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Plasma is a promising approach for machining of fused glass substrates. Developing high-performance micro-
wave torch is the core element to ensure the processing accuracy of this technology. In this study, a spline curve-
based microwave torch internal electrode structure was proposed, which increased the internal electric field
strength by 54 %. The discharge dynamics simulation based on this electrode shows that the plasma is excited at
the inner electrode tip and the bottom of the resonant cavity, then it expands to form a linear discharge region
and eventually fill the discharge tube. It was revealed by CCD images that with the increase of carrier gas flow
rate, turbulent flow state appears in the tail of the jet. OES data shows that microwave Ar plasma can effectively
dissociate CF4, and due to the oxidation effect of oxygen, CFx and C, content decrease significantly with the
addition of oxygen. The machining experiment on fused silica shows that the material removal stability of this
torch reaches 3.69 %, and the removal rate increases nY

arly with dwell time due to thermal effect. Finally, the machining performance of the atmospheric pressure
microwave plasma jet was verified by figuring of a planar fused silica surface reducing the form error from 108.1

nm RMS to 16.5 nm RMS.

1. Introduction

Microwave plasma exhibits the superior characteristics such as high
radical density and high processing efficiency. Consequently, it has been
applied in various domains, including optical modification [1-4],
elemental analysis [5,6], and surface treatment [7,8]. Among these
applications, portable atmospheric pressure microwave plasma jet
(AMPJ) represents a cutting-edge area of research in the field of mi-
crowave plasma technology owing to its simplified and versatile struc-
ture and the unnecessity of a vacuum system.

An AMPJ system generally consists of the following components: a
microwave source, resonator cavity, short-circuit piston, nozzle (inner
electrode), and other accessories [9]. The resonant cavity plays a crucial
role in achieving an efficient microwave energy utilization. Microwaves
enter the resonant cavity through a waveguide or coaxial line, and by
adjusting the short-circuit piston, form a standing wave structure that
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enables the initial concentration of the electric field [10]. Both theo-
retical and experimental studies have demonstrated that the optimal
distance from the short-circuit surface to the nozzle end is approxi-
mately 3A/4 [11]. The nozzle structure and the distance from the nozzle
to the resonant cavity outlet are of great significance as they are key
factors in achieving secondary electric field concentration for effective
plasma excitation. It was reported that adjusting the T-shaped nozzle to
a wedge-shaped nozzle enhances the electric field concentration ability,
which aids in achieving efficient electric field breakdown. However,
when using wedge nozzles, energy is distributed along the wedge sur-
face, resulting in wide energy distribution space and limited energy
utilization efficiency. Simulation results demonstrate that although
placing the nozzle tip closer to the jet outlet improves discharge per-
formance, the best discharge effect is achieved when the nozzle is
positioned inside the jet outlet [12]. In practical experiments, when the
nozzle too close to the jet outlet often leads to significant arc discharge
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Fig. 1. (a) Schematic diagram of the AMPJ machining system, (b) Photo of the
microwave plasma jet, (c) Photo of plasma jet machining of fused silica.

characteristics, which will damage and limit the life of the torch [13,14].
Therefore, it is very meaningful to optimize the inner electrode structure
for improving the performance of microwave torch.

The surface form error of optics elements will cause the problems of
phase difference and aberration [15]. Using non-destructive and
ultra-precision machining technologies to enhance the surface form
accuracy of optical components is an important solution for improving
the imaging quality of optical systems. Plasma processing technology,
known for its high efficiency and damage free characteristics, has been
extensively researched over the past decade. This includes Capacitively
Coupled Plasma (CCP) processing [16], Inductively Coupled Plasma
(ICP) processing [17], and microwave processing technologies [7,10,18,
19]. Compared to Capacitively Coupled Plasma (CCP) discharge plasma
processing, microwave plasma jet material removal can achieve
sub-millimeter full width half-maximum (FWHM), with a significantly
broader bandwidth for machining surface form than CCP technology.
Moreover, it possesses extremely high material removal stability,
enabling it to also feature high-precision machining capabilities.
Compared to Inductively Coupled Plasma (ICP) technology, microwave
plasma jets operate at lower temperatures, which can eliminate local
thermal stress caused by the high temperatures of ICP plasma and pre-
vent material fragmentation issues due to thermal problems when
machining crystalline materials. In summary, microwave plasma pro-
cessing technology not only possesses the advantages of non-destructive
and high-precision machining found in both CCP and ICP technologies
but also offers broader bandwidth for surface form machining and a
wider range of applicable materials. This technology has already been
applied to various materials, such as fused silica, silicon, silicon carbide,
and ULE [4,20-25].

The shape of the removed function and volume removal rate stability
are crucial parameters that impact the accuracy of machining. These
parameters are influenced by the jet topography and the gas recipe
[26-28]. One of the studies on micro-plasma jet showed that when Ar
was used as carrier gas, the Oy quenching effect was severe, while He
plasma was not quenched by O3 [33,34], therefore, the plasma jet length
of Ar carrier gas is shorter than that of He carrier gas. In addition to the
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Fig. 2. (a) Four typical inner electrode structures, (b) The radial distribution of
electric field, (c) The axial distribution of electric field.

Table 1
Electrical field intensity of point A in Fig. 2b.

Electrode type A point electrical field intensity(V/m)

Initial 1.01x10°
Electrode 1 1.12x10°
Electrode 2 1.24x10°
Electrode 3 1.55x10°

Table 2
The main chemical reactions included in the simulation model.
Number  Reaction Type of reaction Energy(eV)
1 e+Ar—e+Ar Elastic collision 0
2 e+Ar—e+Ary, Ground state 11.5
excitation
3 e+Ary,—e+Ar Superelastic collision -11.5
4 et+Ar—e+e+Ar+ Ground state 15.8
ionization
5 e+Ary—e+e+Ar+ Cascade ionization 4.24
6 Al +Arm—>e+Ar+Art Penning ionization -
7 Arp+Ar—Ar+Ar Metastable quenching -
8 Arp,—Ar Surface reaction Adhesion coefficient
1
9 Ar—Ar Surface reaction Adhesion coefficient

1
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Fig. 4. Optical emission spectrum of the atmosphere microwave plasma jet.

type of carrier gas, the jet length increases as gas flow rate increases, it
has been observed that the morphology of microwave jets exhibits a
pattern of unsaturation-balance-supersaturation [35]. On the other
hand, the addition of CF4 leaded to the generation of various molecular
radicals, which induced vibration and rotational excitation and facilitate
energy transfer between different substances [29-32]. The relaxation
time of this process exhibits significant variation, resulting in poor
plasma stability and changes in jet length, in addition to the type of
carrier gas, process components are key factors affecting the
morphology of plasma jet and the stability of removal function. How-
ever, in the specific field of atmospheric pressure microwave plasma jet
machining, this problem needs further systematic research.

In this study first, the optimization of the internal electrode structure
was conducted using COMSOL Multiphysics, and the microwave
discharge kinetics was simulated. Then ionization and dissociation
characteristics of the AMPJ were studied by optical emission spectros-
copy (OES). And the optimal carrier gas flow rate was given by
combining the data analysis of high-speed camera. The stability of
removal function of the designed AMPJ was investigated under the
optimal carrier gas flow rate, and the thermal-induced nonlinearity was
discussed. Finally, the machining performance of the designed AMPJ
was validated on a planar fused silica substrate.

2. Experimental setup

Fig. 1(a) shows the schematic diagram of the inhouse developed
atmospheric pressure microwave plasma jet system used in this study,
which includes a coaxial microwave torch made of brass. The micro-
wave source frequency for powering the torch is 2.45 GHz with a
maximum power of 500 W. The microwave torch internally contains an
inner electrode with an outer diameter of 8 mm and an inner diameter of
5 mm. A quartz tube with an inner diameter of 2.0 mm is inserted into
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Fig. 5. Plasma jet morphology variation with flow rates of carrier gas.

the inner electrode as the plasma jet channel. During the experiment, the
excitation gas Ar (Fujikin Japan Argon 30 slm) and additive gases CF4,
0O, (Warwick MC-1600L-P-V-4 W CF4, O3 100 sccm) were mixed firstly,
and then flow into the quartz tube. When the gas flowed through the
inner electrode tip, it was ionized by the strong electric field to produce a
plasma jet as shown in Fig. 1(b). When the fused silica substrate was
processed by the microwave plasma jet, a morning glory jet morphology
could be observed as shown in Fig. 1(c), and an axis-symmetric removal
spot was formed on the surface of the sample. In this study, the micro-
wave torch was installed on the Z-axis of a three-axis CNC machine tool
with an repeated positioning accuracy of 10 pm and a maximum ac-
celeration of 1 G.

In order to characterize the radical distribution characteristics of the
plasma jet, the OES spectra were acquired at a position of 10 mm from
the outlet of the plasma torch. The collimated emission spectra of the
plasma jet were captured using a multimode quartz fiber (FIB-XSR600-
Y7J-2.0 Shanghai China) after passing through a collimator. The
collected spectra were then analyzed using a spectrometer (OCEAN
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USB2000+ USA), with an entrance slit width of 10 pm. The spectral data
was acquired using Ocean View software, with an integration time of 1
ms. Data averaging is performed every 100 sets. Prior to conducting the
experiment, the wavelength response of the spectrometer is calibrated
using a mercury-argon lamp, and any noise from the laboratory envi-
ronment and light sources is removed to ensure accurate spectral
acquisition.

The jet morphology is a parameter that affects the machining char-
acteristics. In this study, a high-speed CCD camera (Pco. dimax HD
Germany) was used to collect the plasma jet morphology. The micro-
wave plasma jet generated removal function profile and sample surface
shape were measured by laser interferometer (Tyggo INF150V-LP
Chengdu China), and the thermal accumulation problem during
plasma etching was monitored by infrared camera (FILR A655sc USA).

3. Design and evaluation of the microwave plasma torch

The structure of the microwave plasma torch is a key index affecting
the discharge symmetry, the bandwidth and the efficiency of energy
input. The coaxial portable microwave torch consists of an cylindrical
cavity and an inner electrode. The microwave forms a stable standing
wave field in the resonant cavity, with the region of enhanced field
strength located at the end of the resonant cavity. The tip of the inner
electrode is also situated in this region, achieving a secondary concen-
tration of the electric field. This brings the electric field intensity inside
the discharge tube to the gas breakdown threshold required, ultimately
leading to the formation of a plasma jet. As shown in Fig. 1(a), the
discharge gas flows through the inner electrode tip, so the discharge
initiation position should be located on the inner surface of the inner
electrode. It is ideal that the maximum electric field strength at the tip of
the inner electrode is located on the inner surface of the inner electrode.
Therefore, the design of an end structure that concentrates the electric
field on the inner surface of the inner electrode directly determines the
performance of the microwave torch and is the core of whether a high-
efficiency plasma jet can be generated.

Therefore, in this section, the electric field distribution at the tip of
the inner electrode is obtained through COMSOL Multiphysics simula-
tion. Based on the strength of the electric field at the tip, the optimal
structure of the inner electrode is designed. As shown in Fig. 2(a), the
type A structure in the figure is the most basic configuration of the inner
electrode and one of the four configurations designed in this study. The
other three electrode structure are: type B with a straight chamfer at the
electric extreme, type C with a circular chamfer applied to the electric
extreme, and type D with an atypical geometric structure obtained
through spline interpolation. In order to ensure that the model size
meets the actual processing requirements. The resonator cavity has a
radius of 10 mm, the quartz tube has an inner diameter of 2 mm, and the
inner electrode is positioned immediately adjacent to the quartz tube,
same as the actual electrode. In this study, the electromagnetic wave
module in COMSOL is used for electric field simulation. In order to
obtain the relative distribution of the electric field strength within the
microwave torch resonant cavity and observe the intensity distribution
of the electric field inside the resonant cavity, whether it reaches its
maximum at the tip of the inner electrode, the size of the input power
only affects the absolute value and has little influence on the relative
strength of the electric field. Therefore, the input power used in the
electric field simulation is 1 W.

The axial and radial electric field distributions of the four electrodes
obtained from the simulation are shown in Fig. 2(b) and (c). As can be
seen from the figures, the maximum value of the electric field strength is
located at the tip of the inner electrode, and the electromagnetic energy
is proportional to the square of the electric field strength. Therefore, the
position with the highest electromagnetic wave energy is the most
effective position for plasma to obtain energy, and the higher the field
strength at this position, the more beneficial it is to improve the ioni-
zation efficiency of the microwave torch. The simulation results show
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Fig. 6. The plasma jet morphology, material removal morphology and removal function profile. (a,b,c)Ar:CF4:0, = 4000:10:3 sccm case; (d,e,f) Ar:CF4:0, =
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that the radial distribution of the electric field of the initial inner elec-
trode structure (type A) has a characteristic where the outer side (Point
B) is much higher than the inner side (Point A). This indicates that this
inner electrode tip structure is not conducive to the most effective
concentration of energy, while the axial distribution shows a trend of
first decreasing and then increasing from the inner electrode tip (Point
A) to the nozzle outlet (Point C), and has a high field strength, indicating
that the plasma is continuously heated in this region. Therefore, a higher
field strength in this region is also beneficial to improving the efficiency
of the microwave torch. The electric field distribution of type B is similar
to that of type A, but the field strength at Point A is higher than that at
Point B, and the axial electric field distribution is also the same as that of
Type A. The radial electric field distributions of type C and type D
indicate that both structures can achieve a reorganization of the radial
electric field distribution, with only Point A having the maximum field
strength, and type D having the highest field strength at Point A. The
axial electric field distribution also shows that type D has the largest
electric field strength distribution between Point A and Point C.

Compared to type A, the field strength generated at Point A of type D
increased by 53.5 %, and the electric field after Point C tends to zero,
indicating that this torch has good electromagnetic shielding properties
(Table 1).

The excitation process of the plasma significantly impacts macro-
scopic parameters such as jet morphology and plasma stability. There-
fore, simulation on the kinetic processes of plasma excitation was
conducted. The simulation was performed using COMSOL Multiphysics.
In this study, argon gas was chosen as the working medium. Because of
the parameters of the gas discharge reaction are experimental results, it
is essential to consider the impact of absolute values. If the power setting
is too low, the plasma cannot sustain itself, and the simulation will not
converge. At the same time, in order to ensure that the dynamics process
obtained by the simulation is similar or even identical to the actual
discharge dynamics process, the discharge power is set to 120 W here.
Due to the limitation of plasma simulation capability of COMSOL, the
simulated size was reduced to 1 mm under atmospheric pressure con-
ditions. However, the desired plasma distribution size to be investigated
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in this study is about 5 mm. To ensure the accuracy of the simulation
result and the precise of the discharge development kinetics, the
discharge pressure is set to 0.2 atm.

In order to reflect the dynamics of the plasma process while
considering computational costs, this study simplifies the primary re-
actions based on the principle of chemical equilibrium. Firstly, the direct
ionization reaction of electron collision with the ground state is
considered. Secondly, the metastable state of Ar, known for its long
lifetime and high density, is involved in multi-step ionization and
Penning ionization processes, which significantly affect the discharge
process. Therefore, the main reactions involving metastable state
participation are included in addition to direct ionization. On the other
hand, particle loss is primarily attributed to two reaction processes:
collision quenching and wall loss. The wall loss assumes that particles
are completely lost upon reaching the wall. The chemical reactions
involved in this study are summarized in Table 2.

As shown in Fig. 3(a), the model used for simulation mainly includes
a resonant cavity, an inner electrode, and a plasma region (light blue
part). As shown in Fig. 3(b), the model is divided into a free quadrilat-
eral mesh, and the mesh of the plasma region is refinement, and the
discharge region mesh is further refinement. In this study, the
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microwave frequency used is 2.45 GHz, which corresponds to a action
cycle of 0.408 ns. In order to ensure that the discharge enters a stable
stage and take full account of the calculation time, the calculation time
in this study is set to 7 x 10% ns, i.e., the calculation period is greater
than 10°.

The simulation results are shown in Fig. 3(c), from the beginning of
the calculation to 205 ns, the plasma density in the calculation region
remained at the initial density state. When the calculation time
increased to 502 ns, the plasma density at the inner electrode tip (Point
A) and the bottom plate position (Point C) increased, indicating that gas
breakdown occurred and plasma was generated. When the calculation
time reached 1005 ns, the excited plasma further developed, and the
plasma density between Point A and Point C further increased. When the
discharge time increased to 2108 ns, a continuous discharge region was
formed between Point A and Point C. After 1 x 10* s, an approximately
uniform discharge region was formed between Point A and Point C.
From 1 x 10 ns to 7 x 10* ns, the plasma density gradually increased,
and the plasma region gradually expanded to the vicinity of the
discharge tube axis. Within the time range of 5 x 10* ns to 7 x 10* ns,
the shape of the plasma region changed little, but the density increased,
indicating that the discharge had shifted from a rapid development stage
to a dynamic equilibrium stage, and then a stable plasma was formed.

The results show that the discharge occurs simultaneously from point
A and point C, first develops towards each other to form a linear
discharge region, and then expands towards the position of the
discharge tube axis, eventually filling the entire discharge tube. There-
fore, the electric fields at point A and point C jointly determine the
dynamic process of plasma excitation and development. When opti-
mizing the design of the microwave torch, it is necessary to consider the
field distribution at both point A and point C.

In the field of ultra-precision machining, the priority of machining
accuracy is higher than that of machining efficiency. This paper is
committed to pursuing high machining accuracy; therefore, it adopts a
process combination scheme of adding a small flow of reactive gas (CF4)
to a large carrier gas (Ar) flow, optimizing the machining efficiency
appropriately while prioritizing the assurance of machining accuracy.

In order to verify the ionization and dissociation characteristics of
CF4 by the newly developed microwave torch, OES was used to inves-
tigate the influence of additive gas content on the radical composition of
the plasma jet. In this section, carrier gas flow rate set to 9 slm, discharge
power set to 120 W.

As is shown in Fig. 4, in pure Ar discharge, the plasma spectrum
mainly distributes in the range of 600 to 900 nm, which is a typical Ar
plasma spectrum. In addition, a small number of spectral peaks in the
range of 300-350 nm are due to the excitation radiation spectrum
produced by the entrainment of water vapor and nitrogen in the atmo-
sphere. When CF, is added to the Ar plasma, obvious radiation peaks
appear in the 350 nm and 550 nm bands of the plasma spectrum. The
350-450 nm band is the characteristic spectrum section of CFy, while the
516.7 nm peak is the characteristic peak of Cy. This phenomenon in-
dicates that microwave torch can cause dissociation and ionization of
CF4. The essence of plasma processing is chemical reaction including
deposition and etching. The radical component governing the deposition
process is CFx, and deposition can lead to micro-masking problem
affecting the roughness of the sample surface after etching. Therefore, it
is necessary to inhibit the formation of CFyx components. To this end, the
effect of adding Oz components to the microwave Ar:CF4 reaction sys-
tem on CFy components was further studied. As can be seen from Fig. 4, a
small amount of O, addition can significantly reduce the content of CFx
and Cy, and with the increase of O, content, the intensity of CFx and C,
components in the plasma will further decrease, indicating that O, can
effectively inhibit the formation of CFyx components. Therefore, the
subsequent plasma etching process all adopts the mixture gas of Ar, CF4
and O,.

The plasma jet morphology greatly affect the plasma machining
performance, thus, the plasma jet morphology was captured using a high
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Fig. 9. The morphology of the etched spot centers at various dwell times.

Fig. 10. The changes in surface morphology of samples before and after plasma
etching using SEM.
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speed CCD camera. Considering the issue of plasma brightness, the high-
speed camera was set with an integration time of 100 ps and a frame rate
of 1000. The camera focal plane was aligned with the jet axis. Based on
the data obtained from the high-speed camera, the influence of carrier
gas flow rate on the jet morphology was investigated. During the
experiment, the discharge power was maintained at a constant value of
120 W, while the gas flow rate was varied from 1 to 10 slm.

Fig. 5 shows the plasma jet morphology under different Ar flow rates.
As can be observed from the figure, at flow rates of 1 slm and 2 slm, the
plasma jet exhibits typical laminar characteristics, with a conical shape.
However, when the flow rate increases to 3 slm, a transition occurs in
the plasma jet, and turbulent characteristics appear at the jet tail. Sub-
sequently, as the flow rate continues to increase, the transition point
advances. It is evident that the morphology of the turbulent state is
highly disordered. In plasma machining, it is desirable for the jet
morphology to be stable, or laminar flow condition. However, subse-
quent experiments have shown that when introducing CF4 and O,
components in a laminar state plasma, the plasma becomes unstable due
to the quenching effects. Therefore, in practical processing scenarios, the
carrier gas flow rate was determined by the uniformity of the machining
performance rather than the flow state of the plasma jet.

4. Machining performance of the AMPJ

4.1. Material removal characteristics and surface morphological evolution
The material removal characteristics of atmospheric microwave

plasma jets are key indicators affecting the quality of processing. Fig. 4

in this article has shown that reactive particles are produced in the
plasma when CF4 and O, are added to the Ar plasma. Since the plasma

etching rate is low when Ar is set to 9000 sccm, the CF4 flow is increased
to 10 scem and the O» flow is set to 3 scem to improve the etching rate,
while reducing the Ar flow. Due to the quenching effect of CF4 and O3 on
Ar plasma, when the argon flow is reduced to 4 slm, the plasma jet shows
a serious "hollow" effect (Fig. 6a) and surge phenomenon. The material
removal morphology presents a circular shape, and the removal function
profile is a significant "W" shape. As the flow rate of Ar gas increases, the
relative concentration of reactive gases decreases, and the quenching
effect weakens. The "hollow" phenomenon gradually diminishes, as
shown in Fig. 6d. When the Ar gas is at 5 slm, the hollow region is
significantly smaller than that at 4 slm, and the etching area exhibits a
flat-bottomed characteristic (Fig. 6e). Fig. 6f shows that there is a small
protrusion at the center of the removal function at this time. When the
Ar flow rate is increased to 6 slm, the "hollow" issue with the plasma jet
essentially disappears. Figs. 6h and i show that at this point, the removal
function assumes a typical Gaussian shape, while the etching depth is
similar to that at the 5 slm condition.

Generally, a Gaussian-shaped removal function morphology has
stronger processing capabilities. Therefore, the process parameters were
optimized to Ar 6 slm, CF4:10 sccm, and O3:3 sccm with a constant input
power of 120 W. The plasma jet was used to form 9 etching spots on a
fused silica substrate with a single point dwell time of 10 s and an in-
terval of 120 s. The results are shown in Fig. 7. The dwell points exhibit
axial symmetry characteristics which is desirable in optical figuring.
Fig. 7(b) shows the contour of the removal function, which exhibits a
Gaussian shape with full width at half maximum (FWHM) of 3.2 mm.
Fig. 7(c) provides the statistical results of the removal volume for each
column of removal points, revealing fluctuations of about 3.3% for each
column. The statistical results for the three columns points indicate a
total fluctuation of 3.69%. Compared to the 10% to 30% volume
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variable-rate etching, (c) Etching depth variation with speed.

removal rate fluctuations produced by IOM-developed microwave
plasma jets during fused silica processing [36], the microwave torch
developed in this paper has the characteristic of producing high stability
material removal.

Subsequently, single-point removal experiments with different dwell
times was carried out, starting with an initial dwell time of 5 s and a time
interval of 2 s. The experimental results are shown in Fig. 8. It is clear
that as the dwell time increases, the removal depth significantly in-
creases. However, the curve depicting removal rate over time in Fig. 8
(b) reveals that as the dwell time increases, the removal rate exhibits a
nonlinear increasing trend and eventually stabilizes. As is shown in
Fig. 8(c), the removal function profile under different dwell times ex-
hibits a Gaussian shape, and the removal depth also demonstrates a
nonlinear increasing trend over time.

To study the impact of plasma etching on the surface morphology of
samples. We image of each dwell point center in Fig. 8a was taken using
a white-light interferometer, the result is shown in Fig. 9. It is clear
shown in Fig. 9b to Fig. 9c that when dwell time increase from 7 s to 9 s,
the bottom of the dwell points shows a striped morphology similar to the
original surface (Fig. 9a). However, when dwell time increases to 11 s,
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the etch depth reaches 273 nm, and an etching pit appears at the bottom
of the dwell point (Fig. 9d). When the etch depth exceeds 496 nm
(Fig. 9g), the etching pits at the bottom of the etched spots disappear. It
is suggesting that this depth range of 273 nm to 496 nm corresponds to
the thickness of the subsurface damage layer caused by the previous
process. And surface roughness without etching pits decrease from Sa
1.92 nm in 19 s (Fig. 9h) to Sa 1.58 nm in 21 s (Fig. 9i). Therefore, it is
beneficial to obtain high quality surface by appropriately increasing the
etching depth.

In order to further observe the surface morphology of the sample
after plasma etching, scanning electron microscopy (SEM) was used to
capture images of the sample surface. The results are shown in Fig. 10.
From Figs. 10a and 10b, it is evident that the original surface has a
smooth undulating structure. However, as shown in Figs. 10c to 10f, the
areas etched by plasma clearly display the appearance of tiny etch pits
with a scale of about 20 nm and microcracks on the sample surface. The
size of the etch pits does not change with etching time, but the density of
the etch pits shows some variation with increasing etching time.
Therefore, addressing the issue of the small etch pits on the sample
surface after plasma etching is a core problem in further improving the
quality of plasma processing in subsequent research.

4.2. Nonlinear material removal mechanisms and planarization
processing characteristics

To investigate the cause of nonlinear removal, infrared camera was
used to collect the temperature distribution characteristics at the dwell
point, as shown in Fig. 11. Fig. 11(a) shows a schematic diagram of the
experimental system, in which the angle between the optical axis of the
infrared camera and the sample plane was 45°, and the emissivity of the
sample was set to 0.95.

The collected temperature distribution at the dwell point is shown in
Fig. 11(b), which exhibits a typical axial symmetry characteristic. The
red curve in the figure represents the temperature change curve with
time, and the temperature sampling point was at the centre of the dwell
point. The curve shows that at the initial heating moment, the surface
temperature of the sample rapidly increases, and then the rate of in-
crease gradually decreases. After the torch is lifted (at the position of
100 s), the temperature dropped rapidly. As shown in Fig. 11(c), it shows
that with increasing dwell time, the maximum temperature at the centre
of the dwell point gradually increases but the rate of increase decreases.

Plasma etching is a purely chemical process, and the etching rate will
increase rapidly with temperature. Therefore, as the dwell time in-
creases, the maximum temperature at the dwell point gradually in-
creases, and the corresponding etching rate also increases. As a result,
the volumetric removal rate increases. After 15 s, the maximum tem-
perature at the dwell point is almost the same, so the volume removal
rates are similar. These results coincide with the measured variation of
Vrr with time shown in Fig. 8(b).

In actual machining process, the plasma jet usually scans on the
substrate with different speeds rather than point-to-point dwelling.
Therefore, the thermal effect during plasma jet scanning was studied.
The microwave torch was fixed, and the substrate accelerated and
decelerated along the X-axis (speed range: 60 to 120 mm/min). The
temperature variation is shown in Fig. 12(a). The A-B section represents
the plasma jet down stroke phase, during which the surface temperature
of the sample rapidly increases from room temperature to 120 °C. As can
be seen from the B-C section, as the speed increases, the dwell point
temperature decreases accordingly, and exhibits a clear nonlinear effect.
At point C, when the sample speed reaches 120 mm/min, it then un-
dergoes the C-D section, where the sample speed reverses and reaches
120 mm/min at point D. After that, it undergoes the D-E section and
decelerates to 60 mm/min. The higher temperature at point D is due to
the dwell of the microwave torch during the speed reversal process,
resulting in heat accumulation and temperature increase. Afterwards, as
the speed decreases, the surface temperature of the substrate
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approximately linearly increases. The E-F stage is similar to the C-D
stage, but due to the lower velocity, the cumulative heating effect is
more significant, causing the temperature at point F to be significantly
higher than that at point D. Subsequently, the sample accelerates from
60 mm/min to 120 mm/min, i.e., the F-G section, during which the
dwell point temperature approximately linearly decreases.

The above results show that the temperature at the dwell point
approximately linearly decreases with speed and exhibits a significant
cumulative heating effect during speed reversal. Since plasma etching is
a purely chemical reaction process, the etching rate is governed by the
Arrhenius equation, and the etching rate under different motion rates
will exhibit significant nonlinear effect. Fig. 12(b) shows the trench
formed by variable-rate etching, and Fig. 12(c) shows the etching profile
along the A-B direction in Fig. 12(b). It can be seen that the etching
depth non-linearly increases with decreasing motion speed.

To verify the processing performance of the microwave torch,
fundamental machining operations like letter writing and surface
figuring were carried out. Fig. 13(a) shows the letter “S” written using
the microwave torch with a scanning speed of 100 mm/min. It means
that the design plasma jet is capable to process continuously variable
curvature structures. However, the differences in dwell time caused by
different radii of curvature in AB, BC, and CD sections result in different
depths of removal, this result is also due to the thermal effect which
needs to further studied in the future. Furthermore, combined with the
nonlinear dwell time inversion algorithm, a fused silica planar figuring

10

experiment was conducted using the plasma jet, and the results are
shown in Fig. 13(b~d). After two iterations of AMPJ figuring, the sur-
face form error decreased from PV 570.8 nm and RMS 108.1 nm, to PV
131.4 nm and RMS 16.5 nm. Those results demonstrates that the design
microwave torch has good machining capabilities towards fused silica
substrates.

5. Conclusions

This paper introduces a novel microwave torch internal electrode
structure and the discharge dynamics of the torch is investigated. Sub-
sequently, the effect of Ar carrier gas flow rate on jet morphology is
studied using high-speed cameras, and the influence of adding gases
(CF4, O2) on plasma composition is presented. Finally, the characteris-
tics of the torch in optical machining are explored. The main research
results are as follows:

1) Simulation results revealed that a spline curve electrode enables
electric field reorganization, resulting in a 54 % increase in electric
field intensity. Plasma discharge simulation results showed that the
plasma was excited at both the inner electrode tip and the bottom of
the resonant cavity, and then expanded between the two excitation
positions to form a "linear" discharge region. Finally, it gradually
extended along the axis of the discharge tube to form a stable plasma
discharge zone.
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2) Experiments using newly designed microwave torch discharge ex-
periments show that when Ar gas is set in 1 slm and 2 slm, the jet
exhibited laminar flow, while at flow rates greater than 2 slm, tur-
bulent flow was observed at the jet tail. The transition point
increased with increasing flow rate, and turbulence tended to be
uniform in all directions. When CF,4 was added to the Ar plasma, CFy
and C, characteristic spectral bands appeared in the spectrum,
indicating that CF4 was effectively dissociated. Furthermore, due to
the quenching effect of CF4 on Ar excited states, the intensity of the
Ar spectrum decreased. When O was further added to the plasma,
due to oxidation, the contents of CFy and C, significantly decreased,
and the larger the O content, the lower the CFx and C; contents.
Experiments on microwave plasma jet machining show that the
removal function profile presents Gaussian shape and material
removal stability reached 3.69 %. Due to the nonlinear increase in
dwell point temperature with dwell time, the removal rate initially
increased and then tended to stabilize. Different heat accumulation
occurred under variable speed conditions, resulting in a nonlinear
increase in etching depth with decreasing velocity. The "S" written
using the microwave torch indicates that the processing system has
the ability to process continuously variable curvature structures.
Further, machining experiments conducted using this system show
that this torch can make the initial grooves surface with PV 570.8
nm, RMS 108.1 nm, to plane surface with PV 131.4 nm, RMS 16.5
nm.
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