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Abstract 

The argon (1s5) metastable density and translational gas temperature are experimentally 

measured using laser diode absorption spectroscopy within a 43 GHz microplasma.  The 

plasma is initiated and sustained within a photonic crystal constructed from a rectangular 

array of alumina rods, each 1 mm in diameter.  This configuration generates a stable 

microplasma from 10 – 600 Torr using millimeter wave power from 100 mW to 1200 mW.  

The metastable density is the order of 1018 m-3 at low pressure.  The Ar(1s5) density decreases 

to undetectable levels with increasing pressure and wave power, however.    The gas 

temperature is extracted from the Lorentzian line shape of the absorption profile at 811.53 

nm.  The gas temperature increases from approximately 400 K at low pressure to 2000 K at 

320 Torr (427 mbar, 4.27x104 Pa).  These data are compared with previous results and 

suggest that the microplasma has a dense core of electrons that depletes the metastable 

density at high gas pressure and wave power. 

 

1. Introduction 

Yablonovitch and John [1], [2] conceived controlling the 

radiative properties of materials by using photons or affecting 

photon localization by varying the refractive index of 

materials [3]–[6]. Since then photonic crystals (PhC) have 

been designed and created, for basic studies and for different 

applications [7]–[10]. The diverse frequency ranges include 

microwaves and millimeter waves (MMW), but also optical 

radiation bands. 

 

In its pristine state, a photonic crystal consists of a periodic 

lattice, such as dielectric rods, which prevent a wave from 

being propagated through it in a specific frequency range [11], 

[12]. This frequency range is well-known as the photonic 

bandgap [1], [2], [7], [11]–[16]. If this periodic lattice is 

modified by subtracting a dielectric element from a strategic 

region, a narrow bandpass can appear within this photonic 

bandgap [11], [17], [18]. The bandpass is due to a resonance 

and results in intensifying the electric field inside this volume. 

Alternately, if multiple dielectric elements are deleted from 

the PhC, the path formed by these defects can be exploited as 

a waveguide [17], [19] for controlling the signal direction. 

 

 A PhC can gain useful dynamic properties by inserting a 

plasma. Plasma exhibits interesting electromagnetic 

characteristics such as a negative permittivity [20], [21]. It has 

been the object of study for different research work, where its 

excitation source signal varies from DC, RF waves, 

microwaves and MMW. 

 

In the RF domain, an inductively or capacitively coupled 

plasma is typically used at 13.56 MHz for surface treatments 

and thin film deposition. Recently these plasmas have been 

used in combination with metamaterial structures (composed 

of split ring resonators, SRRs) for understanding the effects of 

a low pressure plasma on resonance frequency [22], and for 

verifying wave propagation through a double negative 
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medium (DNM) [23]. In the microwave domain, these same 

metamaterial structures have also been used for creating 

microplasmas [24], [25] at the gap in each unit cell of the 

structure composed by SRRs. On the same principle, plasmas 

have been created in combination with these metamaterial 

structures for trying to exceed  the electron plasma frequency 

created by a 1.5 GHz [26] and 2.45 GHz source [27]. 

 

Recently in this category and more specifically related with 

the research line in this paper, some PhC devices (or 

electromagnetic band gap (EBG)) were studied.  The plasma 

switches or tunes the peak of the resonance in a PhC filter [28], 

acts as the lattice elements of the entire structure [29], [30], or 

restores a deleted rod element in a vacancy defect [31] in a 

square 2D PhC with less than 1000 mW as sustaining power. 

The latter was modeled [32] to be ignited solely by the 

incident wave.  The plasma is modeled to have an electron 

density with an order of magnitude of 1018 m−3 in low 

pressure argon as evidenced in [31]. 

In the MMW domain on the same research line, low-

frequency discharges are found to act as the lattice elements  

in a square 2D PhC for the 70-75 GHz range [33] and 120-170 

GHz range [34], or to restore a missing rod element in a 

vacancy defect [35] into a hexagonal 2D PhC configuration 

for a 27 GHz signal. More recently, into the same square 2D 

PhC configuration as mentioned in [31], an argon 

microplasma was created in the vacancy defect by an incident 

wave signal at 43 GHz [36] and sustained with less than 1000 

mW. In this configuration the electron density was found to 

have an order of magnitude of 1020 m−3 as reported in [37]. 

Other studies have been made by involving this same PhC and 

highlighting more characteristics and potential applications 

[38], [39]. 

   

As the electromagnetic wave frequency range increases, the 

interaction with plasmas created by the EM signal is less 

understood, so there is interest [40] in investigating the plasma 

behavior, especially at the THz band [41]. PhCs offer a good 

choice to achieve and study this interaction, since the PhC 

functions into the optical bands and has the potentiality of 

concentrating wave energy into the vacancy defect volume. 

Some models have been created for predicting the behavior of 

the plasma in the low THz range [42]–[44]; however, the 

electron density predicted by these three models diverges as 

the frequency exceeds 10 GHz.  Due to this disagreement, it is 

important to develop an experimental understanding of plasma 

parameters at higher frequencies such as electron density, 

metastable density and gas temperature. These data may help 

the models to better predict the plasma behavior into the THz 

band.  

 

In order to collect data to validate the models before 

mentioned, Kim, et al. [37] report the electron density and gas 

temperature of an argon microplasma in a vacancy defect in a 

square 2D PhC configuration at 43 GHz. To diagnose these 

microplasmas becomes challenging due the small size on the 

one hand, and the very small confining structure of the PhC 

that obscures access to the plasma on the other hand. An 

alternative method for measuring the electron density is that 

explained by Kim and Hopwood in [39] where MMW 

spectroscopic measurements of a microplasma were made.  In 

that report, the plasma is found to have an intense central core 

on the order of 100-200 m that is surrounded by a weaker 

diffusion region on the order of 1-2 mm. 

 

The next goal is to estimate the metastable density 

generated by the 43 GHz plasma.  The metastable argon atoms 

are precursors to ions and free electrons in the two-step 

ionization process and play a crucial role in plasma formation.  

For this purpose, a diode laser absorption spectroscopy 

technique is implemented similar to that reported by Sadeghi 

[45] and long used for this purpose in different works [46]–

[50]. 

 

Therefore, and unlike previous work [37], this paper is 

focused on measuring the Ar(1s5) metastable density using the 

2p9-1s5 electronic transition.  In addition, the gas temperature 

of argon is also found from the line shape deduced from this 

diode laser absorption spectroscopy technique. In both cases, 

the diagnostic is specifically probing the high-density central 

core of the microplasma where the ionization is most intense.   

This paper is organized as follows: In Section 2, the 

experimental configuration is described for the PhC, MMW 

setup and optical setup. In Section 3, the results are presented, 

including the line-integrated metastable density, the 

broadening of the Voigt profile, and an approximation of the 

gas temperature.   These results are interpreted in Section 4. 

2. Experimental configuration  

2.1 Photonic crystal configuration 

This experiment is based on previous reports which generate 

a microplasma at 43 GHz [36]–[39]. Hence, the physical 

parameters in this PhC are the same used in previous work, 

but they are briefly restated here for convenience. The PhC is 

composed of an 11 × 7 square lattice of alumina rod elements, 

which are 1 mm in diameter, spaced by 2.8 mm with a height 

of 2.85 mm, and encapsulated in a copper frame.  These rods 

(CoorsTek, AD-998) have a relative permittivity of ɛr = 9.8 

with dielectric loss tangent of δ < 0.0001 at 1 MHz. To 

concentrate the incident wave’s electric field as much as 

possible in the center of the PhC and thus create the plasma, a 

vacancy defect was created by removing the central rod as 

shown in the left side of Fig. 1. 
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 This PhC was located in a vacuum chamber evacuated 

using an oil-lubricated vacuum pump with a base pressure of 

10 mTorr.  The pressure was measured by a piezo transducer 

gauge (MKS, 902B). The chamber was then backfilled with 

argon gas (99.99%) at a pressure near 40 Torr to generate the 

initial plasma by using a continuous MMW power of 3 W for 

all experiments. 

 

Laser light was passed through the center of the plasma 

using two holes.  On the top plate of the PhC is a 650 m hole 

that accommodates a 600 m optical fiber connected to a laser 

diode (LD) nominally operating at 811.53 nm wavelength.  In 

the bottom plate of the PhC is a 450 m hole that positions a 

400 m optical fiber to receive the laser signal after traversing 

and being partially absorbed by the plasma. Two optical fiber 

vacuum feedthroughs permit the passage of the fibers from the 

exterior to interior of the vacuum chamber. 

 

 To determine if the optical access holes caused significant 

changes in the PhC behavior, a frequency-domain 

electromagnetic simulation in ANSYS EM19.2, HFSS® was 

used. Though the modeled resonance frequency shifted 

upward (15 MHz) and the magnitude of the electric field 

decreased because of the holes, the maximum electric field 

was found to be 168 kV/m at 1000 mW. This field is above of 

the minimum breakdown threshold at a pressure of 30 Torr (70 

kV/m) according to Raizer theory [51]. This simulation was 

confirmed by experimental observation of gas breakdown and 

stable plasma formation. 

2.2 Experimental millimeter wave setup 

This section describes the generation and measurement of 

the incoming 43 GHz electromagnetic wave.  A microwave 

signal of 5 dBm at 10.917 GHz from the signal generator 

(Keysight, N5183A) is multiplied by a 4-active multiplier 

(Millitech, AMC-22). After being multiplied, the MMW 

signal (43.668 GHz) is increased by the WR-22 waveguide 

amplifier (Millitech, AMP-22-40060) up to 3 W by manually 

varying an attenuator as show in the Fig. 2. The amplified 

wave enters a bidirectional coupler (DC, Millitech, CL4-22, 

−20 dB) where two power sensors (Keysight, N8487A) were 

connected to the power meter (Keysight, E8487A) to measure 

the forward (𝑃𝑓𝑜𝑟) and reflected (𝑃𝑟𝑒𝑓). 

 

  
Fig. 2. Experimental setup for millimeter wave generation, which 

enters the vacuum chamber through a sealed WR-22 waveguide.  

(Figure 1 describes the optical components and PhC.) 

 

Without plasma, 𝑃𝑟𝑒𝑓 was less than 1% of 𝑃𝑓𝑜𝑟, but in the 

presence of plasma, 𝑃𝑟𝑒𝑓  increases up to 45%, depending on 

the electron density (𝑛𝑒) in the plasma. Hence, the net power 

Fig. 1. Schematic of the experimental setup including the optical part (laser diode absorption) and the MMW photonic crystal within a vacuum 

chamber.  The millimeter wave generation is described separately in Figure 2. 
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is  𝑃𝑛𝑒𝑡 = 𝑃𝑓𝑜𝑟 − 𝑃𝑟𝑒𝑓 in the PhC. In absence of the plasma, 

the PhC is nearly transparent and the transmitted power (𝑃𝑡𝑟) 

should be almost the same as 𝑃𝑛𝑒𝑡, taking into account the 

losses in the copper and the dielectric rod elements; however, 

in the presence of plasma, these losses increase, resulting in a 

𝑃𝑡𝑟 lower than 𝑃𝑛𝑒𝑡 due to an absorption power (𝑃𝑎𝑏𝑠) in the 

plasma, hence 𝑃𝑛𝑒𝑡 =  𝑃𝑡𝑟 + 𝑃𝑎𝑏𝑠. This 𝑃𝑡𝑟 exits the PhC 

through a WR-22 rectangular cut-out and is absorbed by a 

waveguide load as shown in Fig. 1.  

2.3 Experimental optical setup 

A laser diode (LD, Thorlabs L811P010) was mounted on a 

thermoelectric temperature controller (Thorlabs, TCLDM9) 

and tuned to 811.53 nm by adjusting the diode laser current to 

64 mA at a temperature of 41 °C as shown in the right side of 

Fig. 1. To produce 811.53 nm, the lasing wavelength was 

measured by an optical emission spectrometer (Ocean Optics 

USB2000+) and simultaneously compared to optical emission 

from the argon plasma while adjusting the LD temperature. 

Once the center wavelength is established, the laser 

wavelength is scanned through the linewidth of the argon 

metastable state by modulating the laser drive current.  A 5 

Hz, 200 mV signal generator connected to the LD controller 

provides ±50 pm of wavelength modulation around 811.53 

nm. 

Since diodes were used in the free running mode (without 

optical feedback), the available lasing wavelengths are 

discontinuous, changing between single and multi-mode 

operations with changes in the case temperature and diode 

current. To assure laser operation in a single mode, a Fabry-

Perot interferometer (FSR=1.5 GHz, finesse >200, resolution 

<7.5 MHz, Thorlabs, SA200-7A) was used and connected to 

the laser path by a beam splitter (BS). The intense plasma 

emission also coupled backward into the laser, causing mode 

hopping.  To alleviate this problem a bandpass filter (BPF, 810 

nm, = 10 nm) was inserted into the path, allowing only the 

wavelengths coming from the plasma in the 805-815 nm range 

to strike the LD, thus extending the free running single-mode 

operation. 

 

 

 
Fig. 3 Typical experimental absorption data (a) without and (b) with 

plasma. (c) Fabry-Perot etalon calibration signal for the 811.53 nm 

transition in argon (conditions: 80 Torr and 1000 mW). 

 

An aspheric lens (AS, Thorlabs, C330TME-B) collimated 

and aligned the diode laser through the optical path. A neutral 

density (ND) was selected to attenuate the laser intensity until 

no bleaching of the plasma was observed. The laser was 

focused onto a 600 m diameter fiber using a Thorlabs 

PAF2S-15B fiber focuser (FF). The fiber enters the chamber 

and passes laser light through the PhC and plasma.  The 

partially-absorbed laser light is collected by a second fiber and 

exits the vacuum chamber.  Plasma emissions outside the 

wavelength of the laser are filtered by a second bandpass filter.  

The filtered laser signal is sensed by a diode detector, 

amplified and measured using a Tektronix TDS2024C 

oscilloscope.  Electrical noise is filtered by averaging 128 

scans of the laser per measurement. 

 

To determine the absorption of laser light by the metastable 

argon atoms in the plasma, one must obtain the incident laser 

intensity (𝐼0 =  𝐼𝑛𝑝𝑤𝑙 − 𝐼𝑛𝑝𝑛𝑙) and transmitted laser intensity 

𝐼𝑡 =  𝐼𝑤𝑝𝑤𝑙 − 𝐼𝑤𝑝𝑛𝑙, as a function of wavelength.  Four modes 

were measured:  

 

𝐼𝑤𝑝𝑤𝑙 : plasma on, laser on 

𝐼𝑤𝑝𝑛𝑙 : plasma on, laser off 

𝐼𝑛𝑝𝑤𝑙 : plasma off, laser on 

𝐼𝑛𝑝𝑛𝑙 : plasma off, laser off 

 

As shown in Fig. 3, a typical experimental result at 80 Torr 

and 100 mW is presented where 𝛥𝜆 = 0 represents 𝜆0 =

811.53 nm as the central value. The absorption linewidth was 
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calibrated by the appearance of the periodic interference peaks 

of the laser signal by using the Fabry-Perot etalon as shown in 

Fig. 3c. 

3. Results 

When the diode laser absorption technique is implemented, 

one can assess information about the line-integrated excited-

state densities and the gas temperature in the microplasma. In 

this section the plasma properties related to this technique are 

addressed and described. 

3.1 Metastable density 

Photons from the tuned laser are absorbed by the argon 1s5 

metastable state.  The amount of absorption is used to extract 

the metastable density.  According to the Beer-Lambert law, 

the transmitted light intensity (𝐼𝑡) after plasma absorption 

depends on the incident light intensity (𝐼0) as follows:  

 

𝐼𝑡(𝜆) = 𝐼0(𝜆)𝑒(−𝑘(𝜆)𝑙)  (1) 

 

𝑘(𝜆)𝑙 = 𝑙𝑛 (
𝐼0(𝜆)

𝐼𝑡(𝜆)
)   (2) 

 

Where the product 𝑘(𝜆)𝑙, composed of the absorption 

coefficient 𝑘(𝜆) in [m−1] and the absorption length 𝑙  in [m], 

is well-known as the optical depth. Then the line-integrated 

density of the absorbing species (𝑁𝑖𝑙) is given by [45], [46], 

[48], [52]: 

 

𝑁𝑖𝑙 =
8𝜋𝑔𝑖𝑐

𝜆0
4𝑔𝑘𝐴𝑘𝑖

∫ 𝑘(𝜆)𝑙𝑑𝜆 (3) 

 

Here 𝑁𝑖𝑙 is in [m−2], 𝑐  is the speed of the light in [m s⁄ ] 

and the subscripts 𝑖 and 𝑘 reference the lower and upper 

energy levels of the transition at the wavelength 𝜆0 in [m], 

respectively.  The constants 𝑔𝑖 and 𝑔𝑘 are the degeneracies of 

these states and 𝐴𝑘𝑖 is the spontaneous emission probability 

(in s−1). The set of values for these parameters [48] are 

presented in the Table I. 

Table I. Values for line-integrated density parameters [48] 

𝝀𝟎 (𝐧𝐦) Transition 

Low/High 

𝑨𝒌𝒊 (𝐬
−𝟏) 𝒈𝒊/𝒈𝒌 𝟖𝝅𝒈𝒊𝒄

𝝀𝟎
𝟒𝒈𝒌𝑨𝒌𝒊

 

811.53 1S5-2p9 3.3×107 5/7 3.76×1026 

 

 

Fig. 4. Optical depth for the 811.53 nm absorption argon line as a 

function of pressure for a net power of 1000 mW. Curves obtained 

by using the Voigt-fit to the experimental data.  

 

From the results presented in Fig. 3, we can obtain 𝐼0 and 𝐼𝑡 to 

calculate the optical depth. Fig. 4 shows the optical depth as a 

function of  𝛥𝜆. Computing the area under the curve for each 

pressure, it is then possible to get the line-integrated density 

using Eq. 3, which is plotted in Fig 5 and Fig. 6. 

 

In Fig. 5, we compare the line-integrated Ar(1s5) density 

from a diffuse low pressure case (10 Torr, 13.3 mbar ) with a 

constricted high pressure plasma (320 Torr, 427 mbar). The 

connecting lines serve solely to guide the eye. At low 

pressures, the electron temperature is known to be higher, and 

therefore the production of excited states is faster.  The 

upward trend of line-integrated density is consistent with 

increased plasma power and expansion of the plasma’s length.  

The high pressure case appears to produce many fewer 

metastables, but the plasma length is also shorter.  The 

variation of plasma length along the laser path is addressed in 

the next section.  Most interesting is the counter-intuitive 

decrease in metastable atoms as the power exceeds 600 mW.  

Because metastable density is determined by the 

integration of the optical depth, the experimental errors are 

small and comparable to the markers on the plots.  However, 

the plasma may not be 100% consistent from run-to-run, and 

this is the origin of some variation in the results seen in Fig. 5. 

Across multiple measurements the trends presented in this 

manuscript are reproducible. 
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Fig. 5. Line-integrated density (𝑁𝑖𝑙) of argon 1s5 as a function of the 

net power, for a low (red curve) and high (blue curve) pressure (10 

and 320 Torr). 

  

 
Fig. 6. Line-integrated density (𝑁𝑖𝑙) of argon 1s5 as a function of the 

pressure, for a low (red curve) and high (blue curve) net power (100 

mW and 1000 mW). 

 

Because the laser passes through only the central 400 m of 

the plasma, only the core of the microplasma is probed.  The 

depletion of metastable argon in this dense central region is 

addressed in the Discussion section. 

 

In Fig. 6, the cumulative metastable density along the laser 

path shows a general decrease as the argon pressure 

approaches one atmosphere.  The detailed behavior of the 

plasma as it transitions from diffuse to constricted is complex 

and not yet well understood.  There is only a weak dependency 

on the net wave power.  The most remarkable observation is 

the disappearance of laser absorption by metastables in the 

case of high power (1000 mW) and high pressure (600 Torr, 

800 mbar).  The optical depth of the plasma was zero within 

the limits of the experiment, so we report the line-integrated 

density as zero. Although, physically, one could argue that the 

density cannot be zero, it is below the detection limit of the 

experiment. 

 

 

 
Fig. 7 Captured photos in a gray-scale format of the central region of 

the MMW photonic crystal, highlighting microplasma boundaries 

(green and red dotted lines) and the respective plasma length (𝑃𝐿) 

and width (𝑃𝑊), for a low and high pressure (10 and 600 Torr), at 

1000 mW as forward power. The laser path (𝑆𝑝 ≅ 400 µm) is 

highlighted with a blue dotted line. 

 

The optical depth and line-integrated density only provide 

an average measurement along the entire 2.8 mm optical path 

through the PhC vacancy.  Both pressure and plasma power 

influence the actual plasma shape, and these variations may 

produce confusing measurement results due to changing path 

lengths through the plasma. 

 

To estimate the average Ar(1s5) density, we record the 

length of the plasma 𝑃𝐿 and then report the density as 𝑁𝑖𝑙/𝑃𝐿. 

Examples of the plasma shape are shown in Fig. 7 for the 

extrema in pressure examined here.  The viewpoint in the 
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photographs is perpendicular to the laser path as highlighted 

with a blue dotted line (𝑆𝑝 ≅ 400 µm).  This view of the 

plasma is partially blocked by the 1 mm rods of the PhC 

(marked with vertical white lines).     

 

 
Fig. 8. Plasma length (PL) as a function of the pressure, at 1000 mW 

forward power. 

 

The rods obscure the center of the plasma and also scatter 

some plasma emissions to the camera.  All images are 

captured with identical, fixed aperture and shutter speed to 

ensure consistency throughout the experimental parameter 

space.   All images are converted to gray-scale and a gray-

scale value is somewhat arbitrarily chosen as the edge of the 

plasma.  This boundary is highlighted using green pixels in the 

images.  This is a necessary approximation, so the reported 

density is merely the average over this estimated plasma 

length. 

 

 
Fig. 9. Metastable density of argon 1s5 as a function of the net power, 

for a low (red curve) and high (blue curve) pressure (10 and 320 

Torr). 

 

The upper and lower boundaries of the plasma are always 

hidden by the PhC rods, so the plasma length is extracted by 

assuming that the shape is a general ellipsoid.  The edge data 

are fitted in Matlab® using the function “fit_ellipse”. 

 
Fig. 10. Metastable density of argon 1s5 as a function of the pressure 

for a low (red curve) and high (blue curve) net power (100 mW and 

1000 mW). 

 

The red dotted line in Figure 7 shows the best-fit ellipsoid. The 

major and minor axes of the ellipse represent the plasma 

length (𝑃𝐿) and width (𝑃𝑊).  Fig. 8 provides example 

dimensions for the plasma from 10-600 Torr (1000 mW).  The 

plasma emission contracts from the limits imposed by the 

boundaries of the PhC (2.8 mm) to a free-floating length of 

1.75 mm.  Fig. 9 presents the volume-average metastable 

density as a function of power. The density is essentially 

averaged over a cylindrical volume defined by the cross-

section of the laser path (400 µm in diameter) and the 

estimated plasma length.  Typical metastable production 

within the PhC is the order of 1018 m-3. Compared to the line-

integrated density data, we see that the volume-averaged 

density has less variation after plasma constriction is included.  

The general trend, including depletion at high pressure, 

remains similar.  The average density as a function of gas 

pressure is presented in Fig. 10.   Two local minima in density 

remain and there is no detectable metastable density in the 

high power case at 600 Torr. 

3.2 Absorption Line Broadening 

 One may estimate the gas temperature by considering the 

broadening of the absorption line [53] as shown in Fig. 4.  The 

optical depth (𝑘𝑙 vs 𝛥𝜆) is a Voigt profile, which is the 

convolution of Gaussian and Lorentzian line profiles; the first 

due to the Doppler broadening and the second due to  

collisional and Stark broadening.   We use a Voigt profile 

approximation to estimate the broadening for each profile, 

from which the gas temperature can be determined. In this 
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case the Stark broadening effect on argon can be ignored due 

to its negligible influence on the Lorentzian line profile. In the 

following subsections, we detail the theory for each profile 

and end by presenting the gas temperature results. 

3.2.1 Doppler Broadening 

The Gaussian profile is produced by the motion of the 

absorbing atoms. The lineshape for this profile is assumed to 

be generated by atoms with a Maxwellian distribution, where 

the FWHM [52] is given by: 

 

𝛥𝜆𝐺 = 7.16 × 10−7𝜆0√𝑇𝑔

𝑀
 (4) 

 

Here 𝛥𝜆𝐺 is in [m], 𝑀 is the atomic mass of the absorbing 

Ar(1s5) atoms in [a. m. u], and 𝑇𝑔 is the translational gas 

temperature in [K]. 

3.2.2 Collisional Broadening 

This broadening is mostly produced by the collisions 

between the absorbing atoms, neutral gas atoms and other 

excited atoms, and its FWHM is given by: 

 

𝛥𝜆𝐶𝑜𝑙𝑙 = 𝐶𝑁  (5) 

 

𝛥λ𝐶𝑜𝑙𝑙 is also in [m], 𝐶 is the collisional broadening 

parameter in [m ∙ m3], and 𝑁 is the neutral gas density in 

[m−3]. In some transition lines, such as that used in this work, 

𝐶 is dependent of gas temperature as follows: 

 

𝛥𝜆𝐶𝑜𝑙𝑙 = (
𝐶0

𝑇0
0.3) 𝑇𝑔

0.3𝑁 (6) 

 

Where 𝐶0 is the collisional broadening parameter measured 

at a gas temperature, 𝑇0. This parameter is estimated and 

compared with others in the literature [53]–[56] for this 

absorption line in Table II. 

Table II. Comparison of the collisional broadening 

parameters 𝐶0 for Ar absorption at 811.53 nm 

𝑪𝟎 [𝟏𝟎−𝟑𝟔 𝐦 ∙ 𝐦𝟑] 

(
𝑪𝟎

𝑇0
0.3⁄  [𝟏𝟎−𝟑𝟕 𝐦 ∙ 𝐦𝟑 ∙ 𝐊−𝟎.𝟑]) 

Tachibana [53] Lee [54] Moussounda [55] Vallee [56] This work 

300 𝐊 300 𝐊 2250 𝐊 3900 𝐊 340 𝐊 

0.9 (1.69) 1.25 (2.26) 2.60(2.57) 1.91(1.60) 1.80(3.14) 

  

In Table II values for 𝐶0 are presented for different 𝑇0.   

Using these literature values, the gas temperature was near or 

even below room temperature for our low pressure 

measurements. Therefore, we also experimentally 

estimated 𝐶0. Using low pressure absorption data with small 

collisional broadening, we find the Doppler temperature 𝑇𝑔 ≅

340 K. Then, the pressure is slightly increased and the neutral 

gas density (𝑁) is calculated (𝑁 = 𝑃 𝑘𝑇𝑔⁄ ), to finally find the 

slope 𝐶0 according to Equation (5). 

Neglecting the small effects of the Stark broadening, the 

FWHM for the Lorentzian profile is given by: 

    

𝛥𝜆𝐿 = 𝛥𝜆𝐶𝑜𝑙𝑙 + 𝛥𝜆𝑆𝑡𝑎𝑟𝑘 ≅ 𝛥𝜆𝐶𝑜𝑙𝑙  (7) 

 

3.3 Voigt profile approximation and gas temperature 

𝑇𝑔 

The measured optical depth profiles were fitted with a 

Voigt profile using a least-squares error method in Matlab 

(fit2voigt.m).  Examples of the Voigt profiles are plotted in 

Fig.  4.  The Gaussian () and Lorentzian () components from 

the curve fitting procedure were converted to the FWHM of 

the absorption spectra using 

 

𝛥𝜆𝐺 = 2𝜎√2ln (2) (8) 

 

𝛥𝜆𝐿 = 2𝛾   (9) 

 

Finally,  𝑇𝑔𝐿 was calculated through the Lorentzian profile 

by using Equation (6) and is presented in Fig. 11 and Fig. 12. 

 

In Fig. 11, the argon gas temperature is shown as a function 

of the net power. At lower pressure, 𝑇𝑔 is 300-500 K. The 

diffuse plasma cools on the PhC frame and expands 

horizontally with additional power, so the temperature 

remains low.  As expected, at higher pressure, more frequent 

collisions heat the gas such that  𝑇𝑔 was higher. 

 

 
Fig. 11. Argon gas temperature estimated by collisional broadening 

of absorption profiles, as a function of the net power, for a low (red 

curve) and high (blue curve) pressure (10 and 320 Torr). 
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As the pressure and net power increase, the estimated error is 

more considerable. At higher pressure the collisional 

broadening of the optical depth increases, lowering the 

amplitude and decreasing the signal-to-noise ratio. This 

increases the uncertainty in the Voigt fit as reflected by the 

error bars.  

 

 
Fig. 12. Argon gas temperature estimated by collisional broadening 

of absorption profiles, as a function of the pressure, for a low (red 

curve) and high (blue curve) net power (100 mW and 1000 mW). 

 

Fig. 12 shows the gas temperature as a function of the 

pressure. Similar to Fig. 11, an increasing evolution of the gas 

temperature can be observed as the pressure increases. The 

estimated error is greater for higher pressure and net power as 

before. The absence of absorption by 1s5 states for a pressure 

and net power of 600 Torr and 1000 mW, respectively, makes 

it impossible to estimate the gas temperature in the plasma for 

these values; however, following the curve trend, this 

temperature is expected to continue increasing.   

 

4. Discussion 

 The photonic crystal provides a simple, scalable plasma-

generating platform for extending microplasma generation 

into the THz band.  Unlike microstrip and coaxial transmission 

lines, which become too lossy at extreme frequency, the PhC 

is known to remain functional into the optical wavelengths.  

The microplasma formed within a PhC is electrodelessly 

heated and floats in free space at higher pressures.  Therefore, 

there are limited plasma-surface interactions to complicate the 

basic plasma physics, making the PhC an interesting reference 

cell for extreme frequency investigations.  

 

This work can provide basic data for the development and 

validation of plasma models into the THz regime.  Current 

models diverge in the predicted plasma electron density [42]–

[44].  These experiments may help resolve the differences, but 

the models are typically one-dimensional in space.  It is 

necessary to understand that the microplasma has a complex 

3D structure, and this structure not only influences the model 

but also must be used to carefully interpret these data.  

Specifically, these data are extracted from the central 400 m 

diameter core of the microplasma.  Millimeter wave 

spectrometry of the microplasma by Kim and Hopwood [39] 

demonstrated that the microplasma has a small dense electron 

core (~200 m) surrounded by a weak diffusion zone.  Miura 

[57], investigating a microwave-driven microplasma, used 

Abel inversion to show that the central core has a high electron 

density (>1020 m-3), but those core electrons can (1) nearly 

fully dissociate diatomic molecules, and (2) nearly deplete the 

central core of metastable states - presumably by electron-

impact ionization.  The conceptual picture of a dense spheroid 

of electrons surrounded by a dense shell of metastable atoms 

also applies to the current data. 

 

As electron density increases above 1020 m-3 with net wave 

power [37], the measured metastable density in the central 

core region decreases, somewhat counter-intuitively.  It 

becomes too small to accurately measure near atmospheric 

pressure (1000 mW) but does become detectable again if the 

electron density (and temperature) decrease as power is 

reduced to 100 mW.  Although the geometry of the PhC does 

not allow radial spatial resolution in experiments, we are likely 

observing the spheroid shell of metastable atoms expand 

outward with increasing power, leaving a void in the central 

measurement volume. 

 

Previous reports of gas temperature on the same PhC 

microplasma indicate that the rotational temperature of the CH 

molecule increases from 400 to 900 K with power.   The LD 

absorption technique reported here uses a more direct method 

because one does not need to assume that the translational and 

rotational gas temperatures are in equilibrium.  Even so, the 

collisional broadening method indicates that the temperature 

reaches approximately 2000 K.  This large discrepancy in the 

measured gas temperature is also related to the internal 

structure of the microplasma.  The previous rotational 

temperature data was acquired by plasma emissions from a 

larger volume of the microplasma that includes the peripheral 

regions.  Because the intense electron density in the core 

dissociates the CH molecule [58], the collected emission from 

the CH used for rotational temperature originates from the 

non-depleted periphery.  This outer region is cooler than the 

core region that has been measured and reported here. 

5. Conclusion  

In this work, we have experimentally determined new 

characteristics of a 43 GHz microplasma operating from 10 – 

600 Torr using 100 – 1200 mW of millimeter wave power.  

Using diode laser absorption, the central 400 m core of the 
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microplasma is found to have an Ar(1s5) metastable density 

on the order of 1018 m-3 at low pressure (10 Torr).  As the argon 

pressure is increased, however, the high electron density in the 

center of the microplasma ionizes the metastables.  At 600 

Torr, the metastable density is undetectable.   

The gas temperature within the microplasma core is cool 

(300-500 K) at low pressure and low power.  As expected, the 

gas temperature increases as the electron-neutral collision rate 

increases.  At 300 Torr and higher, the translational gas 

temperature exceeds 2000 K in the center of the discharge.  

Optical emission measurements of the CH rotational 

temperature are approximately half this temperature, but the 

CH emissions are believed to emanate from the peripheral 

regions of the plasma.  The diatomic molecules such as CH 

are depleted by dissociation in the electron-rich core and 

therefore have reduced emission.  The absorption line shape, 

therefore, provides a more accurate indication of the core 

temperature.  This method also becomes limited in utility as 

the metastable absorbers become depleted at the highest power 

levels reported here. 

The characterization of the 43 GHz plasma aids our 

understanding of the basic physics of MMW microplasma 

generation.  It is also hoped that these data can assist in the 

benchmarking and validation of models extending from the 

MMW to the THz regime.  In the future, we will apply this 

diagnostic technique to a new, higher frequency microplasma 

operating at 94 GHz [59]. 
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