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Abstract: In this paper the generation and diagnostics of a reduced pressure (300 mTorr to 3 Torr)
plasma generated inside an electrodeless containment vessel/chamber are presented. The plasma is
ignited by a guided ionization wave emitted by a low temperature pulsed plasma jet. The diagnostics
techniques include Intensified Charge Coupled Device (ICCD) imaging, emission spectroscopy, and
Langmuir probe. The reduced-pressure discharge parameters measured are the magnitude of the
electric field, the plasma electron number density and temperature, and discharge expansion speed.
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1. Introduction

Low temperature plasma jets exhibit large electric fields at the tip of their plasma plumes.
The magnitude of this field was measured by several investigators and was found to be in the
10-30 kV/cm range [1-4]. Figure 1 shows measurements of the electric field reported by Begum et al. [1]
while Figure 2 shows simulation results reported by Naidis [5]. When impinging on a dielectric
material, the plasma plume causes charge build up on the surface of the dielectric surface. Therefore,
via capacitive coupling, the electric field can be effectively transmitted to the area behind the dielectric
barrier [6-8]. Under reduced pressure, the transmitted field can be large enough to start a discharge,
which quickly propagates and grows in volume [9].
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Figure 1. Mean magnitude of the electric field along the axis for a plasma plume emitted by a pulsed
plasma jet [1].
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Figure 2. Electric field axial profile at different times for a helium plasma jet emerging into surrounding
air. The jet radius is 0.25 cm. Figure adapted from Figure 1 of [5].

In this paper the characteristics of the plasma ignited inside an electrodeless dielectric chamber by
an external plasma jet are reported. The chamber has no direct physical or electric connections to the
externally applied plasma jet. The diagnostics techniques used, which include emission spectroscopy,
fast imaging, and Langmuir probe, allow for the measurement of the magnitude of the transmitted
electric field inside the chamber, the plasma electron number density and temperature, and discharge
propagation speed.

2. Materials and Methods

Low temperature plasma jets launched in the ambient environment are enabled by guided
ionization waves [10]. The electric field at the front of these waves can be quite large and can be
transmitted across a dielectric barrier. If the dielectric barrier constitutes the wall of a chamber where
the pressure can be controlled, then a diffuse plasma can be generated inside the chamber below a
certain pressure threshold [9]. This principle was used here to generate a reduced pressure plasma
inside a Pyrex cross-shaped tube that has no electrodes or electrical connections. Figure 3 shows the
experimental setup and a photo of the reduced pressure plasma inside the Pyrex tubing.
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Figure 3. Cont.
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Figure 3. Schematic of the experimental setup (top) and photo of the large volume plasma inside
the tubing/chamber (bottom). The plasma jet is applied externally on the far side of the chamber.
The chamber is a Pyrex glass cross with an arm 18 inches long (inner diameter is 6 inches) and a second
arm 16 inches long (inner diameter is 4 inches). For this photo, the pressure inside the chamber was 3
Torr and the gas was air.

The tubing/chamber is made of Pyrex glass, where the pressure can be reduced gradually down
to the mTorr range. The plasma jet is physically independent of the chamber and is applied externally.
It is driven by repetitive narrow pulses (ns—ps) with magnitudes in the kV range. The tip of the plasma
plume is brought against the external wall of the chamber to ignite a plasma at reduced pressure.

3. Results and Discussion

For all the experiments described below, the pulsed power supply and its associated circuitry
were all placed inside a Faraday cage located in a separate location, away from the chamber and the
diagnostics equipment, and all cables were properly shielded. All spectroscopic and Langmuir probe
measurements presented here reflect average values. No time- and space-resolved measurements are
reported. In addition, in order to have a ground reference for the diagnostics circuitry, a thin copper
ring was wrapped around one arm of the Pyrex chamber (externally) and connected to a hard ground.
For all experiments, the jet was driven by the following parameters, unless otherwise mentioned:
Voltage was 7 kV, pulse width was 1 ps, repetition rate was 7 kHz, and helium flow rate was 7 slm.

3.1. Measurement of the Deposited Charge

The electric field generated behind a dielectric barrier is a function of the amount of charges
deposited on the outer/opposite surface of the dielectric. To measure the charges deposited on the
surface of a dielectric surface by the plume of a plasma jet, the following circuit was used (Figure 4) [11].
The charge was calculated by integrating the current flowing through the readout resistor. The current
through the resistor flowed via capacitive coupling, with the capacitance having the dielectric constant
of the Pyrex glass, and the area was that of the copper plate electrode placed against the dielectric.

Figure 5 is a plot of the deposited charges versus time when the plasma jet is powered by 1 us
wide pulses of magnitude of 7 kV.
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Figure 4. Circuit used to measure the amount of charge deposited on the surface of a dielectric. Copper
plate was 1.5 inches X 1.5 inches thick. Dielectric plate was 2 inches X 2 inches and 0.6 inches thick.

Resistance was 1 k().
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Figure 5. Deposited charge as a function of time for pulse 1 us wide, magnitude of 7 kV, pulse frequency
of 7 kHz, and helium flow rate of 7 slm.

The magnitude of the electric field generated by such charge accumulation was estimated to be in
the 10-15 kV/cm range for a dielectric thickness of about 1.5 cm. This is in relative agreement with the
spectroscopic measurements presented in the next section.

3.2. Measurement of the Transmitted Electric Field

The electric field was measured using the Stark splitting and shifting of the helium visible lines
and their forbidden lines. The displacement of the Stark sublevels of He I 447.1 nm and its forbidden
component was calculated. The wavelength separation (AAyjjowed-forbidden) Of the ™ components of
allowed and forbidden lines (mypper = 0 to Mjgyer = 0) was measured and its relationship to the electric
field strength was used to calculate E using a polynomial relation [12,13] (see Equation (1)). Using this
method, electric field strength up to 18 kV/cm was calculated [11]. Figure 6 shows the experimental
setup while Figure 7 shows a result of such a measurement.

A llowed-forbidden = —1.6 X 1072 X E3 + 595 x 107 x E? + 2.5 x 1074 X E + 0.15, (1)

where E is expressed in kV/cm.
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Figure 6. Sketch of the experimental setup to measure the electric field in the chamber. The electric field
in the bulk of the plasma is assumed to be weak so the radiation collected to measure the axial electric
field in the chamber gives a measure of the field close to the chamber wall (opposite side to where
the jet impinges on the wall), where the field is high. The spectrometer was a 0.5 m Spectra-Pro-500i
imaging spectrometer (Acton Research). The grating was 3600 g/mm, the slit width was 300 um, and
the spectral resolution was set at 0.02 nm. ICCD was a Dicam-Pro. The pressure inside the chamber
was 1.5 Torr and the gas was helium. For each wavelength, more than a million ICCD images were
integrated over a collection time of 100 ms.
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Figure 7. Electric field (EF) measurement using Stark splitting. An EF average strength of about
18 kV/cm was measured.

3.3. Measurement of the Electrons Density and Temperature

A Langmuir probe was used to measure the electrons density and temperature of the plasma
discharge inside the chamber. It is important to note again that only time-averaged values were
measured. The measurements presented here are preliminary and only meant to give an approximate
idea on the order of magnitude of the density and temperature. The probe was made of a shielded
5 mm long metal needle with a surface area of 2.36 mm?. A variable DC power supply was used to
bias the probe. For an air plasma at a pressure of 400 mTorr, the average electron density was found to
be around 1.6 x 10'° cm~3 and the average electron temperature was 2.2 eV. For a helium plasma, with
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a small admixture of air, at a pressure of 300 mTorr, the electron density was around 6.4 x 10!° cm™3

and the average temperature was 2.7 eV.

3.4. Dynamics of the Plasma Ignition Inside the Chamber

ICCD images of the expansion of the diffuse plasma inside the chamber, taken 20 nanoseconds
apart, are shown in Figure 8 (using a Dicam Pro ICCD). The images show that, as the ionization wave
front (i.e., plasma bullet) impinged on the outer surface of the chamber, a discharge was ignited behind
the Pyrex glass wall. A glowing and expanding plasma advanced radially in all directions inside the
chamber. The speed of expansion was estimated to be in the 10°~10” cm/s range, consistent with that
of an ionization wave in gases at low pressure.
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Figure 8. ICCD images of the plasma bullet (left panel) and of the expanding discharge inside the Pyrex
tubing/chamber (right panel). The air pressure in the chamber was around 1 Torr. The contour of the
chamber wall (grey circle) is added for illustrative purposes. The vertical line is added as a reference
to better visualize the expansion of reduced pressure plasma. The images on the left panel show the
plasma bullet arriving and spreading over the outer surface of the Pyrex glass wall.
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4. Conclusions

Reduced pressure diffuse plasma can be generated inside a chamber having dielectric walls using
an externally applied ionization wave emitted by a plasma jet. The chamber had no electrodes or
any electrical connection. The dynamics of the diffuse plasma was elucidated using ICCD images,
the electric field transmitted inside the chamber was measured using a spectroscopic technique, and
the electron density and temperature were measured by a Langmuir probe. The advantage of the
generation method discussed in this paper is that the plasma inside the chamber is free of metal
contamination (since there are no electrodes). Such plasma can be very useful for material processing.
Most low-pressure RF plasmas (capacitively or inductively coupled) require impedance matching
when operated at high power. However, the new method described in this paper does not need an
impedance matching module since the plasma jet is electrically independent of the reduced pressure
plasma chamber. It only serves as the source of the ionization wave. Therefore, the plasma inside the
chamber may be characterized as a “remotely” generated plasma.
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