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Abstract. One-dimensionally periodic structure of plasma density is produced by a 400 kHz
capacitively coupled discharge in 15 Pa argon. The maximum density can be increased up to
above 10'-10"" c¢m™ by increasing the rf power. The density ratio between the higher and
lower density layers is maintained at about 0.7 in the present configuration. The transmittance
of the microwave in the GHz range is measured and simply calculated. The results indicate the
presence of the bandgap near about 3 GHz, which originates in the periodic structure.

1. Introduction

Photonic crystals consisting of periodic structures of dielectric materials are well known to have
unique characteristics, e.g., a band gap for a specific frequency (wavelength) relating to its lattice
constant [1, 2]. Although recent experimental investigation has demonstrated a measurement of a
near-field of the light in nano-scale solid crystal [3], the direct measurement of the wave field inside
the crystals, which is important and useful for clarification of the detailed physics and for finding a
novel phenomenon such as nonlinear effects, has not been reported because of its experimental
difficulties.

As plasma charged particles interact with electromagnetic waves and the wave dispersion relation is
resultantly different from that in vacuum, the dielectric constant of the plasma medium depends on the
plasma parameters. In the simplest plasma with no magnetic field, high frequency electromagnetic
waves interact mainly with electrons near the electron plasma frequency. Recently, plasma photonic
crystals (PPCs) have been reported experimentally, theoretically, and numerically for the purpose of
active control of microwaves and millimeter waves [4, 5, 6, 7, 8, 9]. One of advantages of the PPCs is
that the dielectric constant can be controlled by external experimental parameters such as discharge
power, gas pressure, and so on. In the previous and undergoing experiments, the PPCs consisting of
atmospheric pressure discharge and relatively higher pressure discharges are used for the medium,
where the plasma is periodically produced in millimeter scale [4, 5]. Although the medium with
different dielectric constant can appear in the gas phase for the case of the PPCs, the direct
measurement of the wave field inside the crystals still remains an experimental challenge because the
insertion of the diagnosis tool into the crystals perturbs the discharge operation.
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More recently, production of centimeter-scale periodic plasma structure in low pressure discharge
has been attempted for the direct measurement of the wave field inside the PPCs [10]. In such a
configuration, it is expected that the band gap due to the periodic plasma structure appears in the range
of GHz frequency; then small wave detectors can be inserted inside the crystals with no disturbance of
the discharges. However, the maximum plasma density in the previous experiment using a dc argon
discharge is only 10° cm™; hence the dielectric constant for GHz waves is unchanged from that for the
vacuum. In order to perform the PPC experiments for the GHz microwaves in such a low pressure
plasmas, the density should be increased up to 10'° - 10" cm™ at least.

In this paper, a one-dimensionally periodic plasma structure is produced by a 400 kHz capacitively
coupled discharge and its density is increased up to above 10'° cm™ at the rf power of about 400 W.
Further, a transmittance of microwaves in the range of GHz frequency is preliminarily measured; the
results indicate a presence of a bandgap in a few GHz and compared with a simple model.

2. Experimental Setup

Experiments are performed in a 60-cm-width, 45-cm-height, and 35-cm-depth grounded vacuum
chamber shown in Fig. 1(a). The chamber is evacuated to a base pressure of 10° Pa by a
diffusion/rotary pumping system, after that argon gas is introduced from the side port of the chamber
and the gas pressure is maintained at 15 Pa. Living and grounded electrodes shown in Fig. 1(b) are
installed inside the chamber. The living electrode is an aluminum plate and powered by a 400 kHz rf
power supply through an impedance matching circuit. The rf power can be increased up to about 500
W and the net power can be estimated from the forward and reflected rf powers. Rectangular plastic
insulators and grounded aluminum shields are mounted on the living electrodes at 3 cm intervals.
Another grounded electrode is located at the upper side, 7 cm away from the living electrode. In such a
configuration, the discharge can occur through a capacitively-coupled discharge process only in the
region with no insulator and grounded shields; then one-dimensionally modulated plasma-density
structure can be formed. The x, y, and z axes and the origin point (x, y, z) = (0, 0, 0) of the axes are
defined as indicated in Fig. 1.

The axially movable Langmuir probe (LP) is inserted along the z axis at (x, y) = (0, 3.5 cm) from
the side port of the chamber to diagnose the plasma density. The density is estimated from the ion
saturation current of the LP with the measured electron temperature of about 2 eV, assuming a
Maxwellian electron energy distribution.
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Figure 1. (a) Schematic diagram of the experimental setup. (b) Detailed configuration of the
discharge electrodes.
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The measurement of a transmittance of microwaves in the range of GHz frequency is performed by
two dipole antennas located at (x, y, z) = (0, 3.5 cm, -3 cm) and (0, 3.5 cm, 42 cm), where these
antennas have a maximum gain at ~4 GHz. The transmittance coefficient S,; between the two antennas
including the periodic plasma structure is measured by a network analyzer. To minimize effects of the
peripheral chamber wall, electrodes, transmission line, and the antenna characteristic, the
transmittance T relating to the plasma structure is defined as

T = 521 plasma on/ 521 plasma of f, (1)
where Sy1 piasma on @Nd Sz1 plasma off ar€ the measured S,; with plasma on and off, respectively.

3. Experimental Results

Figure 2 shows the axial profile of the plasma density (open squares) measured by the LP for the net rf
power of 180 W, where the solid line is added as a visual guide of the density profile. It is found that
the periodic modulation of the plasma density can be formed. The peak positions correspond to the
region with no insulators and no grounded shields on the living electrode, while the trough of the
density exists in the region with the insulators and grounded shields. As a result, the high density
region can be formed at 3 cm intervals, which is dominated by the electrode configuration.

Figure 3(a) shows the plasma densities at the peak (z = 25.5 cm) and trough (z = 22.5 cm) positions
as a function of the net rf power. The densities in both the regions increases with the increase in the rf
power; the maximum density at the peak position is found to be ~ 8 x 10 cm™ at 400 W rf power,
which is higher than the previously reported dc discharge [10] by one order of magnitude. Figure 3(b)
shows the density ratio of ny;, at z = 22.5 cm (at the trough position) to Ny, at z = 25.5 cm (at the peak
position) obtained from Fig. 3(a). The result shows that the density ratio is about 0.7 and is unchanged
by the rf power in the present configuration. Hence, it is demonstrated that the one-dimensionally
periodic structure of the plasma density of 10°-10™ cm™ is produced by the 400 kHz capacitively
coupled discharge, with controlling the absolute value of the maximum density and remaining the
density ratio between the peak and trough positions of about 0.7.

The measurement of the transmittance given by Eq. (1) is performed with the rf power as a
parameter and the results are plotted in Fig. 4. Transmittances depression less than -20 dB are
observed below ~2 GHz. The upper frequency of this transmittance depression seems to increase with
an increase in the rf power as indicated by dotted lines in Fig. 4. Further, the transmittance depressions
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at ~2 — 2.2 GHz and ~2.5 — 3 GHz are found to be enhanced by the rf power as indicated by arrows;
the frequency of the transmittance depression also seems to be increased by the rf power. Above 3
GHz, it is found that the transmittance is unchanged by the rf power. These changes of the
transmittance by the rf power are discussed with a simple model in Sec. 4.

4. Theoretical model

Here an analytical model of the transmittance is described to discuss the experimental results shown in
Fig. 4. Now let us consider the simple configuration shown in Fig. 5(a), consisting of the plasma
layers with different dielectric constant, which are numbered from 0 to N + 1. The forward and
reflected waves are labelled as E; and E, in the layer 0, and as A; and B; in the layer j. The transmitted
waves propagating in the layer N + 1 is labelled as E;. Taking account of the boundary conditions
between the layer j and j + 1, the Maxwell equation gives the relation between these waves as
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Figure 3. (a) Plasma densities at z = 22.5 ¢cm (open squares, 1,,;,,) and at z = 25.5 cm (open triangles,
) corresponding to the peak and trough positions, respectively, versus net rf power. (b) Density
ratio 71,,;, = Mg, Obtained from Fig. 3(a).

Figure 4. Measured transmittance
T for the net rf power of 184 W
(black solid line), 260 W (red solid
line), 340 W (green solid line), and
410 W (blue solid line),
respectively. The dotted lines
show the upper frequencies of the
transmittance depression below 2
GHz. The arrows indicate that the
transmittance depression between
2 GHz and 3 GHz. No change by
the rf power is detected above 3
frequency (GHz) GHz.
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ki +k; _ ki —kjsq _
2 I exp{—l(kj — kj+1)zj} 2 exp{—l(kj +k +1)Zj}\‘
2k; 2k;

= |
ki—kiy ki + kipy
\ : 2k-j+ exp{i(k; + kj11)7} S ————exp{i(k; — ]+1)Z]}/
] ]

Equation (2) and (3) can be rewritten as

(5) =4 (). @

— Mll M12
where M = MgM{M, --- My = (M21 Mzz) . ®)
The transmittance can be calculated from the above equations as T = |E; / Ei* = |1 / My[*. In plasma
medium, the dispersion relation of the electromagnetic waves gives the local wave number as k = (@ /
¢) {1 - (@ | @)’} where @, = (€°n, / gM)" is the electron plasma frequency relating to the
plasma density.

In the present model, the lower and higher density layers are mutually set at 3 cm intervals to
compare with the experiments, where the density is assumed to be uniform in each layer. The density
ratio of nmin = Nnax = 0.7 is used according to Fig. 3(b), the number of the layers is chosen as N = 13,
and the layers labeled by even and odd numbers are set as the lower and higher density layers,
respectively. The higher density n.a i chosen as a parameter to compare with Fig. 4.

Figure 5(b) shows the calculated transmittance with the plasma density nmq in the high density
layer as a parameter, whose densities correspond to that for the case of each rf power in Fig. 4. Around
2 GHz, a large depression of the transmittance is found to exist, which is close to the electron plasma
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Figure 5. (a) Schematic diagram of the analytical model. (b) Calculated transmittance with the
maximum density 7, as a parameter, where the density ratio is maintained at #,,, / #,,, = 0.7. (¢)

Calculated transmittance with the density ratio A, / M. as a parameter, where the maximum density
is maintained at n,,,, = 8 X 10" cm™
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frequency for each density and is similar to the depression indicated by the dotted lines below ~2 GHz
in Fig. 4. Furthermore, a small depression appears around 3 GHz in Fig. 5(b); the frequency at this
depression also shifts to the high frequency side with the increase in the plasma density. It is
confirmed that this depression is due to the periodic structure of the plasma density by calculation with
no periodic structure (not shown here); the behavior of the transmittance depression qualitatively
agrees with the results in Fig. 4, although only the single depression is observed at about 3 GHz in the
calculation, respectively. As the wave does not propagate along z axis exactly in the experiment
because of the boundary condition of the chamber wall and the electrodes, some propagation modes
are considered to be superimposed. In addition, there might be a density gradient along the x axis,
which has not been measured yet due to the absence of a vacuum port. In such a situation, the
microwaves will diverge and change their propagation direction. These might be a reason why the two
depressions at the different frequencies are detected in Fig. 4. The measurements of the detailed
density profile and the microwave and integrating the measured density profile into the analytical
and/or numerical calculations of the wave propagation are required in near future. Above 3.5 GHz in
Fig. 5, no depression is observed as well as the experimental result in Fig. 4. Based on the above
discussion, we can deduce that the experimentally observed depression of the transmittance originates
in the one-dimensionally periodic plasma-density modulation shown in Fig. 2.

Moreover, the effect of the density ratio npin= Nmay is calculated and plotted in Fig. 5(c), where the
maximum density is chosen as npa = 8 x 10 cm™. It is clearly found that the transmittance depression
can be enhanced by the large density ratio, i.e., large density modulation. Hence it would be better to
have a larger density ratio for further PPCs experiments. The production of such profile, the direct
measurement of the wave field inside the PPCs, and finding a novel nonlinear phenomenon still
remain further subjects.

5. Conclusion

The plasma density of 10'°-10" ¢cm™ is spatially and periodically modulated in centimeter scale by
mounting rf shield on a living electrode. The measured and calculated transmittances of the
microwave suppose the presence of the bandgap for the microwave range at about 3 GHz. The
calculated result also shows that the bandgap can be enhanced by increasing the density ratio between
the lower and higher density layers.
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