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The non-resonant microwave discharge in strong magnetic fields was investigated in Heliotron J under the
condition, wc/omw>1 (e and wpmy are the angular electron cyclotron frequency and the angular microwave
frequency, respectively). Following the production of a non-resonant microwave discharge plasma, it undergoes
several phases in sequence: breakdown and formation of pre-ionized plasma, increase in linear and nonlinear phases
of plasma density, and quasi-stationary stage. Several modes of non-resonant microwave discharge were
investigated. In the power-scanning mode in non-resonant microwave discharge, a higher plasma density than that in
the constant-power mode is achieved. The maximum average density achieved in the experiments is substantially
greater than the critical density for O-wave (ordinary waves) 7.45-10"® m™ and can reach the value of 2.5-10%* m?,

PACS: 52.50.Sw; 52.55.Hc
INTRODUCTION

Microwave discharges (MD) are widely used in
physics research and applied plasma technologies [1-3].
They can be realized both in a magnetic field and
without a magnetic field. Microwave discharges in a
magnetic field at frequencies wmw multiple of the
electron cyclotron frequency m¢e (@Opmw = N, N NUMber
harmonic) — electron  cyclotron  resonance (ECR)
discharges — are common in controlled thermonuclear
fusion research [4, 5]. In this research, ECR discharges
are used to form and heat the high-temperature plasma.
MD can also be used to form a plasma in strong
magnetic fields under the condition, ®¢/opmw > 1 [6, 7].
In this case, the achieved plasma density is higher than
the critical density, N.. Such non-resonant MD has been
used to form a pre-ionized plasma for subsequent
neutral beam injection (NBI) on Heliotron J [8-11]. In
these experiments, a microwave generator was used at a
frequency of 2.45 GHz and the ratio wc/opmw Was
approximately 9.3...13.95. The density of the generated
plasma was higher than the critical density. For the
realization of non-resonant MD in a wide range of
values of a magnetic field, the frequency of the
generator needs to be changed (replacement of the
generator). This is a significant advantage over the ECR
method of creating pre-ionized plasma. For ECR
discharges, an EC zone in the confinement volume is
necessary. This condition is difficult to fulfill without
changing the frequency (replacing the generator), in
case of a significant change in the magnetic field value
in the experiment. Furthermore, the advantage of non-
resonant MD is the feasibility of using commercially
available microwave generators at a low-power
frequency of 2.45 GHz. Pre-ionized plasmas generated

by non-resonant MD can be used not only to initiate
NBI but also to initiate radio-frequency (RF) discharges,
including the ion-cyclotron frequency range. Thus, it
was reported that pre-ionization leads to a decrease in
RF breakdown time and increases stability. To date, no
comprehensive discussion of non-resonant MD has been
presented [12].

In this study, the initial stage of non-resonant MD in
Heliotron J was investigated. The study of the initial
stage of non-resonant MD is an important step toward
understanding the physical processes in the discharge. It
is also an important step to further optimize the
conditions for the development of plasma pre-
conditioning for start-up NBI.

1. EXPERIMENTAL SETUP

This experiment was conducted in a medium-sized
helical-axis heliotron device, Heliotron J with the major
radius R, of 1.2 m, plasma minor radius <ay,> of
0.1..0.2 m and the magnetic field strength at the
magnetic axis By < 1.5 T. The plasma volume is 0.68 m®
in the standard configuration of Heliotron J [8-11]. To
realize a non-resonant microwave discharge on
Heliotron J, a generator was used at 2.45 GHz with an
output power of up to 20 kW. Microwave power was
injected from a rectangular waveguide into a Heliotron J
vacuum chamber. The polarization of the microwaves
was close to the O-mode.

The linear-averaged electron density was measured
using a Mach—Zehnder-type microwave interferometer
(130 GHz) based on heterodyne detection [13]. The
intensity of the impurity line emission of CIlII
(464.7 nm) and OV (278.1 nm) was measured with two
sets of 25-cm monochromators (NIKON: P250)
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equipped with a photomultiplier tube. A radiometer
system in a frequency range of 58...74 GHz was used to
measure the radiation intensity from non-thermal
electrons. Gas fueling was controlled using the pre-
programmed  piezo-electric  valve system. The
experimental data were acquired and stored by the data
acquisition system of Heliotron J.

2. OVERVIEW OF EXPERIMENTS

Non-resonant microwave discharge studies have been
conducted for the magnetic field strength of Bo=1.26 T
along the magnetic axis. The magnetic configuration
modified STD (close to STD). In this case, the condition
oe/omw> 1 is fulfilled in the entire volume of the
vacuum chamber. The volume of the vacuum chamber
was continuously filled with working gas D,. The
pressure was 5-10° Pa. In certain experiments, D, was
additionally puffing. The duration of injection and the
gas flow were adjusted according to the experimental
conditions. The microwave power was between 2 and
15 kW. The experimental condition was as follows: The
microwave generator was started at -250 ms (Fig. 1).
The microwave power was increased to the maximum
value for a time of approximately 100 ms (time moment
T, ~-150 ms, see Fig. 1). The onset of the injection of
fast neutral atoms occurred at approximately 170 ms.
The second scenario was similar to the first, except that
at time moment T, ~ 17.6 ms (see Fig. 1), the power
injected into the chamber was increased. Accordingly,
the power scanning mode was implemented.

3. RESULTS AND DISCUSSION

3.1. START-UP OF NON-RESONANT
MICROWAVE DISCHARGES

After non-resonant MD plasma is produced, it
undergoes several phases in sequence. The first stage is
the breakdown and production of a pre-ionized plasma.
The basic breakdown mechanisms can be assumed to
remain the same as MD without any magnetic field [14].
The electron avalanche develops independently in each
location within the confinement volume, and emission
processes from the walls do not play any role. The main
difference from MD without a magnetic field, in this
case, is the presence of a strong magnetic field and
closed flux surfaces. This reduces losses of charged
particles due to diffusion, and accordingly breakdown
can be realized at extremely low pressures. However,
the breakdown in non-resonant MD has not been
sufficiently studied.

After the breakdown, the plasma density begins to
increase. Two stages are experimentally observed. As
can be seen from Fig. 2, both in the case without
additional gas puffing and with additional gas puffing,
there is a linear and non-linear increase in plasma
density. Accordingly, the second stage is an increase in
the linear phase of plasma density. A possible main
mechanism of plasma formation is the ionization of gas
by high-speed electrons that are present in non-resonant
MD [9]. Linear density increase continues until time t;
(see Fig. 2). A further extrapolation of the linear phase

density (see red dashed line in Fig. 2) in time shows the
contribution to the total density change owing to only
the main linear phase ionization mechanisms.

Starting from time t;, the third stage begins, that is,
the phase of nonlinear increase in plasma density that is
characterized by a significant change in the value of
dN¢/dt and non-linear increase in plasma density (see
Fig. 2). These changes are associated with a change in
the basic mechanism of plasma formation.
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Fig. 2. Time evolution of electron density N, and dN./dt.
No additional gas puffing (a);
additional gas puffing (b), (Ppmw(max) = 5 kW)

Fig. 3,a shows the density reached at time t; for
different non-resonant MD snatches. Time t; was
determined from the initiation of the increase in dN./dt
and graphically from the start of extrapolation of the
density of the linear phase (see Fig. 2). The analysis
shows that at time t;, an average density close to critical
density N. or greater than N, by a factor of
approximately 2 is reached. For ordinary waves (O-
wave), upon propagation across the plasma column
(perpendicular to the magnetic field), the critical density
is determined from the condition of equality oy of the
plasma frequency and oy Of the microwave frequency
®pe = Omw, respectively [5, 15]:

N, = ((DM\/\/2X mexgo)/eoz, 1)

where m, is the electron mass in kg; eq is the charge of
an electron in C; gy is the electrical constant; wpw iS the
angular frequency of the electromagnetic wave,
oww = 2nfuw. Accordingly, for a frequency of
faw = 2.45 GHz, N, = 7.45-10" m™ (equation 1). When
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the density approaches N, the refractive index O-wave
tends to 0, and the absorption index increases [5, 14].
This leads to an increase in the absorbed microwave
power in the plasma. Accordingly, the plasma electrons
are heated. This is one possible mechanism for heating
electrons.
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Fig. 3. Dependence of density on the time of t; start (a)
and t, end (b) of the nonlinear phase.
t=t,+ 250 ms (a), t =t, + 250 ms (b).
1 — additional gas puffing, 2 — No additional gas puffing

The main mechanism of plasma formation is the
ionization of gas by bulk plasma electrons. At a
concentration of electrons greater than the critical value,
Ne > N, the wave does not propagate in plasma. In this
case, the characteristic depth of field penetration into
the plasma is equal to & skin depth [16]. If thickness | of
the plasma layer significantly exceeds this dimension
[>>5, the electromagnetic wave cannot penetrate
through the layer and is reflected from its boundary
[16]. The estimate shows that for frequency fyw=
2.45 GHz (vacuum wavelength Xy =12.2cm), d~=
12.2 cm at density Ne = N, = 7.45:10" m™ and 5~
1.5 cm at density N, = 2-:10"" m. Accordingly, for the
reflection of electromagnetic waves, the thickness layer
with a density equal to or more than N, should be
sufficiently significantly large.

Note that the interferometer measures the average
value of plasma density along the length. In the case of
a uniform density profile, the maximum density value
Ne(max) is Ne(max) = average N.. A uniform density
profile is rarely observed in the experiments. For other
density profiles, N¢(max) >average N.. Reflection,

transmission, and absorption of microwave power for
different plasma density profiles have been considered
[17]. Therefore, if the condition | >> & (N > N.) is not
satisfied, the electromagnetic wave is partially reflected
and transmitted through the plasma, and the microwave
power is absorbed in the plasma column. If the
condition 1>>8 (N.>N;) is satisfied, the
electromagnetic wave is reflected from the plasma layer
with Ne > N, and the microwave power is absorbed in
layers with lower density. Apparently, both the cases
considered can characterize the time moment t;.
Electromagnetic waves emitted by a rectangular
waveguide can propagate not only directly
perpendicular to the plasma and magnetic field lines,
but also at an angle to the plasma and magnetic field. At
an oblique incident O-wave on the plasma layer, the
critical density N, , is determined from the relation
[16]:
N.., = N, x cos?y, )

where v is the angle between the wave vector and the
normal to the plasma layer (angle of incidence). As can
be seen from equation 2, the critical density is lower for
an oblique incident O-wave plasma layer than for a
perpendicular incident plasma layer. In the case of an
electromagnetic wave propagating parallel to the
magnetic field, the critical density for a left-hand
circularly polarized wave will be determined from the
relation [5]:

(Dpe:mMW(:I-"'(Dce/(DMW)1/2 ) (3)

where ®p. is the plasma frequency, w. electron
cyclotron frequency. Accordingly, in this case the value
of N.- = 1.15:10" m™ (equation 3) is greater than the
value of N, for O-wave. If we>oww right-hand
circularly polarized waves can also propagate and is
called whistlers modes. It is noted for cases N, > N, that
the low absorption causes multiple reflections of the
microwave in the vessel. It leads to multipass absorption
and a microwave propagation and polarization mixture.
In cases N.>N. multiple reflections and polarization
changes are also possible. All of these mechanisms can
also lead to absorption and heating of electrons.

The value of time t; is less for the scenario with
additional gas puffing than that in the scenario without
gas puffing. The plasma density achieved is higher in
the scenario with additional gas puffing. With additional
pulsed gas puffing, the gas pressure and the
corresponding number of neutral molecules (atoms)
increase. This leads to an increase in the probability of
collision of electrons with the molecule (atoms) and
ionization. In this case, the time of reaching the plasma
density of the order of N, decreases, and the achieved
plasma density increases.

The fourth stage begins after time t,. At this stage,
the quasi-stationary stage, the density does not change
substantially. Fig. 3,b shows the density reached at time
t, for different non-resonant MD scenarios. The
achievable average density is substantially greater than
Nc. Accordingly, the size of the layer with N> N,
becomes significant. Microwave power is reflected from
the peripheral plasma layers and does not propagate into
the plasma volume. The plasma density is determine
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from the balance between the formation of charged
particles and their losses.

3.2. NON-RESONANT MICROWAVE
DISCHARGES

Previously, non-resonant MD was investigated on
Heliotron J [8-11] only in plasma production regimes at
Puw=const. Therefore, the two modes with
Puww=const and microwave power scanning were
compared. Fig. 4 shows the dependence of the electron
cyclotron emission (ECE) intensity, CIlI spectral line
emission, and average density on time. Regarding the
dependence of average plasma density on time, two
main regions can be conventionally distinguished. The
first region shows an increase in plasma density up to a
certain value that is approximately 20% lower than the
maximum density achieved in the shot. The second is
the quasi-stationary region. The plasma density changes
insignificantly in this area. The maximum intensity of
ECE radiation and spectral line ClIl is observed in the
quasi-stationary region of average plasma density. A
similar situation is observed in the case without
additional working gas puffing. In the case of an
increase in the microwave power at time T,, e.g., from
5to 10 kW (see Fig. 4, shot Ne 78147), the plasma
density increases. The density increase to the maximum
value occurs rather smoothly within approximately
130 ms. Thus, the maximal plasma density reached in
this case is higher than that at Py = const (see Fig. 4,
shot Ne 78148).

The maximum average plasma density achievable in
a non-resonant microwave discharge increases with
increasing microwave power, as can be seen in Fig. 5.
This dependence has been previously observed [7, 9].
When using additional gas puffing with increasing
injected power, the maximum value of plasma density
increases more significantly than in the case without
additional gas. In the case of the mode with power
scanning, the maximum density reached in the
experiment is slightly higher than that at Py, = const.

In the case of the power-scanning regime, the
density increase is delayed with respect to the
timemoment T, of the microwave power increase (see
Fig. 4, shot Ne 78147). Therefore, to optimize the
conditions for producing the maximum plasma density
in the power scanning regime, experiments were
conducted with changes in the modes of additional gas
injection. Fig. 6 shows the intensity lgce and spectral
line CIII, average electron density N, for different
scenarios of additional gas puffing. An increase in the
gas by 50 ms leads to an increase in the plasma density
(see Fig. 6,a,d, shot Ne 78149). Simultaneously, the
beginning of plasma density increase occurs with a
small delay of approximately 20 ms relative to the start
of the gas puffing increase. Comparison of shots
Ne 78147 and 78149 after time T, when Pyw(max) =
10 kW shows that increasing the gas puffing (pressure
increase) can change the maximum achievable density
in non-resonant MD.

In shot Ne 78150 (see Fig. 6), the start time of gas
increase has been shifted to the region when
Puw(max) =5 kW. Consequently, the plasma density up

to time T, practically did not change. The intensity of
the CIII line decreased to almost zero after the onset of
an increase in gas puffing. This is due to a decrease in
the electron temperature of the plasma. After an increase
in power Pyw(max) up to 10 kW over time T,, a rapid
increase in plasma density and CIII line intensity is
observed. Accordingly, by changing the additional gas
puffing and microwave power, a higher plasma density
is feasible.
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Fig. 4. Time evolution of additional gas puffing GP (a),
radiometer intensity Igce (b), intensity spectral line
CllI (c), and average electron density N, (d);
(shots: #78146 Pyw(max) = 5 kW, #78148
Puw(max) = 10 kW, #78147 Pyw(max) = 5...10 kW).
T, — the point in time when the maximum microwave
power is reached, T, — the time moment of increasing

microwave power (only for shot #78147)
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Fig. 5. Maximum average electron density as a function
of microwave power (time = 165 ms). 1 — additional gas
puffing; Pyw(max) = const; 2 — Me additional gas
puffing, Puw(max) = const; 3 — additional gas puffing,
scanning power Pyw(max) = 5...10 kW;
4 — Me additional gas puffing, Pyw(max) = 5...10 kW
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Fig. 6. Time evolution of additional gas puffing GP (a),
radiometer intensity Iece (b), intensity spectral line
CllI (c), and average electron density N, (d).
(Additional gas puffing, Pyw(max)=5...10 kW).

T, —the point in time when the maximum microwave
power is reached, T, — the time moment of increasing
microwave power

0,30

3

= 0 2
£
2 0,154
o
-
iz 0,10

0,054

0,00

Fig. 7. Maximum average electron density
(time = 165 ms). Additional gas puffing:
1 - Pyw(max) = 10 kW (shot Ne 78148);

2 — Pyw(max) = 5...10 kW (shot Ne 78147);

3 — Pyw(max) = 5...10 kW (shot Ne 78149);

4 — Pyw(max) = 5...10 kW (shot Ne 78150)

Fig. 7 summarizes the results obtained for different
scenarios of microwave power input and additional gas
injection. In Scenario Ne 3, the maximum plasma
density is attained with the same value for all scenarios
with a puffing microwave power of 10 kW.

As shown through the experiments in Heliotron J
[9], WEGA [18], and TJ-K [19], several groups of
electrons with different energies are observed in the
non-resonant MD plasma. In the first case, bulk plasma

electrons with temperatures ranging from a few tens to
hundreds of electron volts. The second group of high-
speed electrons exhibit energies up to several
megaelectronvolt. The exsistence of high-speed
electrons is confirmed by x-ray, radiometer intensity,
and y-ray emission measurements [9]. High radiometer
intensity is also observed in these experiments (see Figs.
2 and 4). The presence of the observed radiometer
signal is explained by synchrotron radiation emitted by
high-speed relativistic electrons. Mechanisms of high-
speed electron formation are discussed [9, 18-20]. A
possible mechanism for the formation of high-speed
electrons may be the acceleration of electrons in
stochastic electric fields [18, 20]. Note that in the
presence of fluxes of high-speed electrons in the
plasma, the development of instabilities in plasma is
possible [21]. As a result of the interaction of the plasma
beam, additional heating of plasma bulk electrons is
possible [22]. Regardless of the mechanism of electron
heating, the maximum plasma density is determined by
the balance of charged particle generation and their
losses.

Depending on the experimental conditions and the
scenario for the non-resonant MD, two cases can be
conventionally distinguished. In the first case, non-
resonant MD achieves a maximum density below the
critical density N, < N.. In the second case, the plasma
density is higher than the critical density N, >N. As can
be observed from Figs. 5 and 7, the experimentally
achieved maximum plasma density is higher than N..

Thus, it is possible to achieve a higher plasma
density in the non-resonant MD regime with power
scanning than in the constant-power regime. However,
optimization of this mode is still required. Furthermore,
an additional lever to control plasma parameters in the
discharge is preferred in the additional gas puffing
scenario.

CONCLUSIONS

Investigations ~ of  non-resonant ~ microwave
discharges showed that several stages can be
differentiated in the discharge: breakdown and
formation of pre-ionized plasma, linear and nonlinear
phases of plasma density increase, and quasi-stationary
stage. The maximum average density achieved in the
experiments is substantially greater than N¢=
7.45:10" m™ and can reach the value of 2.5:10"® m*. In
the power-scanning mode in non-resonant microwave
discharges, it is possible to achieve a higher plasma
density than in the constant-power mode. By preferring
additional gas injection and microwave power,
achieving higher plasma densities is feasible.
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IHIINIFOBAHHSI HEPESOHAHCHOT' O MIKPOXBHWJIBOBOI'O PO3PAAY B I'EJIIOTPOHI J

I0.B. Kosmyn, K. Nagasaki, S. Kobayashi, T. Minami, S. Kado, S. Ohshima, Y. Nakamura, A. Ishizawa,
S. Konoshima, T. Mizuuchi, H. Okada, H. Laqua, T. Stange

JlociipkeHO Hepe30HAHCHUH MIKPOXBHIIBOBUI PO3PS] Y CHIIBHUX MarHiTHHX IOJISIX, KOJIM BUKOHYETHCSI YMOBa
®Oce/Opmw > 1 (g T WMy KYTOBA SICKTPOHHA IIMKJIOTPOHHA YaCTOTa Ta KyTOBA MIKPOXBHJILOBA YaCTOTA BiMIOBITHO).
IMpu ¢dopmyBaHHI IJIa3MH HEPE30HAHCHOTO MIKPOXBHIILOBOTO PO3PSIY MOCIIIOBHO IPOXOMAATH JeKiibka (a3:
mpoOiii 1 yYTBOpEHHs TONMEpEeAHbOi IUTa3MH, JiHIHHA 1 HemiHiiiHa Qa3u 30UIbIMIEHHS TYCTHHH IIJ1a3MH,
KBazicrarioHapHa ctanisi. JlocmimkeHo NeKiTbKa PeKUMIB HEPE30HAHCHOTO MIKPOXBIIJIBOBOTO PO3PSITy. Y peXHuMi
CKaHyBaHHs TIOTYXKHOCTI B HEPE30HAHCHOMY MIKPOXBHJIBOBOMY PO3PsiAl MOXKHA OCATTH O1JIBIIOT I'YCTHHHU IIJIa3MH,
HDK y PeXuMi IOCTIHHOI MOTY)XHOCTI. MakcuMmallbHa CepefHsl TYCTHHA, JOCSTHYTa B EKCIEPUMEHTaX, iCTOTHO
nepeBlguyg: KPUTHUHY TycTHHY amsi O-xBumi (3Buuaiinoi xemmi) 7,45-10"° M™ i Moxe mocsratn 3HadueHHs
2,510 m™.
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