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1. INTRODUCTION

The initial breakdown of neutral fill gas is an important issue for stellarators where ion-
ization of the neutral gas prefill is necessary before other auxiliary power can be coupled to
the system. Microwaves with frequencies at the fundamental electron cyclotron resonance
can be used for this purpose because they couple to electrons through linear wave-particle
interactions. In addition, microwave applications at twice the electron cyclotron frequency
typically have a strong enough nonlinear coupling to initiate breakdown with reasonable
agreement between theory and experiment [1,2]. Nonlinear couplings at higher harmonics
are progressively weaker, and the possibilities of using the third harmonic are discussed in
Section 2.

A difficulty can arise when microwave sources are used for plasma production because
it is often too expensive to support the frequency ranges needed to obtain breakdown at
arbitrary static magnetic field values. Thus, devices that rely exclusively on microwave
sources to obtain target plasmas may be limited in their operational range by their mi-
crowave source frequencies. Alternatively, RF sources possessing a broad band of tunable
frequencies are often available in the megahertz frequency range. The use of these types
of power sources to produce target plasmas could add to the operational limits of many
devices.

Waves with frequencies of a few megahertz (well below the frequency for vacuum cavity
modes) have been used to produce plasmas at the Institute of Physics and Technology at
Kharkov (KFTI) for many years [3,4]. The technique and mechanism by which the neutral
gas is broken down in the very early phases of these discharge are presented in Section 3.
A summary and conclusions are presented in Section 4.

2. MICROWAVE PLASMA PRODUCTION

When considering the interaction of microwaves with frequencies equal to a localized
value of the electron gyrofrequency, the linear interaction of particles with waves having
polarization in the same sense as the electron gyration is strong regardless of the electron's
initial energy. Thus, any free electrons can be excited and breakdown can easily occur if
power balance requirements are satisfied.

For waves that are resonant at higher integer multiples of the electron cyclotron fre-
quency, the linear interaction becomes negligibly small for low initial electron energies and
nonlinear wave-particle interactions must be considered. When multiples of the cyclotron
resonance occur in regions of broad magnetic scale lengths, the gyrophase of the electron
can be "locked" by the waves so that energy can be added over many gyroperiods un-
til relativistic or finite gyroradius detuning effects become comparable to the nonlinear
"locking" effect. When the resonance becomes detuned because of the energy change, the
electron energy decreases so that a periodic energy excursion occurs [l]. The change in
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' P = {v±/c)2, Aft, that produces a phase slippage comparable to the phase "locking" effect
for a precisely tuned resonance is given roughly by

^ (1)

and the approximate frequency of the energy excursion is

u T i * e ^ - " (2)

where I is the harmonic number, e = (2e|2?_|)/(meu;) is a very small parameter typically
of order a few xlO~s, e is the electron charge, \E~\ is the right-hand circular component
of the microwave field, rn is the electron rest mass, c is the speed of light in vacuum, u>
is the microwave frequency, and p, is roughly the average value of /x. Efficient ionization
of the surrounding neutral gas can then occur if mc2Afi is greater than or of the order of
the ionization potential, Ip, and i/?f is greater than or of the order of the electron-neutral
collision frequency, ven.

Note that for £ = 2 (second harmonic) the change in fi giving rise to the phase slippage
depends only on the microwave field strength and frequency, so that a strong nonlinear
coupling occurs even if the initial electron energy is very low (~ 1 eV). The resulting
energy excursions for £ = 2 can then take place with frequencies of the order of megahertz
and amplitudes of the order of several times Ip for typical parameters found in present
experiments. The marginal requirements for plasma production at the second harmonic
(£ = 2) can then be summarized by [2]:

\E.\>3fIp V/m

and

s-a (3)

where / is t.he microwave frequency in GHz, Ip is in eV, and \E-\ is in V/m.
For the case of a third harmonic interaction (£ = 3), Eqs (1) and (2) show that the A/x

required for significant phase slippage is smaller by a factor of order v/c such that only a
very small nonlinear coupling can occur over a very long time scale for electrons with low
initial energies. Thus, one would expect that the enhancement in the electric field strength
required to achieve a nonlinear interaction comparable to that at the second harmonic is
of the order of several hundred for 1 eV electrons. Such an enhancement could be obtained
only by providing extremely high microwave power levels, greatly increasing the cavity Q,
or strongly focusing the microwaves directly on the resonance region. Alternatively, some
linear microwave coupling for £ = 3 might occur with tenuous, very hot (~ keV) electrons
produced by some other source.

3. LOW FREQUENCY PLASMA PRODUCTION

The method by which plasmas are produced using low frequency RF sources (~ MHz)
in the Uragan-3 device at KFTI is illustrated in Fig. 1. Figure 1 shows that the process
occurs in two stages, a "preionization" phase where there is no wave propagation as shown
by RF pickup loops located roughly half way around the torus, and a "build-up" phase
(t > At) where waves propagate and heat the plasma by various damping mechanisms
[3,4]. The antennas used are frame-type antennas that are contoured to fit around the last
closed flux surface of the stellarator plasma with the longest elements separated poloidally
by roughly one-third cf the plasma poloidal extent and having a length of roughly 70 cm
along the static magnetic field. These longest current elements are at an angle to the
toroidal magnetic axis.



A window in the applied RF antenna voltage (current) is observed experimentally
such that if the RF current is either too low or too high the ''preionization" phase is never
completed. The low-current limit is expected on the basis of the electron oscillation energy
requirements to cause ionization driven by RF electric fields parallel to the static magnetic
field. The high-current limit is not intuitively expected, but can be understood in terms of
the ponderomotive trapping effect by the RF near fields. By looking at the RF near-field
patterns from a rectangular loop of RF current, it is found that the electric field along a
field line can be approximated by

|S.I*-*i;M<A (4)

giving rise to Mathieu's equation for the parallel electron motion:

d2z
dr2 (5)

where £ = eEo/(2mXoj2) and only the largest slowly varying and oscillatory terms have
been retained. The concept of a ponderomotive force on the electrons (first term in paren-
theses in Eq. (5)) remains valid so long as the solutions to Eq. (5) remain stable for
many RF periods. The condition for the existence of stable solutions to Eq. (5) is that
£ < (v3 — l)/4) % 0.183 [5]. Electrons will remain confined in the exciting region and
produce more electrons in the region if their oscillation energy is sufficient to ionize neutral
atoms and if the electron is not expelled from the exciting region on the RF period time
scale. Note that if an electron is expelled because its orbit is unstable, it may produce
more electrons in the region away from the antenna, but these electrons will be born in a
region of low excitation and will be repelled from the exciting region by the ponderomotive
force; thus, the efficiency of the "preionization" phase is greatly reduced if the electron
orbits are unstable in the RF near field region.

The criterion for efficient "preionization" by low frequency waves can be summarized
in terms of the dimensionless parameters, a = \eEo\\/Ip, and /? = m\2u>2/Ip, by

In Fig. 2 the regions satisfying Eq. (6) in front of a planar loop antenna are shown super-
imposed over the confining flux surface regions of the Uragan 3 device for several different
RF currents for a frequency of 5.4 MHz, an angle of 16° to the static magnetic field, and
with the length of the loop along the static field equal to 70 cm. Although effects caused by
the helical geometry art: not included in the calculation, the movement of the breakdown
region with antenna current strongly indicates that the experimental preionization phase
in Uragan 3 was governed by the existence of a "ponderomotive" potential electron trap in
the antenna region. In fact, the window in RF current for this calculation is in very good
quantitative agreement with the experimental measurements.

4. CONCLUSIONS

The efficient breakdown of a neutral gas using microwaves with frequencies that are
resonant at the electron gyrofrequency can be understood from power balance considera-
tions alone because of strong linear wave-particle interactions. For microwave frequencies
that are resonant at twice the electron gyrofrequency, a strong nonlinear interaction can
take place with cold electrons if the resonance is located near a region of broad static
magnetic field scale length, and breakdown requirements for this process can be identified



in terms of the frequency and electric field strength. Microwaves that are resonant at three
times, the electron gyrofrequency have an extremely weak nonlinear interaction with cold
electrons such that a very strong focusing on resonance, or extremely high power levels,
or extremely high cavity Q would be required to initiate an unassisted breakdown of the
neutral gas.

Qualitative and reasonably close quantitative agreement is found between the experi-
mental results for Uragan-3 showing a window in the applied RF current and the analytic
breakdown criterion given by Eq. (6) and illustrated in Fig. 2. This agreement strongly
suggests that the successful "preionization" of a neutral gas requires the existence of a
"ponderomotive trap" along with an RF electric field parallel to the static magnetic field.
However, if the RF electric field parallel to B is too strong, the concept of a "ponderomo-
tive force" becomes meaningless because the electron orbits become unstable and electrons
are expelled from the exciting region along a field line in a time scale on the order of an
RF period. When the "ponderomotive force" does provide a trapping effect in front of the
frame antenna, the oscillation energy of the trapped electrons can ionize the surrounding
neutral gas and build up to a density that begins to support plasma waves. The linear and
nonlinear damping of these waves can then heat the plasma [3,4] so that the "build-up"
phase of the production process can continue, resulting in good target plasmas for nuclear
fusion experiments.
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