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Abstract. Electron cyclotron resonance (ECR) plasma is produced and studied in a
small cylindrical system. Microwave power is delivered by a CW magnetron at 2.45 GHz
in TE10 mode and launched radially to have extraordinary (X) wave in plasma. The axial
magnetic field required for ECR in the system is such that the first two ECR surfaces
(B = 875.0 G and B = 437.5 G) reside in the system. ECR plasma is produced with

hydrogen with typical plasma density n. as 3.2 x 10'° cm™® and plasma temperature T,
between 9 and 15 eV. Various cut-off and resonance positions are identified in the plasma
system. ECR heating (ECRH) of the plasma is observed experimentally. This heating is
because of the mode conversion of X-wave to electron Bernstein wave (EBW) at the upper
hybrid resonance (UHR) layer. The power mode conversion efficiency is estimated to be
0.85 for this system. The experimental results are presented in this paper.
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1. Introduction

The interaction of electromagnetic (EM) wave with the plasma is studied for the
last few decades. These studies also include ECR-produced plasmas for its broad
range of applications including plasma production [1] and plasma heating [2]. This
plasma heating by EM waves (in microwave range) is done in fusion machines such
as tokamaks [3] and stellarators [4] or in mirror machines [5]. The ECR condition
has also found application in electron cyclotron current drive (ECCD) in fusion
machines by ECR-induced transport [6].

Although ECRH, as an auxiliary heating scheme is used in the fusion experiments
all over the world, many basic phenomena and physical processes in ECR~produced
plasmas are still not well-investigated. To study these ECR-produced plasmas
and related physical processess, experimental set-ups in the form of small toroidal
systems are designed to carry out basic experiments [1,7,8]. As the effect of system
geometry is generally not of much significance in ECR because of higher frequencies
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(few GHz) of microwave sources, a small linear ECR plasma system can also serve
the purpose [9-11]. Localized shell-like hot electron layers in ECR-driven plasmas
are studied in small linear systems [12]. High pressure, partially ionized plasma is
produced using ECR for surface treatment [13]. ECR plasma can also be studied
with better magnetic confinement in linear mirror machines using standard 2.45
GHz frequency source [14].

In this paper we report the small linear system designed to perform basic exper-
iments. ECR plasma is produced with hydrogen in the plasma system. Various
cut-offs and resonances which reside in the system are identified. Plasma heating
because of the generation of highly energetic electrons at the two ECR layers is ob-
served experimentally. This plasma heating is verified by various other direct and
indirect methods. Ultra-soft x-ray emission is also observed from the ECR-produced
plasma which confirms the plasma heating. These experimental observations are
discussed in the paper.

The paper is organized as follows: In §2, the theoretical aspects of X-mode
propagation and absorption in ECR plasma, to identify various physical processes
involved, are discussed. Section 3 is dedicated to the experimental set-up and the
main diagnostics. Section 4 contains the presentation and interpretation of the main
experimental results. Section 5 contains the discussion and the final conclusion.

2. Theoretical aspects
2.1 Resonances and cut-offs in X-mode propagation

In the EM wave propagation in X-mode, the wave electric field E is perpendicular
to the ambient magnetic field By, (E L By) as well as the wave vector k, (E L k).
The dispersion relation for the X-wave [15,16] is

21.2 2 2 2,2
ck* ¢ L Yhe W T Whe (1)
w2 w2 w? w2 —w?

) uh

Here c is the velocity of light in vacuum, w is the launched wave angular frequency
and wyy is the UHR frequency given by

C‘)121h = wf)e + wgev (2)

where wpe = (nee2 / meeo)l/ 2 is the angular electron plasma frequency and wee =
eBy/m, is the angular electron cyclotron frequency, n, is the electron plasma den-
sity, e is the electron charge, m, is the electron mass and ¢q is the permittivity of
free space.

The X-wave dispersion [17] as v2/c? with w is shown in figure 1. The wave is
propagating from the right to the left side in the figure. The resonance occurs when
k — o0o. In eq. (1), k — 0o occurs at w = wyy. The UHR layer lies in between the
first ECR surface By and tlle second ECR surface Bs.

The cut-off occurs when k — 0. This condition for this X-wave in the plasma is
satisfied when in eq. (1)
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Figure 1. The dispersion curve for X-mode. The wave does not propagate
in the shaded region.
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The equation is simplified to have
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This equation gives two cut-offs as
_ L + /(w2 + 4w2,)*
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Here, wy, is the left-hand X-mode cut-off on the left side and wg is the right-hand
X-mode cut-off on the right side of the UHR layer as shown in figure 1.

The incident X-wave will be reflected at the cut-off and give rise to a standing
wave in the waveguide as well as a wave-field trapped between the cut-off surface
and the outer wall. The launched microwave power will tunnel through the cut-
off surface in the form of ordinary O-mode wave which is generated due to the
reflection of X-mode from the wall. This O-mode wave is converted back to the
X-mode by reflection from the inner wall, and this reflected wave reaches the UHR
and gets absorbed there.

2.2 Absorption of the X-mode in ECR plasma

The launched X-mode in ECR plasma is absorbed through the mode conversion
of EM wave (X-wave) into electrostatic (ES) wave (EBW). This mode conversion
from EM wave to EBW (X-B process) takes place for n| ~ 0 with mode conver-
sion efficiency C depending on the electron density scale length (L) in the mode
conversion region at UHR layer.
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The X-mode tunneling through the evanescent region between the cut-off and
the UHR is taken from the cold plasma theory [18,19]. The power mode conversion
coefficient C' is given as

C = Cppax €OS> (% + 9) ,
Cmax = 4677”](1 - eiﬂpn)a (6)

where cos?(¢/2 + ) is the phase factor of the wave in the mode conversion region,
7 is the Budden parameter and ¢ is the phase difference between the slow X-
mode propagating towards the left cut-off and the reflected component propagating
towards the UHR layer. 6 is given by

0= arg T <2“7> (1)

The Budden parameter 7 is given as

ITal-1
a?+ (Ly/Le)V1+a?

a=[22] ®

L, is the density scale length and Ly is the magnetic field scale length evaluated
at the UHR layer. For Ly > Ly, eq. (8) reduces to

L,
N~ YeeZn [V1+a2—1]2 (9)

ac

_ Weeln «
T e a1 2L In)

In the following experiment, microwaves of angular frequency w = 27 f = 1.54x101°
rad/s are launched into the plasma perpendicular to By.

2.3 Electron energy distribution function (EEDF)

Langmuir probe diagnostics [20] is a common method for measuring different plasma
parameters. As an indirect method, the notion of obtaining EEDF from Langmuir
probe characteristics is given by Druyvesteyn [21]. Later on this method was used
to measure the EEDF in low pressure RF discharges [22] and for determining EEDF
in plasmas excited by ECR. [23].

In Langmuir probe characteristics, the probe current, I (for V,, > V) is given
by [20]

Lot = Sneen/Te/2mme exp {M] . (10)

Here Vg is the bias voltage on probe, V}, is the plasma potential, S is the charge
collecting area of the probe, T, is the plasma temperature and m, is the mass of
the electron.
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Differentiating eq. (10) with respect to Vg, we get

2 _ _
Ol _ e Sne ox e(V, — Vi) . (1)
oVe V2mm T, T,

For non-drifting Maxwellian plasmas this derivative is proportional to the electron
distribution function f. which is given as

aIsat _ efz(vz>
e~ 1 <7 (12)

Equation (11) is simplified by defining f(V') as

M —e(V, — V4
1) = i oxp |~ TR
M = neme. (13)
The EEDF is then given by
f(v)= e (14)
and V is given by
V=V-V. (15)

Here V, is the plasma potential and Vg is the bias voltage on the probe.

2.4 Wave electric field measurements

2.4.1 Wave-field of the incident wave: The electric field Fy of the incident EM wave
in the waveguide [24] is given by

1/2
wioP } : (16)

Bgab
where a is the broader and b is the shorter dimension of the waveguide, P is the

launched power and w = 27 f is the angular frequency of the incident EM wave.
For wave frequency f, 3, is the phase constant given by

em ()L )

c a?

Fo=2|

Here, ¢ is the velocity of light in free space. For WR340 waveguide used in this
experiment having a = 86 mm, b = 43 mm, f = 2.45 x 10° Hz, 3, comes out to be
132.77 and eq. (16) then becomes

Eoy = 224VP V/m. (18)

Here P is in Watt.
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2.4.2 Wave-field of the outcoming wave: As the EM wave launched in the plasma
is in X-mode, initially N = 0 but as the wave travels through the plasma it gets
mode converted to EBW at UHR and attains a finite V| because of the scattering
from the plasma particles or due to magnetic configuration such as the field line
curvature. To come out of the plasma, this EBW backconverts to EM wave and
comes out at an angle ¢ (viewing angle) [25,26] given by

Njjopt. = cos’¢ =Y/(Y +1)
Y = wee/w. (19)

For f = w/2m = 2.45 GHz, [Bolun: = 769 G, Y = 0.88 and hence Nj py, = 0.47
which gives a viewing angle of ¢ = 46.84°.

The waves which will come out because of their N component will undergo a
temporal and spatial resonance which means that the frequency and wavelength
of the incident wave will not change after the mode conversion. The power of the
incoming wave is expected to be reduced because of the finite plasma conductivity
and due to the collisions with the plasma particles.

2.5 Plasma parameters

2.5.1 Estimation of plasma density, ne: The electron fluid velocity is given by

E 2
VAuid = e— (V—> ) (20)

mel \ V2 + w?

where e is the electron charge, E is the wave electric field, v is the elastic electron-
neutral collision frequency, m, is the electron mass and w is the angular frequency
of the launched wave. For v < w, the above equation reduces to
eFv

Mew?

(21)

Vfluid ~
The average oscillating energy (£) of the electron motion in the wave is given by

€n -5
E=—"_"Prr~2x107° P 22
4m2mec? RE RIS (22)

where e is the electron charge, n the free air impedance is ~377 €}, Prp is the
launched RF or microwave power, m, is the electron mass and c is the velocity of
light in free space. For Pgrr = 800 W,

E=16x10"%eV. (23)

This is the energy gained in each collision. This energy is less than the ionization
energy for the hydrogen F; (=13.6 eV). The RMS energy, £ is converted into random
energy through elastic collisions which finally results in the electron heating. The
number of such elastic collisions (N, ) required to achieve Fj; is given by

Neont. = 13.6/(1.6 x 1072) = 850 ~ 1000. (24)
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According to the electron fluid model, the average energy transferred to the elec-
trons is given as

de/dt = —eE - 7,
dE/dt ~ 2vFERwus, (25)

where E is the wave electric field, ¥ is the electron thermal velocity and v is the elec-
tron collision frequency. The power transferred from electrons to neutrals through
inelastic collisions is given by the equation

P ~nVunE; ~ n.V fu.Ej. (26)
For

Vin = nn<Jinv>

Ve = Ny (o)

f ~ Vin/Ve. (27)
From the electron balance equation

NnNe(0eV) = Ne/Tp,

Ve = 1/mp, (28)

where n,, is the neutral density, n. is the electron density, {(o.v) is the rate constant
of ionization and 7, is the plasma confinement time. From eqs (26) and (28), we
have

P =nVfEi/7, = n.= P7,/V fE;. (29)

In our experimental set-up Peouplea = 400 W, E; = 13.6 eV, f = 10 (typically),
7, = 2.5 pus and V = 1.29 x 1073 m3. Using these values, the electron plasma
density in the system comes out to be

ne = 3.6 x 10*° cm ™3, (30)

This matches well with the experimentally determined plasma density n. equals to
3.2 x 10'% cm~3 in the system.

2.5.2 Estimation of plasma temperature, To: Equation (28) gives
nnTp = 1/(0ev). (31)

For atomic hydrogen

2x10°8 (T.\'"? /-B
=i (z) (%) .

Here T, is the electron plasma temperature. Equations (31) and (32) give

T EN\Y? E;
13 e 1 1
NpTp ~ 10 (3—|— 5 i) <_Te> exp (—Te). (33)
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For 7, = 2.5 pus and n, = 3.3 X 10" m~3 for an operating pressure of 1 x 1073
mbar, plasma temperature in the system can be estimated from figure 2 as

T, ~ 10 eV. (34)

The experimentally observed plasma temperature T, is between 9 and 15 eV which
is in good agreement with the theoretical estimation.

3. Experimental set-up

The experimental set-up consists of a cylindrical vacuum vessel, pulsed magnetic
field coils for axial magnetic field, power supplies, vacuum pumps, microwave source,
diagnostic system, etc.

The stainless steel vacuum chamber which is cylindrical with internal radius 64.1
mm and axial length 100 mm is shown in figure 3. It has five radial ports (four
circular and one rectangular) and two axial ports equipped with conflat flanges
with teflon gaskets. The vacuum vessel is pumped by a diffusion pump backed by
rotary pump. A base pressure of 6 x 10~% mbar is achieved.

The magnetic field is produced by two identical coils rested on the axial ports at
the two ends of the vacuum vessel as shown in figure 4. Each magnetic field coil
has an electrical resistance of 30 Q and requires 5.3 A of DC current to produce
magnetic field of 875 G at the axis of the vacuum vessel. The magnetic field
variation in radial direction is shown in figure 5. The magnetic field contours in
the system are shown in figure 6. These contours indicate the magnetic mirror
configuration in the system. The magnetic field rise with time is shown in figure 7
which shows a constant magnetic field for more than 1 s.

The microwave system consists of a 870 W (CW), 2.45 GHz magnetron, a high
voltage DC power supply to bias the cathode up to —4.1 kV, a three-port circu-
lator with water-cooled dummy load to take away the reflected power, a WR340

Langmuir .
probe Microwave

source

Rectang.
Port

G Ty = 10 USEE

Gas
inlet

Vacuum
pump

Figure 2. Theoretical estimation of Figure 3. Main chamber (axial view).
plasma temperature.
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directional coupler and low barrier Schottky diode microwave detectors to measure
forward and reflected microwave power.

Langmuir or electric probe is the most widely used diagnostics for the charac-
terization of basic plasma parameters in experiments [27]. In our experiments, the
plasma is diagnosed by two movable Langmuir probes (probe tip length = 5 mm,
probe tip diameter = 0.5 mm) (with Wilson feedthroughs) placed axially and ra-
dially to observe the axial and radial variations of plasma parameters. The overall
uncertainty in probe-positioning is 1-2 mm.

A movable dipole probe, installed at the top port, is used to measure the wave
electric field in plasma. The total length of the dipole probe is 11 mm. The separa-
tion between the two receivers of the dipole is 1 mm. The signals from the diagnostic
systems are acquired by a four-channel Tektronix TDS 224 model oscilloscope and
then transferred to a PC using a RS232 cable and Wavestar software.

Circular Port
Magnetic Magnetic
Coils Main Chamber Coils 900 o
"""""""""""" 800
Port 1 Rectangular Port Port 2 .
& 700]
,,,,,,,,,,,,,,,,,,,,,, 3
T
e
Magnetic Magnetic m 600
Coils Coils 0 : measured
500
Circular Port - computed
400
To Pump -6 -4 -2 0 2 4 6

R (cm)

Figure 4. System configuration (radial Figure 5. Radial variation of the magnetic
view). field in the system.

1000
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—~ ©
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=
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Figure 6. Contour plot of the magnetic Figure 7. Time evolution of magnetic
field (G) in the system. field.
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4. Experimental results

4.1 Plasma parameters

(a)

Plasma density n.: The axial profile of plasma density at similar experimental
conditions as in radial profile, is shown in figure 8. As shown in the figure,
the plasma density is constant in the centre and falls down near the walls.

The radial profile of plasma density for hydrogen plasma is measured at an
operating pressure of 1 x 1072 mbar and is shown in figure 9. The typical
input power in the chamber is ~800 W. As evident from the graph, the
plasma density n. in the region 6 > R > 0 (region near microwave source) is
higher compared to the region —6 < R < 0, which is on the opposite side of
the microwave source. This can be explained in the following manner. The
electron cyclotron resonance occurs at the centre and the initial breakdown of
the gas takes place here. Plasma starts diffusing in the radial direction across
the magnetic field. The fraction of the incident microwave power which is not
absorbed in the first pass gets reflected and starts moving backwards toward
the source and contribute in further ionization.

Plasma temperature T,: Axial variation of plasma temperature is shown in
figure 10. It shows an increase in temperature near the walls. This may be
because of the electron trapping at these positions due to the higher values
of the magnetic field [28,29].

The magnetic field configuration in this plasma system forms a magnetic
mirror with mirror ratio 1.92 as evident from figure 6. The energetic elec-
trons are trapped in this magnetic mirror and retain their energies. Plasma
temperature in the radial direction varies between 9 and 15 eV as shown in
figure 11.

Plasma potential V,,: Typical plasma potential measured in the ECR plasma
system is 50 V.

2 10 , 5x 10"
35 }
3
3 o
2.5
—~ 2.5 -
T it % % 5 { e
e 2 S 2 % e }
:m Ew §
15 s % } }
)
: i
o 1
05 g i
o— z 0.5— : : : : : :
-6 -4 -2 0 2 4 6 T -6 -4 -2 0 2 4 6
Z (cm) R (cm)
Figure 8. Axial variation of plasma den- Figure 9. Radial variation of plasma
sity. density.
572 Pramana — J. Phys., Vol. 63, No. 3, September 2004



Electron cyclotron resonance plasma

1] ] |

10 i

N =
C) C)
=18 [ %
% % 12 % %
i % | }m %
i 10
1% -4 -2 0 2 4 6 - -4 -2 0 2 4 6
Z (cm) R (cm)

Figure 10. Axial variation of plasma tem- Figure 11. Radial variation of plasma
perature. temperature.

(d) Time evolution of plasma parameters: The time evolution of plasma density
at the centre of the experimental system is shown in figure 12. As can be
seen from the figure, initially the density rises but within a few milliseconds
stabilizes at about 1.2 x 10'° cm™2 and lasts till the microwave power is on
(typically a few hundreds of ms).

The time evolution of plasma temperature is also shown in figure 12. As
evident from the figure, in the initial part of the discharge, the plasma tem-
perature increases with time and then attains a saturated value =50 eV after-
wards. This indicates the upper limit of the plasma temperature which can
be achieved in such experimental systems.

4.2 Resonances and cut-offs in the system

The magnetic field configuration in the system is such that the first two harmonics
of ECR reside in the system at R = 0 cm (system centre) and R = 5.5 cm. The
upper hybrid resonance lies at two places because of the symmetric magnetic field in
the system at R = 2 cm towards the microwave source and at R = —2 c¢m towards
the other side of the microwave source as shown in figure 13.

Two cut-offs reside in the plasma system — right-hand X-mode cut-off reside at
R =5 cm towards the microwave source and the left-hand X-mode cut-off lies at
R = —5 cm on the opposite side as shown in figure 14.

4.3 Power mode conversion coefficient

Density scale length L, in the system is estimated to be 9.12 cm and magnetic field
scale length Lp is estimated to be 16.58 ¢cm (from the radial variation of magnetic
field). This gives the power mode conversion coefficient C' in the system to be 0.85
indicating an appreciable absorption of launched EM waves in the plasma.
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Figure 14. Radial variation of wi, and wg. Figure 15. EEDF at the centre of the
system.

4.4 Electron energy distribution function (EEDF)

The EEDF thus obtained from the Langmuir probe characteristics at the centre of
the plasma chamber is shown in figure 15. Here, (V,—V3) is the accelerating voltage
for the electrons in the plasma and dI/dV signifies the number of such electrons.
In the figure, the bump in the tail of the distribution indicates the presence of
energetic electrons with energies more than 100 eV.

4.5 Wave electric field measurement

(a) The wave electric field in the waveguide for an input power of 800 W is E
= 6.336 kV/m. Our estimation shows that half of this power is coupled to
plasma. The wave electric field then becomes Ey = 4.48 kV/m.

(b) The electric field of the outcoming wave is measured using a dipole probe
described in the experimental set-up. The experimentally observed viewing
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Figure 16. Electric field of the outcoming Figure 17. Soft x-ray signal with and
EM wave. without a metal target in plasma.

angle, (¢) comes out to be 53.46° (at y = 0) which matches well with the
theoretically estimated value of 46.8°, discussed in §2. The electric field of
the outcoming wave is maximum at this angle as shown in figure 16. In the
figure, y denotes the vertical position.

From the calculations above and from the experimental observations, the wave
electric field of the outcoming wave is approximately five times less than the es-
timated wave electric field which indicates the absorption of the launched electro-
magnetic wave in the plasma and heating it.

4.6 Ultra-soft x-ray emission

The ultra-soft x-ray emission from the ECR plasma is observed using a vacuum pho-
todiode (VPD). The soft x-ray emission indicates the presence of heated electrons
in the plasma. The complete experiment is described elsewhere [30].

The soft x-ray emission signal with and without any target inside the plasma
at an operating pressure of 1 x 1072 mbar and 800 W launched microwave power
is shown in figure 17. The signal without metal target is feeble as compared to
the one with Langmuir probe tip made of thoriated tungsten as can be seen in the
figure.

Analysing the soft x-ray signals coming out from a metal target hit by energetic
electrons is a useful diagnostics [31]. The soft x-ray signal received in the absence
of a metal target in the plasma is due to the interaction of energetic electrons with
the vessel walls. The presence of a metal target leads to the rapid absorption of
the energetic electrons enhancing the soft x-ray flux.

5. Conclusion

Hydrogen plasma is formed in a cylindrical vessel using ECR method with a peak
plasma density of 3.2 x 10'° ecm~3 at first ECR surface and 2.7 x 10'° cm~2 at the
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second ECR surface at a working pressure of 102 mbar and with an incident power
of ~800 W. The plasma temperature in the system is between 9 and 15 eV and
typical plasma potential is 50 V. ECR heating is observed in the plasma system.

The various cut-offs and resonance locations in the system are identified using the
plasma density and plasma temperature radial profiles. The EEDF derived from
the Langmuir probe characteristics at the centre of the system shows the presence
of energetic electrons in the system.

The power mode conversion coefficient C' in the system is estimated to be 0.85
indicating an appreciable absorption of launched EM waves in the plasma system.
The absorption of the launched EM waves in the plasma is also confirmed by the
reduced wave electric field of the wave coming out of the plasma. The presence
of energetic electrons in the plasma is further verified by observing the ultra-soft
x-ray emission from the ECR plasma system. The x-ray emission from the system
gets enhanced in the presence of a metal (tungsten) target.

The plasma heating in the ECR system could be due to the electrostatic elec-
tron Bernstein waves which gets generated at the UHR layer and are absorbed at
the ECR surfaces. This can be verified by performing experiments for the ober-
vation of these EBWs and the associated physical phenomena. As a signature of
mode conversion, the parametric decay spectrum at the UHR is being investigated
experimentally.
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