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Abstract
Due to the ability of accurate fingerprinting and low-ionization for different substances, terahertz (THz) technology has a 
lot of crucial applications in material analysis, information transfer, and safety inspection, etc. However, the spectral char-
acteristic of atmospheric gas and ionized gas has not been widely investigated, which is important for the remote sensing 
application. Here, in this paper, we investigate the absorbance of broadband terahertz wave in dense plasma sheet generated 
by femtosecond laser pulses. It was found that as the terahertz wave transmits through the plasma sheet formed, respectively, 
in carbon dioxide, oxygen, argon and nitrogen, spectrum presents completely different and frequency-dependent absorbance. 
The reasons for these absorption peaks are related to the molecular polarity, electric charge, intermolecular and intramo-
lecular interactions, and collisional absorption of gas molecules. These results have significant implications for the remote 
sensing of gas medium.

1 Introduction

Detecting and analyzing the components of atmosphere at 
remote location is an important subject for its widely appli-
cation in greenhouse gas monitoring, examination of air 
pollution, meteorological observations, free-space optical 
communication, and so on. The unique capabilities—propa-
gating unchanged over a few 100 m distances, and the easy 
tunability of the position of filamentation in space—make 
the laser-induced filaments become one of the most effective 
means for remote sensing [1–3]. Miguel Rodriguez et al. 
reported that they have observed the filamentation occurs 
up to 2 km altitude pumped by femtosecond-terawatt laser 
pulses (100 fs, the peak power of 3 TW in the near infrared, 
at a repetition of 10 Hz), showing the evidence for remote 
nonlinear propagation of high-power ultrashort laser pulses 
in atmosphere [1].

At the same time, as one kind of effective sensing and 
imaging technologies, terahertz (THz) spectroscopy has 

been widely used for characterizing the electronic, vibra-
tional and compositional properties of solid, liquid and gas 
phase materials [4–6]. For example, in the year of 2003, 
Jamison et al. have measured the properties of a He-dis-
charge plasma such as density and collisional frequency 
through terahertz time-domain spectroscopy methods. In 
this way, they solved the problem that laser and microwave 
measurements require different frequencies to unambigu-
ously determine the phase change of low-density plasma [5].

Here, in this paper, we propose one effective remote sens-
ing method to detect and distinguish gas by combining the 
laser filament and THz wave. Here, we choose  CO2,  O2, 
Ar and  N2 as examples, which are the basic components 
of atmosphere and including the monatomic gas, diatomic 
molecule and triatomic molecule. Additionally, the further 
qualitatively study is meaningful for the recognition of the 
gas composition and then remote sensing [7–11].

2  Experiments

In the experiments, laser pulses were produced by a Ti: Sap-
phire regenerative amplifier, typically 7.5 mJ laser pulses 
with a 130 fs temporal length, 800 nm mean wavelength 
and 1 kHz repetition rate. The output laser beam was split 
into three parts (6:3:1), which were used as plasma sheet 

 * Yiming Zhu 
 ymzhu@usst.edu.cn

1 Shanghai Key Lab of Modern Optical System, University 
of Shanghai for Science and Technology, No. 516, Jungong 
Road, Shanghai 200093, China

2 Shanghai Institute of Applied Physics, Chinese Academy 
of Sciences, Shanghai 201800, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s00340-018-6948-3&domain=pdf


 Y. Peng et al.

1 3

 81  Page 2 of 5

generation (part 1), THz wave generation (part 2) and THz 
EO detection (part 3), respectively.

The part 1 was used as the pump source for plasma sheet 
formation. The laser beam was focused by two uniaxial 
cylindrical lenses, as shown in Fig. 1a, whose focal lengths 
are 1000 and 200 mm in the Y- and X-direction, respec-
tively. Based on the pump energy and beam-focusing con-
dition discussed above, a strong-field tunneling ionization 
was expected to dominate (the variation range of the plasma 
intensity was 7 × 1013–5 × 1014 W/cm2) [12, 13]. Therefore, 
the gas medium around the expected plasma position was 
well ionized and one bright plasma can be clearly observed 
with the length of 10 mm. Considering the uniaxial cylindri-
cal lens can only focus the laser beam in one dimension (X 
or Y dimension), therefore, plasma sheet could be formed 
effectively when the two cylindrical lenses have differ-
ent distances away from the expected plasma position as 
compared to their focal lengths (i.e., the laser beam have 
different spot sizes in X and Y dimensions). In our experi-
ments, the distances of these two cylindrical lenses away 
from the expected plasma sheet position were set as 900 
and 200 mm, respectively. As a result, the cross section of 
plasma sheet should be lengthwise ellipse (in the XY plane). 
To show this picture directly, we reduced the power of laser 
beam and used a CMOS camera (LaserCam-HR) to record 
the cross section of plasma sheet at the center of filament 
[see Fig. 1b], whose size was 200 and 1000 µm in the X 
and Y dimensions, respectively. However, we must notice 
that this CCD image was recorded under very weak laser 
power, which can just show the shape of cross section of 

plasma sheet, but not the real size under the nonlinear fila-
ment case, especially the thickness of plasma sheet (in X 
dimension). Therefore, using a CCD camera (DS-CBY501-
H), we took the photo of the top view of the plasma sheet 
to clear its thickness [see Fig. 1c], where the corresponding 
size was 250 µm. Combing all of these, the final length, 
width and thickness of the plasma sheet was determined as 
10 × 1 × 0.25 mm.

The part 2 was used as the pump source for terahertz 
wave generation via a two-color filament in air [11, 12, 
14–18]. The terahertz radiations emitted from the filament 
were collected and then focused again to pass through the 
center of plasma sheet at a normal incidence, where the focal 
radius was ~ 0.36 mm. The interaction region of plasma 
sheet and THz wave was enclosed in a chamber, where pure 
gas (99.999%) was introduced with pressure kept at 1 atm. 
The windows of chamber for the two corresponding beams 
were 30-mm-diameter high transmittance at 800 nm and Tef-
lon plates, respectively. Considering the transmissions of 
windows and plasma sheet, the signal-to-noise ratio of THz 
signal, the effective spectral range of our system is limited 
to 0.4–2.6 THz.

The part 3 was used as the probe light for the electro-
optic sampling (EOS) detection of THz pulses with a 1 mm-
thick (110) ZnTe crystal. To reduce the impact of water 
vapor for signal detection, the whole experimental system 
was enclosed in a big chamber purged with clean dry air 
(humidity < 3%).

It has been known that the ionization process of gas 
medium caused by femtosecond laser pulse is related to the 

Fig. 1  a The schematic of interaction between terahertz wave and 
plasma sheet. S1 = 900 mm, f1 = 1000 mm, S2 = 200 mm, f2 = 200 mm. 
b The cross section of plasma sheet, which was measured by a CMOS 

camera (LaserCam-HR). c The top view of plasma sheet, which was 
measured by a CCD camera (DS-CBY501-H)
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Gaussian distribution of pulse, and the corresponding refrac-
tive index of formed plasma changes fast. When the plasma 
is formed by femtosecond laser pulses, it will experience the 
process of generation, stable existence, vanish, where the 
entire process will last for about hundreds picosecond. To 
ensure the stability of the interaction between plasma sheet 
and THz beam, the meet moment between plasma and THz 
wave should locate during the “stable existence” stage of 
plasma sheet. Therefore, we chose the moment that the THz 
wave was about 27 ps later than that of the plasma genera-
tion, as the arrow shown in Fig. 2. After the experimental 
chamber was filled by pure gas and the plasma accepted a 
sufficiently long optical pumping, we detected and recorded 
THz waveforms by changing the delay in probe beam.

3  Results and discussion

In the experiments, the absorbance A is defined as A = log 
(ΦRef/Φtra), with ΦRef and Φtra are the reference signal and 
transmitted signal, respectively, i.e., the detected THz wave 
without and with the function of the plasma sheet.

As shown in Fig. 3, for plasma sheet formed in different 
gas mediums, the transmitted THz spectra present differ-
ent absorption peaks and different relative amplitudes obvi-
ously. According to the fingerprint spectrum characteristic 
of THz wave, these different THz absorption peaks indicate 
that there exist different molecules, radicals and interac-
tions between them. These results also prove that different 
gas plasmas can be distinguished effectively by THz spec-
tra. Thereby, in turn, we can deduce the composition of 
unknown substance based on those known THz spectrum 

characteristics, which can be further applied in the remote 
sensing of gas composition.

Considering the plasma sheets are composed of mixtures 
of atoms, molecules, ions and electrons (see Table 1), the 
THz absorption peaks in each spectrum may be contributed 
by many reasons, therefore, we list the related factors of THz 
absorption spectra and give the qualitative analysis:

1. Rotational spectra from polar molecules

The energy level of photons in terahertz band is about 
1–10 meV, which is the same as the molecular transition. 
Therefore, THz radiation is able to probe intermolecular 
and intramolecular interactions of complex molecules, and 
many polar molecules exhibit unique spectral signatures in 
this region, arising from transitions between the rotational 
states [19–21]. Once THz wave spectroscopy is measured, 
one can identify those resonant energy levels through the 
absorption peaks. In our experiments, when laser pulses ion-
ize the gas medium in chamber, some new polar molecules 
can be generated. For example, in the case of  CO2, CO and 
 O3 as the main products of ionization and also the polar 
molecules will induce many absorption peaks in the THz 
spectrum (see Fig. 3a). Similarly, in the case of  O2,  O3 also 
exists as the main product of ionization and induces the same 
absorption peak at 0.9 THz, as shown in Fig. 3b. Further-
more, their experimental results show that the absorption 
peaks are much wider as the usual case [22, 23]. We presume 
that the complicated mixtures of ions and molecules make 
their absorption spectra overlap with each other; as a result, 
we can only see the spectrum with wide absorption peaks 
and their amplitude fluctuation. On the contrary, Ar and  N2, 
including their ionization products (see Table 1), are all non-
polar molecules, which determines they are all transparent 
in this terahertz range, and then no specific absorption peaks 
can be formed.

2. Vibrational spectra from intermolecular interactions

For the intermolecular interactions, the charge carried by 
different atoms will affect their absorption spectra. Here, 
the charges carried by atoms in each molecule are listed 
in Table 2. It can be seen that, for  CO2, CO,  O3 molecules, 
their atoms carry charges, which can affect intermolecular 
interactions and then may induce new THz absorption. Cer-
tainly, considering the gas density is much smaller than that 
of solid and liquid, the corresponding absorption will be 
much smaller. While for  O2, Ar and  N2 (their atoms barely 
carry charges), there should be almost no vibrational interac-
tions between molecules or the vibrational behavior of com-
binations of bonds, and then no contributions for the THz 
absorption spectrum. Besides, considering the water vapor is 
little in the gas chamber, the vibrational features associated 

Fig. 2  THz amplitude as a function of delay between plasma and THz 
wave. The black arrow is the position of the THz wave relative to the 
plasma in the whole experiments
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with intermolecular hydrogen bond relative motions can be 
neglected.

3. Collision-induced absorption and spectral broadening

In the region of plasma sheet, the collision between 
atoms, molecules, ions and electrons is unavoidable. Usu-
ally, collision behavior caused by Lorentz force is generally 
small in the presence of low energy electromagnetic waves 
as THz wave. However, in our case, the strongly focused 

femtosecond laser pulses (peak intensity > 1014 W/cm2) 
greatly increases the temperature in the plasma (several 
hundred to several thousand Kelvin degrees [29]) and then 
enhances the collision behavior between particles. These 
collision behaviors can further cause the electrons at a low 
energy level to leap to a higher energy state, supported by 
the energy provided by absorbing the THz wave [30]. Addi-
tionally, the existing absorption peaks will also be strongly 
broadened due to the reason of collisional dephasing [31], 

Fig. 3  Absorbance of THz wave under different pump energies for plasma sheet formed in the gas environment of a  CO2 b  O2 c Ar and d  N2. 
Pump energies for the formation of plasma sheet are labeled on each figure. The corresponding THz absorption peaks are also labeled

Table 1  The initial gases and their products of ionization

Molecule Products of ionization

Positive ions Negative 
ions

Neutral 
molecules/
atoms

CO2 CO2
+,  CO+,  O2

+,  O+,  C+ e CO,  O2,  O3

O2 O2
+,  O+,  O2+ e O3, O

Ar Ar+ e /
N2 N+,  N2+,  N4

+ e N

Table 2  The initial gases and 
their products of ionization

Molecule Atom Charge (e)

CO2 [24] C + 0.544
O − 0.272

CO [24] C + 0.107
O − 0.107

O2 [25] O 0
O3 [26] Ocenter + 0.12

Oside − 0.06
Ar [27] Ar 0
N2 [28] N 0
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as shown in Fig. 1. Here, considering the non-polarity and 
electric neutrality of Ar and  N2, we deduce that the colli-
sion-induced absorption is the main reason for their spec-
tral characteristics. Interestingly, we note that the spectra in 
the case of  N2 measured at low THz energy (< 2.0 mJ) are 
inconsistent with those measured at high energy (> 2.5 mJ) 
(see Fig. 3d), i.e., the 0.81 THz absorption peak only formed 
when the pump energy for the formation of plasma sheet 
reaches a threshold. We believe this threshold corresponding 
to the ionization of  N2 progresses to the ionization of  N2

+, 
determined by the different pump laser intensities. Specifi-
cally, at low pump intensity, only the initial  N2 molecules are 
ionized; when the laser intensity increases to a threshold, the 
 N2

+ become the main medium and then be further ionized, 
which leads to the slightly different absorption spectrum. 
Here, considering the spectrum is contributed by many rea-
sons, therefore, we can only give the qualitative analysis. 
The further quantitative analyses may be investigated in the 
future.

4  Conclusion

Basing on the laser plasma sheet and terahertz spectroscopy, 
we experimentally investigate the THz absorption spectrum 
of plasma sheet formed in different gas mediums  (CO2,  O2, 
Ar and  N2). It is found that as the pump energy of plasma 
sheet increases, the absorbance of THz wave presents strong 
dependence on the gas kind, i.e., the plasma formed in differ-
ent gas mediums caused different absorption peaks. The rea-
sons for these absorption peaks are related to the molecular 
polarity, electric charge, intermolecular and intramolecular 
interactions, and collisional absorption of gas molecules. 
These results are meaningful for promoting the development 
of gas remote sensing and the application of broadband tera-
hertz wave.
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