N/m is Langmuir frequency. The average pon-
deromotive force calculated within the Euler hydrodynamics approach
thus consists of two terms, the first of which is known as the Miller
force, and the second can be interpreted as the absorbed momentum
of the electromagnetic field.
2. The equation of motion for the single particle approach has the
following form:
0*r

e [Or
maE = eE(r,t) + - [E X H(r,t)] -v

Or

5{) (4)

where r is radius-vector of the particle. The ponderomotive force is
defined within this approach as

won((B)eE) o

The expression for f; obtained from the solution of Eq. (4) can be
presented in the following form:

2
f=f+—2 Y <(E-V%%>. (6)

w? 4+ v? 47rw?

Thus, in the presence of friction the ponderomotive force obtained
within the single particle approach is different from the previous case.
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3. Consider now the same hydrodynamics equations (1) but writ-
ten in terms of particle fluzes J = Nv:

ON

03 3 —575—+§ng . )
{at [(J V) +J(V N)]}-eNE+C[JxH] v].

(7)

The ponderomotive force is

w=n{Z0+ (@ 0+ (V- @) ©
and solving Eqs.(7) gives

_ 1 v 2 0E 2 OE
b=t e (B9 (5) B (Vi) ©

In the presence of friction this expression differs from both (3) and
(6). It can be seen that if the electric field has linear polarization,
i.e.,

E = A(r) exp[ip(r)] exp(iwt) + c.c., A = A%, (10)

then the last term in Eq. (9) is zero, and f3 = f;. Another interesting
observation is that the ponderomotive force defined within the flux
hydrodynamics approach exists even in the uniform quasielectrostatic
field, when f; = f, = 0.

The physical nature of the difference between expressions (3), (6),
and (9) can be illustrated with the following considerations. When
friction is significant, Eqs. (2), (5), and (8) reduce, respectively, to

fi = my(N){(v);
f; = my(N)(0r/0t); (11)
f3 = my(J).

Since generally (J) # (N)(v), there is a difference between the pon-

deromotive forces calculated within the Euler and flux hydrodynamics
approaches:

f3 — fi = my((N - (N))(v = (v))). (12)

When comparing the single particle and flux hydrodynamics ap-

proaches, we should note that (J) # (N)(0r/dt) when there is rota-

tional motion of particles. An analysis of Eq. (9) shows that if v is
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spatially uniform, then V - (f3 — f;) = 0, and the particle fluxes gen-
erated by the ponderomotive force do not redistribute matter within
the system. Conversely, in systems with nonuniform transport prop-
erties the ponderomotive force can cause directional mass transport
- even if the electric field is uniform.

As shown below, for solid state applications the following limiting
case is of special interest:

V> wp > w. (13)

In this limit, the ponderomotive force defined according to the flux
hydrodynamics approach takes an especially simple form [3],

fs = (pE), (14)
when calculated within the free quasielectrostatic problem

V XE =0;
V- (eE) = 0;
e=1-—

w(w —iv)

(15)

In Eq. (14) p = (V - E)/47 is density of the field-induced space
charge.

It should be also mentioned that in most common cases a reason-
able estimate for the magnitude of the ponderomotive action is the
value of the radiation pressure of the field,

p ~ E?/8r. (16)

The transport properties of solids are determined by their mi-
crostructure. In crystalline solids, one of the predominant mech-
anisms of mass transport is vacancy transfer. As long as relative
concentration of vacant sites in the crystalline lattice is low, it is con-
venient to apply the ideal gas treatment to the vacancies. In ionic
crystals, the vacancies carry an effective electric charge and, therefore,
comprise the so-called vacancy plasma. Condition (13) translates for
such plasma into

d
w7'<<x<<1, (17)
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where 7 is time interval between atom hops, d is interatomic distance,
A = /4me?N/kT is Debye-Hiickel radius, N is vacancy concentra-
tion. This condition is valid for most ionic crystalline solids in the
temperature and frequency ranges used in microwave processing tech-
nologies.

According to our previous work [2,3], the action of the ponderomo-
tive force on ionic crystals can generate mass transport much more
efficiently than the mechanical stresses equal to the field radiation
pressure (16) do. Such enhanced performance results from selective
nature of the ponderomotive action in solids. This selectivity man-
ifests itself in a number of aspects. One of them is selectivity with"
respect to recipients of the action. Specifically, the field acts on the
charged vacancies, i.e. directly on the atoms neighbouring an empty
site of the lattice (the only atoms that are able to move), whereas the
mechanical stresses are applied to the entire crystal in which most of
the atoms are fixed. Due to this effect, the ponderomotive action is
equivalent to the action of the mechanical stresses which are (N)~?
times greater than the radiation pressure (Q is the vacancy volume)
[2].

Another aspect of the selectivity of the ponderomotive action is
associated with the spatial distribution of this action in inhomoge-
neous solids. An analysis of the distribution of the ponderomotive
force (14) within a crystalline body having a thin near-surface amor-
phized layer with higher vacancy diffusivity shows [3] that predom-
inant in such body are the matter flows driven by the tangential
component of the field within this layer. The ponderomotive action
is therefore applied to the spatial region with the highest mobility of
vacancies, unlike the mechanical stresses which are applied uniformly
to the entire body. The enhancement factor derived from this effect
is (Dy/D,+a/A)~!, where Dy is bulk diffusivity, D, is characteristic
value of the vacancy diffusivity in the amorphized layer, a is thickness
of the layer, and A is characteristic size of the crystal.

The total enhancement factor is therefore

[NQ(Dy/Dq + a/A)] 71 (18)

For example, in the conditions of microwave sintering of ceramics,
(18) can be as high as 108. This means that the ponderomotive action
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of the microwave field of 1 kV/cm (which is a typical magnitude for
the microwave processing technologies), its radiation pressure being
about 0.1 Pa, results in the matter fluxes (e.g., in plastic deforma-
tion of ceramic particles) comparable to those caused by mechanical
stresses of 107 Pa. It is known that stresses of similar or even smaller
magnitude govern the conventional oven sintering. Thus, the pon-
deromotive action of microwave field on solids is highly significant
and must manifest itself in the experiment.
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CHLOROFLUOROCARBONS (CFC’s) DESTRUCTION AND
TRANSFORMATION IN A MICROWAVE GAS DISCHARGE

8.1 Gritsinin, 1.A.Kossyi, M.A.Misakyan, V.P.Silakov
General Physics Institute, Moscow, Russia

The present work is devoted to.the experimental investigations of
microwave pulse discharges in nitrogen or argon mixtures with
chlorofluorocarbons (CFC’s). It is known that such discharges at high gas
pressure and subthreshold electric fields are strongly contracted, and contraction
regions are the sources of intensive radiation in IR, visible and UV ranges. This
radiation excites the electron and vibrational levels of molecules and induces
their dissociation and ionization. Qur recent investigations of such discharges
have shown their high plasma-chemical efficiency. We supposed that such
discharges could effectively transform freons into modifications which would be
more safe for ozone layer of the Earth.

The present experimental work was carried out to determine the efficiency
of modification of ozone-destroying freons into safe for ozonosphere compounds
with the help of microwave discharges. The investigations of transformation
dynamics have been carried out for freons introduced as an admixture into
different diluting gases under the action of pulse microwave discharges. The
identification of produced products and particle balance of evolutionating gas-.
chemical mixture were realized.

The glass retort (diameter was ac 10 cm and volume was ac 1.4 litter)
used as a reactor was placed in the focal region of converging microwave beam.
Microwave parameters were: irradiating wavelength 2.5 cm; pulse power P=300
kW (S=30 kW/cm®); pulse repetition frequency 0.5-1 Hz. The discharge in the
retort was initiated by metal needles and spread towards the radiation source.
The discharge appears as the series of sharply nonuniform and bright shining
filaments.

We investigated the behaviour under discharge action of simple freons -
chlorofluoromethanes - such as F-10, 11, 12 and 13, mixed with argon, nitrogen
and air. Main attention was turned to the investigation of 10% mixture of F-12
with argon at total pressure about 100 Torr.

Both active and passive emission spectroscopic techniques were used. The
Cl; concentration was measured by an absorption of the diagnostic radiation
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near 3400 A wavelength. The complex products of freon decomposition were
examined by an absorption of diagnostic IR radiation.

In fig. 1 the behaviour of parent F-12 and destruction products
concentrations is shown in time.

= N WasHsaOo N®wo

ch
cal,
CFCl,
CFLCh,
CF,Cl
CF,
SiF,

-
o

-
X + 0 4 b % =

concentration, 1016 e
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-
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number of pulses number of pulses

Fig. 1. The concentrations of parent F-12 and products of transformation.

The main products of F-12 decomposition are chlorofluoromethanes of
CF,CL.,, type, n=0+4. There were also a more complex compounds, for example
C,F4, C,Fs, C,F4Cl; and others, but their concentrations were small and did not
exceed 10" cm™. Besides, the considerable amount of Cl, was registered. At a
small number of pulses F-13 predominates. In this case the number of F-13
particles represents around 40% of parent F-12 destroyed molecules. The
considerable quantity of CF, particles was produced too. From these data we can
conclude that the transformation degree of F-12 to F-13 and F-14 reached 70%,
the chlorine-enriched freons F-10 and F-11 being produced in lower quantities.

In fig. 2 the quantity change of C, Cl and F atoms which were integrated
over all identified compounds is shown. Cl and F atoms were registered almost
completely. If any unregistered compounds were also present in this case, then
their concentration may be neglected. As for C atoms we have the great disbal-
ance - carbon atoms concentration decreased.

It was shown in the course of measurements that emission intensity of
Swan band of C, molecules was dropping. The intensity of this emission owes
its origin to the carbon-containing molecules in gas phase. Thus, this fact is at-
tributable either the erraping of carbon atoms from gas phase onto the retort
walls, or to the forming of molecules with stronger bonding of carbon atoms.
Thus, on the initial stage practically all losses of parent freon are connected with
the transformation to fluorine-enriched modifications of freon.
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The released surplus chlorine is
mainly in the molecular form. Further

@_ 40%---o-oofoommemmnne s tcnr2 . .
Es = the growth of the concentration all these
g 22 S o products except of molecular chlorine

stops. Besides SiF; appears. Under

c 20

k-] < . .

S5 - e prolonged microwave action the
€10 . ©r

degradation of both parent freon and

§ 5{ « inmal[CF,ClJ,
§ O a000 3500 all products was observed excepting the
number of pulses Cl, and SiF; whose concentrations

increased all time and reached their
maximum possible values.

It is known from our experiments that initiated microwave gas discharge
at high pressure has complicated space-time structure which is universal for all
gases and gas mixtures [1,2]. Such discharge represents the series of high
ionized channels (filaments) stretched along the electric field vector. The
filament appearance is associated with kinetic and ionization instabilities.
Filament plasma is a strong source of radiation in UV, visible and IR spectral
ranges. Around the filaments the gas molecules are appreciably excited on
vibrational and electron states and gas medium is heated by shock wave.

It is natural to suppose that freon molecules mainly decay in the regions
where plasma concentration and temperature have maximum values, that is
within filaments. The characteristic number of pulses for freon decay is around
1000 and if in each pulse freon is completely destroyed in any volume, then this
volume should be no less than 1.4 cm®. This value essentially exceeds the total
filament volume which is around 0.1 cm’® [3].

Thus we come to the conclusion that for explanation of freon decay it is
necessary to suppose the presence of plasma-chemical transformation processes

CF,Cl*+ CF2Cly**= CF3Cl + CFCl3
=CF4+ CCly |

Chlorine appears in filaments and around the filaments due to
photodissociation of chlorine-containing products. Fast recombination leads to
molecular chlorine formation. The stable carbon radical CF, takes part in the
reactions forming complex compounds:

CF3+CF4tM=CyFg+M
CF,+CF,Cly +M=C,F4Clh+M

It is important that after fairly long-time of microwave action we observe

formation of considerable quantity of SiF,. Finally, almost all fluorine atoms

Fig.2. Balance of atoms.
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transforms from parent freon into SiF,. We can suggest the following known
reactions with generation of oxygen or carbon oxide:
2CF,+8i09=>SiF4+2CO
2F»1+8i09=>SiF4+0,
The geterogenic reactions on the retort walls are possible too:
2 CF,C11+8i09=>SiF4+C0,+CClyg
where one reagent must be excited at least. These reactions can help to solve the

problem of removing of carbon atoms, because of the high bond energy of
carbon atoms in these oxides.

Conclusion:

1. The type and quantity of detected products after microwave action on freon
mixtures sends us in supposition that major channel of parent freon destruction
are chemical transformation processes in nonequilibrium plasma resulting in
interaction between vibrationally or/and electron excited molecules of freons.
2. The gas volume which the destruction takes place in essentially exceeds the
released energy volume (filament volume), but exactly the discharge contraction
regions play the dictating role due to the fact that dense and hot plasma in these
regions is the source of radiation exciting the gas in near-filament regions.
3. The UV radiation from filaments realizes not only initiation and
intensification of plasma-chemical processes but performs the function of
rejection of chlorine-containing products. As a result the main products of
transformation are fluorine-enriched products such as F-13 and F-14 freons.
These freon modifications almost are not subjected to photodissociation under
sun UV radiation action.

Thus, we can suppose that the microwave discharges show considerable
promise as a means for cleaning of atmosphere from ozone-destroying freons
and for industrial transformation of these freons into the safe modifications.
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Characteristic Properties of the Microwave Breakdown Wave
in Nitrogen and Oxygen
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Recently the role of various elementary processes in dynamics of the
discharge development has become to be taken into account in studying
microwave discharges in molecular gases. So far the most attention was
devoted to the electron detachment from negative oxygen ions during the
plasma decay [1--3]. As it was shown in [1], the plasma decay in the air is
retarded with increase in the energy deposition. In [2] the electrone
detachment was used to explain the electron density growth in nonself-
sustaining discharge. In [3] the electrone detachment effect was explained
by reactions with atomic and excited oxygen. Meanwhile, it has been
shown in [4--7] that associative ionization leads not only to maintaining
the "long-living plasma but to the explosive growth of the electron
density in the microwave field, which changes the discharge
electrodynamics.

One can expect that, in addition to the associative ionization caused
by the storage of metastable atoms and molecules excited by the electron
impact, the storage of the negative ions in discharges including oxygen or
water vapor can also lead to the explosive growth of the electron density.
In this connection, it is interesting to follow the time evolution of the
electron density in discharges in nitrogen and oxygen, which proceed in
wide-aperture microwave beams. For a pressure in the range 10--20 Torr
the discharge in these gases is a breakdown wave in character (see, for
example, [8, 9]); in the case of weakly converging beams, the effect of
ionization-field instabilities leading to the plasma stratification and
increase in the electron density up to and above the critical value is
reduced. Therefore, in such discharges the role of the kinetic processes
can manifest itself most clearly.

Experiments were performed with gyrotron radiation with a wave
length of 8 mm and a power of 500 kW. A Gaussian beam with weak
ellipticity was focused inside the vacuum chamber with a polistirene lens
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and had the characteristic radius 5, = 1.8 c¢m in the focal plane and the
characteristic caustic length 7, = kg% = 25 cm. The variable quantities

were the working gas pressure (10--20 torr) and the microwave pulse
duration.

Typical photos of the discharge in nitrogen and oxygen are shown in
Fig. 1. For small pulse duration the discharge is a single or several
uniformly luminous plasmoids aligned along the microwave beam axis
(Figs. 'a, 1c). Cross dimension of plasmoids is somewhat less than 1 cm.
With increase in the radiation pulse duration (Figs. 1b, 1d) plasmoids
appear in the region behind the focal plane, both in nitrogen and oxygen.
In other aspects the discharge luminosity in these gases is different in
character. In oxygen a weakly nonuniform wide luminosity region (with a
cross section of about 3 cm) appears, which occupies both the focal
region and the region behind the focal plane. With increase in the pulse
duration the luminosity region moves along the beam towards the
radiation flux. In the nitrogen we did not observe the expansion of the
luminosity in the focal region. In addition to the plasmoids located along
the axis, chaotically located plasmoids appear outside and behind the
focal regions; the brightness of these plasmoids is larger than that of the
axial objects. The time behavior of the discharge luminosity from the
focal region, which is registered by the photomultiplier, is also different
in both gases (Fig. 2). In nitrogen the intense luminosity is seen at the
leading edge of the microwave pulse followed by the almost constant
weak signal during the rest of the discharge (Fig. 2a). In oxygen the
second peak with the sharp leading edge appears after the first one, then
the luminosity decreases down only to half the initial value. Sometimes, a
third peak of radiation is registered.

The plasma density was measured by the phase shift with help of the
interferometer with a wave length of 2 mm. The space resolution was 1
cm. The diagnostic beam axis was placed at a distance of 5 cm from the
center of the caustic towards the lens. As it is seen in the oscilloscope
traces of the interferometer phase detector signals (Fig. 3), evolution of
the electron density is different in discharges in nitrogen and oxygen. In
the case of nitrogen, the electron density reaches its maximum during the
leading edge duration of the gyrotron pulse (1 us) followed by the

smooth density decrease during the powerful radiation pulse and
exponential decay after the end of the pulse. In oxygen the electron
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density has a spike during the breakdowﬂ and becomes to drop even
before the end of the microwave pulse. If the pulse duration is
sufficiently large (7, > 3 us), the second spike twice as large as the first

one appears, as a rule. This increase in the electron density begins at the
instant when the discharge luminosity is maximum. The electron density
growth is then replaced by the exponential decrease with the
characteristic time equal approximately to 3 us. The third spike can

follow the second one, as it can be seen in Fig. 3d. It should be note that
if the microwave pulse is shortened, the second spike of the electron
density, which usually appears before stopping the action of the electric
field, reaches its maximum value after this action has stopped.

After having observed all the totality of the experimental results, we
assume the following pattern of development of the microwave discharge
in nitrogen and oxygen.

If the experiment is performed in the regime typical of our
measurements (the field amplitude is 6 kV/em), in which the field is
much greater than the threshold one, then the gas breakdown occurs at
the leading edge of the microwave pulse. This is confirmed by the spike
at the leading edge of the signal from the detector located at the backside
wall of the vacuum chamber at the beam axis (this detector registers the
intensity of radiation passed through the discharge) (Figs. 3b, 3d) and by
the sharp leading edge of the photomultiplier signal (Figs. 2a, 2b).
Growth of the plasma density in all the region located along the caustic
length leads to the field attenuation in the focal region due to refraction
and absorption. In this case, the plasma acts as a diversing lens and shifts
the focal region of the Gaussian beam further from the lens. Similar effect
has been observed by L A. Kossyi and co-authors in 1972. The formation
of plasmoids in the region behind the focal plane and increase in the
power registered at the beam axis behind the discharge (Figs. 3b, 3d)
confirm this conclusion. Attenuation of the field in the focal region
results in limiting the electron density in the first maximum at a level of
2--3.10%cm ™ and in its decreasing during the continuing action of
radiation. The strong decrease in the discharge luminosity in nitrogen
seems to be due to the larger field attenuation in the focal region by
refraction and absorption. One can assume this effect to be caused by the
associative ionization resulting in the slower decay of the plasma density
with time [10]. Earlier we observed similar retarded relaxation of the
nitrogen gas-discharge plasma [11].
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In the oxygen discharge the radiation "refocusing” and drop in the
plasma density cause the repeated breakdown wave. lonization caused by
the active particles storage is clearly seen, as the growth of the electron
density continues even after the end of the microwave pulse. For the
discharge in oxygen numerical calculations were performed by the
simplified kinetic procedure [12] for conditions similar to the
experimental conditions (Fig. 4). The calculations show that after the
field is switched off, the electron density spike appears on account of the
electron detachment, when the dissociative attachment in the high field is
replaced by the weak three-particle attachment.

Thus, a substantial distinction is observed in dynamics of the
development of the microwave ionization wave in nitrogen and oxygen.
The results similar to those obtained in the discharge in oxygen we
obtained also by using the air, water vapor as well as water vapor--
nitrogen and water vapor--oxygen mixtures as a working gas.

This work was supported by the Russian Foundation for Basic
Research, project no. 96-02-16162a.
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Fig. 2 Oscilloscope traces of the
photomuitiplier signal.

Fig. 1 Photos of the discharge in nitrogen (a, b) and oxygen (c, d).
The pressure is 10 Torr and the microwave pulse duration is (a) 2;
(b) 8; (c) 3; and (d) 8 pus.
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registered at the backside wall of the chamber (a, b, d) and those of
the phase shift measured by the interferometer (c, e): (a) signal
measured in the absence of the discharge; (b, ¢) nitrogen, 10 Torr;
(d, e) oxygen, 10 Torr.
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Fig.4 Calculation of the discharge kinetics in oxygen.

389

(A9) °1.



HIGH-FREQUENCY ELECTRICAL BREAKDOWN
IN ELECTRONEGATIVE GASES
WITH FAST ELECTRON ATTACHMENT
AND DETACHMENT PROCESSES

N.L.Aleksandrov, S.A.Guz, A.M.Konchakov,
A.P.Napartovich*, A.M.Okhrimovskyy

Moscow Institute of Physics and Technology,
Dolgoprudny, Russia
*Troitsk Institute for Innovation and Fusion Research,
Troitsk, Russia

The development of high-frequency electrical breakdown in a
gas depends on a variety of parameters such as the field strength
and frequency, the gas properties and the electrode geometry. At
sufficiently high gas densities when the field angle frequency w is
lower than the frequency of the electron momentum relaxation
v, €lectrons are in an oscillatory drift motion with the ampli-
tude A = e Ey/(mw vy,), where e and m are the electron charge
and mass and Ej is the field strength amplitude. If A < d/4
(d is the distance between electrodes), the main mechanism of
electron loss which governs the breakdown voltage in an elec-
tropositive gas is the free electron diffusion to the boundaries
of the discharge volume. In an electronegative gas, an electron
attachment to neutral species also becomes important.

Aints et al [1] have shown that if fast electron detachment
from negative ions compensates for the electron loss through
attachment to neutral species, the breakdown voltage is lowered
at A <€ d and resulting losses could be described as due to
the process of pseudo diffusion of electrons with rate that might
be up to several orders of magnitude greater than that of the
normal diffusion. This was invoked to explain a decrease in the
radio frequency (RF) breakdown voltage with increasing w and d
which was observed experimentally in the atmospheric-pressure
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air [1].

The mechanism of the pseudo diffusion process may be ex-
plained in the following way. An electron which is in the oscilla-
tory drift motion with the amplitude A along the field attaches
to a molecule to form a negative ion which is essentially at rest.
Then, at a random moment the electron detaches from the ion
and oscillates around the new midpoint which is displaced by a
distance of the order of A because the electric field is now phase
shifted. If A < d the process is repeated many times. The direc-
tion of the displacement along the field direction is also random.
Therefore, the considered transport of electrons can be treated
as pseudo diffusion of the charged particles. For the coefficient
of the common electron diffusion, we have D ~ A\? v,,, where )
is the electron mean free path for momentum transfer. Similar-
ly the pseudo diffusion coefficient is of the order of D* ~ A%y,
where v is the value of the order of attachment and detachment
frequencies.

The aim of this paper is to derive consistently the criterion of
breakdown in a high-frequency uniform electric field in an elec-
tronegative gas with fast electron attachment and detachment
processes. In addition, we generalize the discussion [1] in order
to take into account negative ion species which is not involved
in electron-detachment processes. This model is more adequate
to describe the breakdown in air.

We consider gas breakdown in a uniform electric field E =
E, cos wt and assume the following model of negative-ion kinetics

e+ A= A",

A" e+ A
and

A~ = B,
In addition, we assume that the frequencies obey following in-
equalities
Vo, Vg > d/w > Viony Ve, (1)
391



where w is the electron drift velocity in the field Ey, and v;,, is
the ionization frequency; that is, there are fast processes (elec-
tron attachment and detachment) and slow processes (ionization
and negative-ion conversion), whereas electron drift is interme-

diate in rate.
The balance equations for electrons and the A~ ions are

a(,;:‘ = —VaNe + vgn; — w cos wi %% + VionMe (2)
% = VaNle — Vil — Ve (3)

For simplicity we assume that, with the exception of v;,,, the
other collisional frequencies and the electron mobility are time-
independent ones.

It follows from (1) that in the right-hand side of equations (2)
the first two terms are much greater than the third one which in
turn is much greater than the fourth one. However, the fourth’
term can not be neglected because it determines the breakdown
threshold.

In a short time of about v;! and v the densities of electrons
and A~ ions reach the quasi-steady state

0 » Vd Vo

0
ne = ng, n; = ng,
Vo + V4 YoVt

where ny is a sum of the densities of these particles which is
determined by the slow processes.

When solving equations (2) and (3) we account for the elec-
tron drift term in the right-hand side in perturbation theory and
neglect the slower processes. To the first order, the quasi-steady
solution of equations (2) and (3) should be sought in the follow-
ing form

(3)-(2)+(3)omee ()ome
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where ¢ and b are proportional to %—’;ﬁ and change only slowly
with time. These quantities are determined by substituting (4)
into equations (2) and (3).

In order to derive the breakdown criterion we add the equa-
tions (2) and (3) and average the resulting equation over the field
period. Then, the attachment and detachment terms cancel each
other and the drift term vanishes on averaging at A < d. There-
fore, the breakdown threshold is governed by the slow collisional
processes. In so doing we should account for the small correction
to the drift term which follows from (4). This correction is much
less then the drift term which vanishes on averaging but no less
than the surviving terms which describe the slow processes.

As a result, we have the equation

omg _ _ 0% _
—aT = UionNe + @D Ne — Ve

and the breakdown criterion

“ 4yl
D™+ v, ” (5)

Vion

|3

where the overline denotes time averaging and the pseudo diffu-
sion coefficient is

Va
w? + (Va + Vd)2

* w2
D= (6)
The latter term in the right-hand side of equation (5) describes
the electron loss due to the indirect formation of B~ ion through
the attachment to A molecule. Aints et al [1] neglected this term.
However, our estimate which is based on the available data [2,3]
upon the rates of negative-ion processes shows that this term is
much greater in air than the pseudo diffusion term. It means
that the electron pseudo diffusion has little or no effect on high-
frequency breakdown in air, but, more importantly, concept of
pseudo diffusion fails in air because of slow electron detachment.
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This contradicts the interpretation by Aints et al [1] of their
experimental data.

However, the influence of the electron pseudo diffusion on
high frequency breakdown can become more important as the
rate of electron detachment increases. This can be observed for
repetitive breakdown in air when a substantial number of active
neutral particles such as atoms O, radicals and electronically ex-
cited molecules are accumulated from impulse to impulse. Col-
lisions between active particles and negative ions result in fast
electron detachment in air.

High frequency breakdown can also be controlled by the elec-
tron pseudo diffusion in NO and N;O. The dominant attachment
and detachment processes in NO are

e+ NO— O™ +N
O"+NO —e+NO; k=2x10"Ym3/s [4]

and those in N2O are
e+ N20 - O- + Nz

O™ +N;0 — NO™ +NO k=22x10""m?/s [5]
NO™ +N;0 — e+ NO+ N0 k=5.1x10"2cm?/s. [5]

The similar effect is anticipated to take place in gas mixtures
in which the dominant electron attachment process results in
formation of O~ if the mixture contains components (NO, CO,
H;, SO,, C;Hy, etc.) which effectively destroy O~.
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LONG PLASMA COLUMNS WITH
HIGH ELECTRON DENSITIES PRODUCED BY
PULSED SURFACE WAVE DISCHARGES

A.L. Vikharev, A.M. Gorbachev, O.A. Ivanov,
V.A. Isaev, V.A. Koldanov, A.L. Kolisko

Institute of Applied Physics, Nizhny Novgorod, Russia

Discharges produced by surface waves (SW) are subject of many
investigations because of their technological application and their use in
fundamental research [1-2]. Conceming the latter aspect the steady state of
SW produced discharges especially at low pressures ( < 5 Torr) and low
frequencies ( < 5 GHz) is studied extensively. On the other hand, for many
applications long homogenous plasma columns generated in short times
are required. The electron density in SW produced discharges exceeds the
critical value, N, > N, (I + &), where N, = m(v’ + o’)/dn &, w is
wave frequency, v the collision frequency, & is dielectric permitivity of
the tube (at £ » 40 GHz , N, > 10" cm®). Consequently, it grows
significantly as the frequency of the exciting field increases. The maximum
frequency, at which up to now one has managed to obtain a short-wave
discharge, does not exceed 10 GHz. In this wavelength band the SW is
usually launched by a surfaguide [3]. Its operating power is limited by the
gas breakdown in the SW excitation region of the rectangular waveguide.

Generation of long plasma columns in the centimeter wavelength
band requires high microwave power typically of the order of ten
kilowatts. We suggest two novel types of launchers which allows the use
of much larger microwave power and high wave frequency for generation
of a discharge in a pulsed regime.

The E-plane junction set-up

For excitation of high power surface waves in the 3-cm wavelength band
we used a novel type of launcher (E-plane junction) [4] which allows to
generate a long plasma column in a quartz tube placed in a single-mode
waveguide. The microwave power is coupled to this waveguide at an E-
plane junction. Energy passes through a circulator to the E-plane junction
via a transmitting waveguide. The electric field of a TE,; mode in this
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waveguide is parallel to the tube axis. To match the impedance of the
plasma-filled waveguide to the power-transmitting waveguide a movable
short circuit is used at the H-plane junction. The launcher proposed by us
is especially efficient at a high level of microwave power, since it does not
contain inhomogeneities, at which a breakdown could develop out of the
discharge tube. At low levels of power (in the continuous regime) when
discharge ignition requires special elements (narrowing of the waveguide,
gaps, etc. [3]) that increase the field to the breakdown level, this method
may prove less efficient. A tube with inside diameter 4 mm, outside
diameter 6 mm and length of 50 cm is used. The tube is filled with various
gases: air, He, Ar and mixtures at pressures p = 1-60 Torr. The
experiments are performed using microwave radiation with wavelength 4
= 3 cm, pulse duration T = 1-15 ps, pulse power P = 30-150 kW, a
repetition frequency F = 0.1-1 Hz. Power P,, absorbed in the discharge
was measured with a directional coupler with respect to the difference
between the power reflected from the launcher with no discharge present,
P., and the power P, reflected when the discharge was ignited: Py, = Py, -
P.s . A high degree of absorption ( ~ 70-90 %) is observed over a wide
range of gas pressures assuming no drastic influence of losses by radiation
and in the waveguide structure. Thus, a novel microwave SW launcher
allows extension of the operating microwave power level.

It was shown also that at high pressure (v 2> w) a discharge in the
waveguide is built up in the field of the main waveguide mode and the SW
propagate on the background of this pre-ionized plasma along the
discharge.

The E®; mode -based set-up

Another type of launcher is shown in Fig.1. In this launcher for excitation
of SW we used the E%, mode of a circular waveguide. In the experiment
surface waves were excited by radiation in the 8-mm wavelength range. A
magnetron with output power P = 30-60 kW was used as a microwave

generator. Duration of the microwave pulse varied in the range of 7= 0.5—
10 s, and pulse repetition rate was F = 10-10° Hz. Radiation generated
by the magnetron in the form of the H";y mode of a rectangular waveguide
was first converted into the H®;; mode of a circular waveguide, and then,
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b)

H,,

Fig. 1 (a) Scheme of the experimental set-up; (b) structure of

electromagnetic fields in E®: mode (— E, x - H); (c) design of launcher:

1 - magnetron, 2 - circulator, 3 - mode convertor H%o —-)H°11, 4 - mode
convertor I-I°11 —E%, , 8 - discharge, 6 - detector, 7 - oscilloscope, 8 -
quartz tube, 9 - pumping, 10 - diaphragm, 11 - horn

by means of the mode converter described in [5], into the E°,; mode of an
oversized circular waveguide. The discharge was produced in quartz tubes
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with external diameters 6 mm or 9 mm and length L = 30 cm, which were
situated along the axis of the circular waveguide.

Design of the exciter and the field structure in the waveguide at
the mode converter output is shown in Fig. 1. The H°; — E°%,; mode
converter is based on a circular bent waveguide 8 mm in diameter with
sign-alternating curvature. The structure of the E%; mode is such that the
maximum of the E, component of the electric field is situated at the
waveguide center, and direction of E; coincides with the axis of the
waveguide and the gas-discharge tube. Direction of other components of
the electromagnetic field (E, and H,) is also close to the field structure in
an axially symmetric surface wave. That is why direction of the
electromagnetic fields relative to the axis of the discharge tube seems to be
advantageous for efficient excitation of a surface wave.

A thin metal diaphragm with diameter D; somewhat larger than
the diameter of the gas discharge tube was set at the output of the exciter.
The diameter of the diaphragm aperture was chosen such as to reflect a
significant part of the power transmitted in the E°; mode in the absence of
a discharge. At the same time, the surface wave propagating along the tube
and localized near its walls penetrated freely through the aperture in the
thin diaphragm. For efficient excitation of a surface wave there are
optimal correlations between the radius of the discharge tube and
diameters of the output waveguide and the diaphragm. They stay within
the ranges D/2R ~ (1.3-2) and D, /2R ~ (1.2-1.5). Additional matching
may be done by varying the length of the section of the discharge tube in
the exciter.

Using this launcher for the first time the high power SW were
excited in 8-mm wavelenght band. The electron density in the discharge in
this experiment achieved 10" cm™. In Fig. 2 the fraction of absorbed
power is plotted versus the air pressure for different tube diameters.
Measurements showed a sufficiently high level of excitation efficiency in a
wide range of gas pressures and incident microwave powers. The lower
absorption coefficient at higher pressure can be explained by the
increasing breakdown field and the resulting longer time of discharge
creation. Figure 2 shows also the length of the microwave discharge versus
pressure. At fixed duration of the microwave pulse this dependence has a
characteristic maximum, which is determined by the velocity of ionization
front propagation.
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Fig.2 Variation in the fraction of absorbed power and discharge length
with air pressures ( pulse duration t =5 ps ): 1 - tube diameter 2R = 9 mm,
Pi=50 kW; 2 - 2R =6 mm, P;=40 kW.

Ionization front advanced

The full length of the plasma column depends on the pulse duration, T ,and
ionization front velocity, V%

L=j V,dt
0

The temporal evolution of the discharge along the tube was studied on the
bases of the plasma light emission. A maximum value for the ionization
front velocity as a function of pressure is observed. The corresponding
gas pressure of this maximum value, ¥; ,is different for different gases and
increases with increasing incident microwave power.

The measured velocities were compared with the values calculated
on the basis of three different models. These models describe the ionization
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front propagation dominated by the ponderomotive force action, the
breakdown wave mechanism and the electron diffusion, respectively [4].
The experiments performed in the short wavelength band (4 ~ 8 mm )
confirmed the results described in [4], i.e. that ionization front motion
could be interpreted to be based on the formation of a breakdown wave.

Conclusion

1. The experiments performed demonstrated that E-plane junction is an
efficient launcher for SW at high incident microwave power. At high
pressure (v ~ @) the gas breakdown occurs primarily in the field of the
main waveguide mode. The plasma in the waveguide mode acts as a pre-
ionization for the SW.

2. It is shown that using the E%; mode of a circular waveguide allows to
create SW discharge under much higher frequency than in well known
launchers. For the first time the high-power SW were excited in the 8-mm
wavelength band.

3. A new interpretation of the ionization front advanced of SW produced
discharge is suggested. The mechanism of ionization front motion was
interpreted to be based on the formation of a breakdown wave.

This work was supported by the Russian Fund for Fundamental
Investigations (grant 95-02-05586a).

References

1. Moisan M., Zakrzewski Z., J.Phys.D.: Appl.Phys. 1991, 24, 1025

2. Moisan M, Ferreira CM, et al. Rev. Phys. Appl.,1982, 17, 707

3. Moisan M., Zakrzewski Z., Pantel R. and Leprince P., IEEE Trans. on
Plasma Phys., 1984, 12, 203.

4. Bohle A., Ivanov O,, et al., J. Phys.D.: Appl.Phys., 1996, 29, 369

5. Vinogradov D.V., Denisov G.G., Radiofizika (in Russian) 1990, 33,
726



LUMINESCENCE OF SHORT - LIVED COLOR
CENTERS IN LiF CRYSTALS EXCITED BY
SECONDARY - ELECTRON EMISSION
MICROWAVE DISCHARGE
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1. Introduction

The problem of high-power-microwave transmission through the
dielectrics is one of the urgent problems of the modern microwave physics
and technology.

High power microwave radiation initiates different types of microwave
discharges on a surface of an insulating crystal in vacuum. The discharges
produce the electronic excitations in the near-surface layer of the crystals.
Relaxation of metastable state of the ensemble of nonequilibrium
excitations leads to a microwave breakdown of the crystal and the damage
of the surface [1, 2 ].

This report devotes to the luminescence kinetics of solid-state
excitations induced due to the interaction of pulsed microwave radiation
with lithium fluoride (LiF) crystals in vacuum.

2. Classification of microwave discharges along a surface of a crystal
and experimental layout

It is known three types of electrodeless microwave discharges along a
single surface of an insulating crystal in vacuum:

- secondary - electron emission microwave discharge (SEEMD) [3],

- microwave breakdown (MB) in the form of a contracted discharge on

the surface of the crystal [1],

- plasma-flare microwave discharge (PFMD) [4].
The SEEMD transforms to the PFMD passing through the stage of the
microwave breakdown on the surface of the crystal in vacuum:

SEEMD — microwave breakdown — PFMD.
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The mechanisms of these transformations have a great importance for
the understanding of the exitation and evolution of different types of
microwave discharges. We study these mecanisms experimentaly.

Fig. 1 shows the experimental layout. Cleaved or polished LiF crystals
are positioned through a cutoff section at the electric-field maximum of a
standing TE,, wave of a rectangular waveguide with a cross section of
120 x 57 mm® The waveguide is evacuated by titanium pumps to a
pressure of 10 Pa. A microwave pulse with a length T from 1 to 60 s
and a power P, up to 2 MW is delivered from the magnetron to the
vacuum section along a microwave line. The wavelength of microwave
radiation in the waveguide is A ; =20 cm.

% L
L2,

i)
AN

Fig. 1. Fig. 2.

Fig. 1. Experimental layout. 1 - Waveguide; 2 - incident microwave
radiation; 3 - LiF crystal; 4 - microwave discharge; 5 - multigrid
electrostatic analyzer; 6 - cutoff section with a diameter of 24 mm; 7 -
photomultiplier with optical filters.

Fig. 2. Typical oscillograms of the signals during the microwave
discharges at the surface of a LiF crystal. SEEMD: 1-incident microwave
power; 2-electron current from the discharge region near the threshold for
the onset of the SEEMD (P, = 45 kW, E, = 2.3 kV/cm); 3, 4 - electron
current and light emission from the discharge region when the threshold for
a SEEMD is exceeded considerably (P, =280 kW, E, = 5.7 kV/cm).

The discharge transformations (SEEMD — MB — PFMD): 5, 6 -
Power of the incident and reflected microwave radiation; 7, 8-electron
current and light emission from the discharge region for the transition from
a SEEMD to a PFMD due to a microwave breakdown (Po= 300 kW, E,=
= 5.9 kV/cm). The gain levels for traces 2, 3, and 7 form the rations
260:13:1, respectively.
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3. Secondary - electron emission microwave discharge (SEEMD) [5]

The SEEMD arises when € =¢e’Ey2/2mo*>W . and exists during

the breakdown delay time At < t. Corresponding threshold electric field
Ey 4 is determined from the condition: e (Eou)2/2mo’=W .

€ is the oscillation energy of electron, £, is the electric field amplitude
of microwaves, e and m are the specific charge and mass of an electron,
® (= 1.23 x 10'°s™") is the angular frequency of microwaves, W,.(~ 15
eV for the LiF crystal) is the first critical potential for the surface, T is
the time duration of the microwave pulse, At is the time duration of
SEEMD, E,w, (* 2 kV/cm for the LiF crystal) is the threshold electric
field for the onset of the SEEMD. Electrons of SEEMD have energies on
the order of the oscillation energy. High pulsed electron current densities
reach the value je ~ 1 A /om>. Microwave absorption coefficient (per
unit area of the crystal) in the stage of the SEEMD is low:

n~eEy/moc~ 1072

A few thouthands of SEEMD pulses create an optically dense layer (on
the surface of the LiF crystal) containing induced color centers. The
density of F, F, and F;" centers (stable at room temperature for years) may
reach the value of 10*° cm™, and the thickness of the layer is not larger
than 10~* cm [2, 5].

A high intensity luminescence of the LiF crystals appears in a wide
optical range (380 - 750 nm) during the microwave pulse. This
luminescence is uniform over the crystal surface. In this report we consider
some experimental results on the luminescence decay kinetiks of the LiF
crystals excited by the electrons of SEEMD.

4. Microwave breakdown on the surface of the crystals

Microwave breakdown is initiated by the SEEMD [1]. The breakdown
delay time AT < T obeys the empirical law: (S — S 4 ) x AT = const,
where Sy, is the threshold intensity for the onset of the SEEMD. The
value of the constant is determined by the nature of the crystal: const ~
~ (0.04 - 0.8) Jcm™, const ~ . The breakdown is accompanied by the
absorption of microwave energy up to 100 % with a time scale 8t ~ 0.1ps,
an intense flash of light, and a burst of electron and ion currents from the
discharge region [1, 4].
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When the electrons of the SEEMD bombard the crystal, high density of
electronic excitations (electron-hole pairs, excitons, plasmons) arises in the
surface layer. Decay of the excitations leads to creation of short-lived color
centers with lifetime ~ 1 pus at room temperature. During the breakdown
delay time At an accumulation of these centers takes place.

Recombination of the short-lived centers may lead to the formation of
an electron-hole plasma with a such high carrier density, that a local
electric field intensification arises near inhomogeneities in the plasma
density. The SEEMD electron density in the conduction band of the crystal

required to initiate this process is ne ~ 10" cm™. The concentrations of
stable centers on the order of 10'7 c¢m™ are reached during the one
microwave pulse in our experiments [2]. Accodingly, the concentrations of
short-lived centers must be much more than 10'” cm™. Although the 10"
cm” values are sufficient here, but what is the real value of concentration
of these centers reached under SEEMD during the microwave pulse in our
experiments?

5. Luminescence of short-lived color centers in the LiF crystals

The main purpose of this experiments was to find a luminescence of
short-lived color centers and to estimate their concentration in the surface
layer of the LiF crystal during the secondary—electron emission microwave
discharge (SEEMD). We proposed to mesure this concentration using the
luminescence diagnostics.The luminescence of LiF crystals was detected at
room temperature in the spectral ranges of 375+10 nm, 46310 nm, and
68610 nm using narrow-band optical filters, and in the range 620-750 nm
using wide-band optical filter. We found that the characteristic times of
luminescence growth/decay are about 1-2 ps (Fig.3,4,5). The
luminescence intensity and decay time increase when microwave power
increases. The luminescence intensity in the 686 nm band is more than one
order larger than that in the 375 nm and 463 nm bands. It is shown, that
luminescence decay kinetiks (for the four spectral ranges) is notecably
dependent on the SEEMD-—irradiation dose. In particular, the “fast” glow
components appear in addition to “slow” glow components. The intensity
ratio of the former to the latter reachs the value of 0.2-0.5. The main
result is the observation of high intensity of red-band luminescence of LiF
crystals unduced by SEEMD. Based on the sensitivity of the
photomultiplier and on the measured transparant coefficients of the optical
filters we could estimate the absolute luminescence intensity of short-lived
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color centers in the LiF crystals. The calculations gave the concentrations
of the centers more than the value of 10" ¢cm™ during the microwave
pulse. Such high concentration of short-lived centers is sufficient to
produce (due to the recombination process) the electron density in the
conduction band of the crystal much more than n, ~ 10" cm>. So,
recombination of the centers leads to the formation of an electron-hole
plasma with a such high carrier density, that a local electric field
intensification arises near inhomogeneities in the plasma density.
Absorption of microwave energy in these plasma regions produces
phonons and local heating of the crystal lattice which stimulate the
explosive color center recombination process and plasma production again.
As a result of these processes a plasma channel intergrow in a surface
layer of the crystal and stretchs out along the electric field vector of the
wave. That is why the microwave breakdown on the surface of the crystal
is realized.

6. Summary

So, based on the experimental measurements of color center
luminescence we found the high concentration of the non-stable short-lived
centers in LiF crystals during the SEEMD and consequently experimental
confirmation of the recombination mechanism of microvawe breakdown on
the surface of the LiF crystal in vacuum [1].
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HELICON WAVE PLASMA SOURCE IN A TRUE LARGE
VOLUME TOROIDAL DEVICE
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ABSTRACT

Dense, large volume plasma is produced in a true toroidal device BETA
[1] using radio-frequency (rf) excitation of helicon waves. Experiments are
mainly conducted to study the equilibrium profiles and low frequency
electrostatic fluctuations in a collisionless regime. Radial wave magnetic
field profiles look different than observed elsewhere in cyvlindrical systems.
Existence of coherent peaks at 960 G is observed. Phase information
suggests two different types of low frequency instabilities exist in the bad
as well as in the good curvature region. Percentage of density fluctuations
normalized to their equilibrium value increases in the bad curvature region.

1. INTRODUCTION

The plasma production by radio-frequency (rf) waves using either
inductive or capacitive coupling methods are well known. Boswell [2-53]
developed an efficient radio frequency discharge in the frequency region of
helicon waves, w, {{ w {{ w. for basic and applied plasma experiments.
Shoji [6] has obtained almost the same result with a different antenna from
that used by Boswell. In a theoretical analysis, Chen [7] has suggested that
the rate of energy absorption by wave damping is due to collisional and
Landau damping of the helicon wave. Plasma production by helicon waves
is characterized by various advantages compared with other high frequency
plasma production methods: (a) the phase velocity of the helicon wave is of
the order of the electron thermal velocity or the ionization energy, so high
energy electrons coupled to the fast phase velocity are not needed for
maintaining the discharge as in the plasma production by lower hybrid
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waves, (b) plasma production for various kinds of ion species in the wide
range of magnetic fields is possible with the same frequency, because the
damping of the helicon waves does not depend on ion species and is not
directly connected to the cyclotron frequency as in ICR and ECR.

In a toroidal device BETA, helicon wave is excited to get a large
volume dense plasma by a helical antenna. In the present paper detailed
measurements of the rf produced plasma are reported. Low frequency
electrostatic fluctuations are also observed at different radial locations.

In Sec. 2, we describe the experimental apparatus. Observations are
presented with possible interpretations in Sec. 3. Conclusions are
summarized in Sec. 4.

2. EXPERIMENTAL SETUP & MEASURING TECHNIQUES

Experimental device which has been used to produce large volume rf
plasma is shown in figure 1, consists of a torus with a major radius of 45
cm and minor radius of 15 cm. A pure toroidal magnetic field is produced
by 16 toroidal field coils surrounding the torus. Maximum toroidal
magnetic field of 0.1 T can be produced for 1.0 s. A limiter of diameter 18
cm is used to short-circuit the electric field established due to the curvature
and VB drift. Both the limiter and vessel are grounded.
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Fig. 1: Schematic of experimental apparatus

Argon plasma is produced with a broad band helical antenna which
operates in axial mode ( 0.75 {( ¢/A ( 1.25 ). The antenna consists of two
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copper strips of 2.5 cm wide, 0.3 cm thick with one helical pitch, in order
to excite m = 1 mode, is placed at a radial position of 10 cm ( plasma
radius = 9 cm ). The length of the antenna is chosen to be 25 cm. Since the
antenna length is much smaller than the free space wavelength of the rf
signal, the current pattern is established almost instantaneously. The design
of the antenna is such that the return path of the current is through plasma.
1 kW rf power at 8.0 MHz is supplied from an oscillator-amplifier system.
The power Py is delivered to the plasma via a coaxial cable and is matched
to the antenna with inductors and a variable capacitor. The base pressure is
kept at less than 7 x 10 T and the working pressure is 1 x 10* T, so that
the plasma remains collisionless.

Radial profiles of plasma parameters are measured at 90 cm away in the
toroidal direction from the antenna using Langmuir probe which has a
tungsten tip 1.0 mm in diameter and 3.0 mm long. Center tapped magnetic
probes are used to measure wave magnetic fields at different radial
locations. Magnetic probes consist of single layer solenoidal coils of 4.0
mm in diameter, 10.0 mm in length with 10 windings and are placed at
22.5 degrees away in the toroidal direction from the antenna. Katsumata
probe is used to measure ion temperature. Fluctuating components of the
density and floating potential are simultaneously measured using double
Langmuir probes. The data are analysed using a standard fast Fourier
transform (FFT) technique [8] to obtain frequency, phase, coherence and
power spectrum of the fluctuations. The data are acquired on a dual
channel Lecroy digital oscilloscope which are then processed on a VAX
8810 computer. During experiment rf current fed to the antenna is
monitored with the help of current transformer.

3. RESULTS & DISCUSSION

RF plasma is produced in a torotdal chamber with a confining toroidal
magnetic field Br of 960 Gauss at 1 x 10* Torr. Measurement reveals
almost flat radial density profile with shallow radial gradients which is
shown in figure 2. Figure 3 shows the radial profile of T, which is around
25 eV. much higher compared to other experimental results conducted in
cylindrical devices. At 3.0 cm minor radial position electron temperature
shows a maximum vaiue. It is observed that in a toroidal system the
particles remain confined for a longer time than in a cylindrical system.
The electrons being in the rf field for a longer time, gain energy while
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traversing the torus several times before they are lost to the chamber wall,
hence a rise in temperature is observed. Ion temperature is measured usmg
Katsumata probe which is around 3.5 eV.
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Fig. 2: Radial profile of no. density Fig. 3: Radial profile of Te

The radial profiles of the wave magnetic fields for m = 1 mode at 22.5°
(17.7 cm) away in the toroidal direction from the antenna are plotted in
figure 4. Profiles look different than observed and reported elsewhere for
cylindrical system [9]. Since the wavelength of the excited helicon wave is
comparable to the major radius R, one should consider toroidal effects. The
modes couple thereby modifying the power deposition radially in the
plasma volume.
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Fig. 4: Radial profiles of wave magnetic fields for m = 1 mode
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Investigations of gradient and curvature induced low frequency
instabilities in a toroidal system are of great interest. It is well known that
the simple curved magnetic field has a region of bad curvature as well as
good curvature. The plasma in the bad curvature region is unstable to flute
perturbations which is due to the centrifugal force acting on the particles
that gives rise to Rayleigh-Taylor gravitational instability. The plasma in
the good curvature region is unstable to drift kind of perturbations which is
due to the radial pressure gradient that gives rise to the drift instability.

Fluctuations in density and floating potential are measured
simultaneously at different radial locations. Coherent peaks are observed at
960 Gauss magnetic field. The cross power spectrum exhibits well defined
peaks centered around 1.09 £ 0.4 kHz, 2.68 + 0.3 kHz, 4.07 + 0.7 kHz and
544 * 04 kHz. Phase information reveals the presence of mixed
characteristics of R-T and drift instabilities. One such scenario for 5.44 +
0.4 kHz case is illustrated in figure 5. If fluctuations in density and floating
potential are in phase ( ~ 0° ), instability is of drift kind, where as if thev
out of phase ( ~180°), R-T predominates. The R-T instability is more
prevalent in the bad curvature region (B.C.R) and the drift instability in the
good curvature region (G.C.R). Drift instability is stable in the good
curvature region i.e. radially inner positions if the following condition is
satisfied: - 2/aR ( 1+T; /T.) > 1, where, o is the inverse density scale
length. At -3.5 cm minor radial location o comes out to be -0.1276 cm™ .
Condition for stability is not satisfied for our experimental situation ( T; ~
3 eV and T, ~ 22 eV ). This suggests the existence of drift instability in the
good curvature region. Most of the peaks show the coherence level above
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0.5 except at the center where the spectrum is turbulent. Figure 6 shows the
density and floating potential fluctuations normalized to their equilibrium
value as a function of minor radius. Fluctuation in density increases at the
bad curvature region, where as floating potential fluctuation maximizes
near the plasma center.

4. CONCLUSION

Results of an experimental work on rf produced plasma in a toroidal
device is reported. Unlike in cylindrical system, the plasma density profile.
observed in the radial direction is almost flat. The electron temperature is
higher than in cylindrical devices. Components of the wave magnetic field
have been measured and a strong effect of toroidicity is observed. Low
frequency oscillations are observed in rf produced toroidal plasma. Phase
information reveals different types of instabilities exist in the bad as well as
in the good curvature region. Driving forces for such instabilities are
curvature in the magnetic field and plasma density gradient. Good
coherence levels are reported everywhere except at the plasma center.

We thank Prof. P. K. Kaw for fruitful discussions and encouragement
during the work.
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