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A B S T R A C T

The measurement of plasma density is of great significance in the study of magnetically constrained nuclear
fusion and the transmission of electromagnetic waves in plasma. In this paper, the terahertz time-domain
spectroscopy (THz-TDS) system is used to diagnose the plasma density of the atmospheric pressure plasma jet.
The transmittance properties of the atmospheric pressure plasma jet are measured by a fiber-coupled trans-
mission THz-TDS system. Then the electron density of the plasma jet is calculated based on the measurement
results according to the relationship with the complex refractive index. The plasma jets with different electron
densities are also investigated by varying the discharge voltages and the ionization gases. The terahertz trans-
mittance spectra in measurement and calculation agree well. This study is of great significance for the appli-
cations of THz-TDS in high-accuracy, non-contact plasma diagnosis.

Introduction

Plasma is a kind of quasi-neutral gas composed of the charged
particles and neutral particles that exhibits the collective behaviors. It
has many unique physical and chemical properties. Atmospheric pres-
sure plasma jet is a convenient and economical low-temperature plasma
discharge technology, showing many unique advantages in steriliza-
tion, biological mutation breeding, auxiliary combustion, air purifica-
tion and so on [1–4]. The most outstanding feature of atmospheric
pressure plasma jet is that the plasma is not confined between the
electrodes or in a containment enclosure. It makes atmospheric pressure
plasma jet widely used in material treatment especially in biomedical
applications because the size of the sample is free of the limitation of
the containment [5,6]. Atmospheric pressure plasma jet is also ex-
tensively used in laboratory to study plasma characteristics due to its
simplicity and stabilization. As one of the most important character-
istics of plasma, the electron density is of great significance for studying
the interactions of electromagnetic waves with plasma, the balance and
stability of magnetic confinement plasma [7,8]. Several measurement
methods of the electron density have been developed for different ap-
plication conditions, including Langmuir probe method, Thomson
scattering, optical emission spectroscopy and microwave inter-
ferometry [9–12]. However, these measurement methods still have
several respective limits in the applications.

Terahertz time-domain spectroscopy (THz-TDS) technique is a co-
herent detection technique that directly measures the complex re-
fractive index of samples by processing the amplitude attenuation and
phase delay of terahertz wave with a high signal-to-noise ratio [13–18].
It is a good tool to measure the properties of plasma. Compared to
Langmuir probe method, THz-TDS is a non-contact measurement that
does not affect the plasma state. Compared to Thomson scattering
method, THz- TDS has a higher signal-to-noise ratio and better stability
and reliability. And compared to optical emission spectroscopy, THz-
TDS is easier to process and supports a faster detection. A series of
researches have proved the feasibility of terahertz time-domain spec-
troscopy for low pressure plasma diagnosis since 2003 [19–21]. In
2010, Kitahara et al. utilized THz-TDS to measure the electron density
measurement of the low-pressure argon inductively coupled plasma
[22]. They also proved that THz-TDS performs higher accuracy under
high RF powers and high voltages than Langmuir probe method in 2011
[23]. In 2016, Jang et al. used a THz-TDS system with the air plasma
THz source measure the high-density (1019–1020 m−3) inductively
coupled plasma [24]. In 2017, Meier et al. improved the signal-to-noise
ratio of THz-TDS by redesigning the antenna structure and increasing
the frequency of the lock-in amplifier and demonstrated that THz-TDS
performed in plasma diagnosis as well as microwave interferometry
method [25]. However, the researches above mainly focus on the low
pressure inductively coupled plasma whose characteristics are different
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from the atmospheric pressure plasma jets. THz-TDS technology in at-
mospheric pressure plasma jets diagnose has rarely be reported.

In this paper, the electron density of atmospheric plasma jet is
measured by a fiber-coupled THz-TDS system. The plasma jet is gen-
erated by helium or neon discharge in a quartz tube under atmospheric
pressure. The refractive index is measured by a transmission THz-TDS
system. And then the electron density is calculated based on the re-
fractive index. Different discharge voltages are utilized to change the
electron density of the plasma. It’s shown that with the increase of the
discharge voltage, the electron density increases linearly. Moreover, the
plasma jet of helium performs lower electron density than neon with
the same discharge voltage because of the higher ionization potential.
The measurement results agree well with the theoretically calculation
results. This work promises THz-TDS technology is an effective diag-
nostic method for plasma density.

Theoretical model

According to the optical principles, the propagation characteristics
of THz wave in plasma has a significant correlation with the effective
refractive index of plasma. It is necessary to consider the effect of the
oscillation and collision of electrons with neutral particles in plasma.
The thermal motion of the particles in plasma deviates the plasma from
electrical neutrality. In order to maintain macroscopic neutrality,
electrons and ions in plasma are driven by Coulomb force for free os-
cillation. The frequency of the oscillation is defined as the plasma fre-
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electron and ion oscillation frequencies, respectively, ne and ni are
electron density and ion density, ε0 is the vacuum permittivity, me and
mi are the electron mass and ion mass, e is the electron charge [26]. Ion
oscillation frequency can be ignored, because the mass of ion is much
larger than electron. So the plasma frequency can be expressed as
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The collision between electrons and neutral particles is character-
ized by the collision frequency νen, which is determined by the factors as
temperature, pressure and neutral particle density.

The permittivity of unmagnetized cold plasma is given by =ε ε εr0 ,
the relative permittivity εr can be expressed as [27]
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where ω is the angular frequency of the incidental electromagnetic
wave. The complex refractive index can be expressed as

= = +n ε n iκr , where n is the refractive index, κ is the extinction
coefficient. So the electron density can be inferred from n measured
from THz-TDS.

Transmission THz-TDS obtains the optical properties of sample by
analyzing the amplitude attenuation and phase shift of the terahertz
wave after transmitted through plasma. For a monochromatic plane
wave with the frequency ω propagating along the z-direction, the time
dependent terahertz field can be expressed as [28]
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where the separable time dependent term =E t E exp iωt( ) ( )0 0 represents
the wave form before propagating through the sample. After propa-
gating through the dielectric of thickness d, the terahertz field is
modified by the absorption and dispersion, the frequency dependent
field is given by
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Considering the Fresnel reflection situation, when a beam pene-
trates the interface between two media with different refractive indices
n1 and n2, the transmittance coefficient at normal incidence is given by
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Fresnel reflection occurs when terahertz wave enters and leaves the
plasma. The total transmittance coefficient caused by Fresnel reflection
is

=
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So the terahertz field after plasma can be described as
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A reference wave propagating through vacuum (n = 1, κ = 0) of
the same length is given by
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By dividing sample and reference waves in Eqs. (2.7) and (2.8), we
get an expression for the frequency dependent complex ratio
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The refractive index can be directly extracted from the phase shift Φ
in (2.9)

= = +n n ω c
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(2.10)

So the electron density of plasma can be calculated from the phase
shift measured from THz-TDS.

The transmittance of the electromagnetic wave in plasma can be
calculated based on the physical optics (PO) method. Derived from
Maxwell's equations, the wave equations in plasma can be described as

∇
→

+
→
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where k is the wave number in plasma, it can be expressed as

= =k k ε ω
c

εr r0 (2.12)

k0 is the wave number in vacuum, c is the speed of light in vacuum,
andω is the angular frequency of the incident wave. Considering the
one-dimensional case: the electromagnetic wave propagates in the po-
sitive direction along the z-axis, the electric field is parallel to the y-axis
direction, and the magnetic field is along the x-axis direction, the wave
equation becomes
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Using Wenzel-Kramers-Brillouin (WKB) approximating ≪ 1
k

dk
dz

1
2 ,

which assumes that the plasma parameters change slowly enough with
the position, the solution of the wave equation is [27]
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After passing through the plasma with the thickness d, the energy
becomes
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where I and I0 are the energies of the THz wave before and after passing
through the plasma, respectively. So the transmittance can be expressed
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Experimental details

Atmosphere pressure plasma jet

Fig. 1 shows the schematic diagram of the plasma jet generation
system. A high-voltage AC electric power is set to apply the voltage to
the quartz tube with a 6-mm inner diameter and a 8-mm outer dia-
meter. through the ring-shaped copper electrodes. Plasma is generated
with the inert gas flow from the gas supply part. The electric power
(CTP-2000K Suman Plasma Cop.) is tunable in frequency with the range
of 5–20 kHz and in amplitude with the range of 0–30 kV. The end of the
quartz tube is shaped into duckbill in order to broaden the plasma jet to
cover the whole THz spot. The discharge part of the system is enclosed
in a plastic cylinder wrapped with copper foils to prevent the detected
THz signal from the disturbance of the high AC signal. The copper foils
are grounded with a wire.

The discharge progress is maintained in dielectric barrier discharge
(DBD) mode. In the experiment, the DBD plasma jet has the sizes of
approximately 20 mm in length and 6 mm in width.

Terahertz time-domain spectroscopy

Fig. 2 shows the schematic diagram of the THz-TDS system (TAS
7500TS Advantest Cop.). Two femtosecond lasers (1550 nm,< 50 fs),
serving as the pump laser and the probe laser, are utilized to excite the
photoconductive antennas as the THz generator and detector. The

maximal spectral range is from 0.1 THz to 4 THz. An asynchronous
optical sampling system (ASOPS) enables high frequency resolution
(3.8 GHz) and high-speed THz spectroscopy (16 ms per scan) instead of
the classical mechanical delay line. High-bandwidth feedback electro-
nics is utilized to maintain a small and constant repetition rate differ-
ence between pump laser and probe laser. The THz detector operates at
different positions of different pulses to obtain the whole time-domain
waveform. THz wave emitted from the antenna is collimated and fo-
cused on the plasma jet by a couple of 90° off-axis parabolic mirrors
OAP1 (f = 101.6 mm) and OAP2 (f = 152.4 mm) and then collected to
the detector by OAP3 (f = 152.4 mm) and OAP4 (f = 101.6 mm). The
whole optical path is enclosed in an acrylic chamber and purges with
dry air to reduce the absorption by the water vapor. In this experiment
the time sampling is averaged by 1024 points of 262 ps duration.

Results and discussion

In our experiments, the flow rate is controlled to 3.5 L/min by the
pressure reducer with a flow meter, in order to reduce the influence of
the fluctuation of the jet on the measurement result. The whole system
is introduced with the dry air and the humidity is controlled under 5%.
Therefore, the effect of water vapor absorption is reduced to a relative
lower level.

Fig. 3 shows the time-domain THz pulse signals with and without
plasma. The THz beam passing through the plasma exhibits a phase
advance, because the relative refractive index is less than 1. The ex-
istence of plasma cause a time advance about 0.02 ps. The frequency-
domain power spectrum, as shown in the inset of Fig. 3, is obtained by
Fourier transform from the time domain signals. And the maximal dy-
namic range reaches over 50 dB.

Electron density is calculated with the refractive index measured by
THz-TDS. The plasma is inhomogeneous in both spatial and time do-
mains but the resolution of THz-TDS is not high enough. So the electron
density calculated here is the average electron density during the
measurement process Fig. 4 shows the phase shift at different gas
pressures and discharge voltages. It is obvious that the amount of the
phase shift increases with increasing the voltage, which is caused by an
increase in the relative refractive index due to an increase of the
average electron density. Fig. 5 shows the average electron density
calculated by the measured phase shift as the function of the discharge
voltage. The calculated average electron density is in the order of
1019 m−3 which is in good agreement with the result in the other work
[29]. With the increase of the discharge voltage from 1.7 kV to 2.7 kV,
the average electron density increases linearly. The rise of the voltage
causes that the more electrons in plasma become free electrons, so the
gas ionization is increased. In addition, it should be noted that helium

Fig. 1. Schematic diagram of the plasma source.

Fig. 2. Schematic diagram of fiber-coupled THz-TDS system.
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(He) performs lower electron density than neon (Ne) with the same
discharge voltage, because the ionization potential of helium is higher
than neon. Therefore, more electrons in neon are likely to get enough
energy to become free electrons. In our experiment, a bright neon
plasma jet can be observed at a relatively low voltage.

The atmospheric pressure plasma jet in the experiment has a high
transmittance for high-frequency THz waves. Fig. 6 shows the fre-
quency-domain transmission spectrum of the He plasma with a dis-
charge voltage of 2 kV. The red dotted line indicates the result of the
simulation. The solid black line is the result measured by THz-TDS. The
transmittance exceeds 99% in most frequency range. The plasma jet is
actually inhomogeneous and approximately cylindrical, so the scat-
tering to THz wave results in the difference between the curves of si-
mulation and measurement. In addition, the high transmittance of THz
wave in plasma makes it more sensitive to the power fluctuations of
THz-TDS. So the difference of the curves in the low frequency range is
mainly because of the decrease of SNR. We also observed the influence
of the jet jitter in the experiment. Improving the stability of the jet will
improve the accuracy.

Conclusion

In conclusion, we have measured the electron density of the plasma
jet under atmospheric pressure by a fiber-coupled THz-TDS system. The
plasma jet is generated by helium or neon discharge in a quartz tube.
The complex refractive index is directly measured by THz-TDS. And
then the electron density is calculated based on the measurement re-
sults. The plasma jets with different electron densities by varying the
discharge voltages applied to the electrodes are also investigated by
THz-TDS system. Results show that the electron density increases lin-
early with the increase of discharge voltage. The electron density is in
the order of 1019 m−3 in the experiment. Moreover, helium performs
lower electron density than neon with the same discharge voltage be-
cause of the higher ionization potential. The measurement and calcu-
lation results show that the transmittance of THz wave in the plasma jet
exceeds 99%. This work promises that THz-TDS technology is an ef-
fective diagnostic method for the plasma density.
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Fig. 3. Time domain spectrum of THz pulse with/without plasma. Power
spectrum of is shown in the inset.

Fig. 4. Phase shift of THz pulses in He and Ne plasma with different voltages.

Fig. 5. Electron densities of He and Ne discharge plasmas as a function of
discharge voltage.

Fig. 6. Transmittance spectra of THz wave in plasma in calculation and TDS
measurement.
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