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The phase evolution of terahertz radiation from single-
color femotsecond laser induced air plasma controlled by 
a DC-bias is investigated experimentally. When the DC-
bias is moved from the end to the beginning of the laser-
plasma filament, the produced terahertz waveform is 
advanced temporally and its carrier-envelope phase 
changed. Our phase spectrum analysis suggests that the 
slope and the intercept of the phase spectrum determine 
respectively the temporal shift and the carrier-envelope 
phase of the terahertz waveform. Therefore, the observed 
terahertz waveform evolution is mainly due to the THz 
propagation effect in plasma filament and the Gouy phase 
shift associated with the detection scheme. Our work also 
illustrates explicitly the temporal order of terahertz 
radiation from different parts of a filament.  
 
Femtosecond laser-induced air plasma can radiate terahertz (THz) 
pulses with high field strength [1] and broad spectral bandwidth [2]. 
THz waves with high electric fields can be used to study charge 
carrier dynamics in semiconductors [3], transient photoconductivity 
in GaAs [4] and impact ionization dynamics[5]. THz spectrum with 
large bandwidth is beneficial for THz wave remote sensing and 
spectroscopy [6]. Compared with the terahertz radiation from a laser-
irradiated solid target, THz wave generation in air plasma can be 
driven by intense femtosecond laser pulses with moderate peak power 
and focused intensity operating at kHz high repetition rates [7]. As 
the THz pulses produced in this way are usually with few cycles, 
understanding their phase evolution under different experimental 
conditions is beneficial for their applications. 

A lot of research work has been carried out on the subject of THz 
waveform evolution. Kim et al. showed the change of the temporal 
THz waveform by controlling the relative phase between 
fundamental and second harmonic pulses [8]. Bai et al. derived the 
evolution of THz waveforms driven by few-cycle laser pulses from 
the shift of the carrier phase and the change of the laser envelope 
during propagation [9]. Zhao et al. investigated the propagation effect 
of THz waves inside the filaments, which is responsible for the 
significant advancement of the maximum value of the THz waveform 
generated by the femtosecond laser filament in the air [10]. In the 
study of THz wave generation by two-color lasers in nitrogen 
molecules from the supersonic gas nozzle, Li et al. revealed that the 
shift of the waveform was due to the change in the refractive index of 
the THz wave [11]. In 2018, Li et al. confirmed that the competition 
effect of laser plasma absorption and oscillation currents could 
determine the evolution of the THz pulses [12]. Zhang et al. proposed 
that the carrier-envelope phase of the THz pulse could be controlled 
by varying the filament length and the initial phase difference 

between the two-color laser components [13]. Wang et al. have 
reported that the THz waveform could have a phase shift of π  due 
to the change of the plasma density distribution at the beginning and 
end of a laser filament [14].  

As one’s understanding of the evolution of the THz waveform 
becomes deeper, it is gradually recognized that THz radiation is a 
superposition of THz waves radiated from different positions of the 
filament. Panov et al. reported the role of constructive interference in 
the determination of far-field THz profile [15]. You et al. 
demonstrated that the far-field THz radiation profiles are due to off-
axis constructive interference between locally generated THz waves 
along the filament [16]. Zhang et al. proposed a radiation model, 
which suggested that THz radiation from a filament was due to 
coherently superposition of THz pulses from a linear array of dipoles 
along the filament [17]. As such, the THz waveform or carrier-
envelope phase is closely associated with the temporal order of THz 
waves radiated from different parts of a long filament, which is still 
not all clear.  

In this Letter, the waveform evolution of THz radiation from a 
single-color air filament is investigated by changing the position of a 
slice-shaped external electric field (DC-biased field) applied on the 
filament. A temporal shift, as well as a change in carrier-envelope 
phase of the measured THz waveform, can be explained by phase 
spectral modification due to the THz pulse propagation effect. Our 
finding is helpful for understanding the physical mechanisms of THz 
wave generation from femtosecond laser-induced air plasma. 

The experimental setup is shown in Fig. 1, where a 1 kHz, 40 fs, 
800 nm, 5 mJ laser pulse is focused by a convex lens with a focal 
length of 30 cm, forming a centimeter-long filament in air. A slice-
shaped external DC electric field of 8 kV/cm, induced by two pieces 
of 3-mm-wide copper strips, was applied perpendicularly on the 
filament. The copper strips were placed on a motive stage so that it 
can be translated along the filament. Since the amplitude of the THz 
pulse from 8 kV/cm DC-biased plasma is about two orders of 
magnitude higher than that from single-color plasma [18], the 
measured THz signal in our setup is mainly contributed by THz 
radiation from plasma zone which is affected by the DC-bias. By 
scanning the slice-shaped external electric field, THz waves from 
different parts (DC-biased) of the filament can be collected by two 
off-axis parabolic mirrors and measured by the electro-optic sampling 
(EOS) method. We didn’t shift the EO crystal while the DC-bias was 
moved. We optimized the position of the EO crystal when the slice-
shaped DC-bias was fixed at z=6mm. The diameter of the off-axis 
parabolic mirror is 2 inches, and the focal length of the two off-axis 
parabolic mirrors is about 100 mm. The EO crystal is oriented in 
110〈 〉 , and the thickness of the crystal is about 1.5 mm. The optical 
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axis of the EO crystal is parallel to the direction of the DC-biased 
field. 
 

 
 
Fig. 1. (Color online) Schematic diagram of the experimental setup. 
The distance between the center of the slice-shaped DC-bias and the 
geometric focus of the lens (or the end of the filament) is defined as 
z. BS: beam splitter; OAP: off-axis parabolic; HWP: half-wave plate; 
QWP: quarter-wave plate.  
 

We measured the waveforms of the THz radiation from DC-biased 
air filament when the slice-shaped DC-bias was scanned from 0 mm 
to 15 mm from the geometric focus of the lens (z=0 mm to z=15 mm), 
as shown in Fig. 2(a).  

One can see that the THz waveform changes slightly as z increases. 
The THz waveforms shown in Fig. 2(a) are not normalized. And the 
THz amplitude remains substantially unchanged as the electrode 
moves. Meanwhile, it shows that the peak of the THz waveform 
advances temporally. Figure 2(b) shows the spectra of the THz waves 
from Fig. 2(a) at several typical locations. We can find that the peak 
frequency and bandwidth of the THz wave remain almost unchanged. 
In order to explore the physical mechanism of this phenomena, we 
introduce the phase spectrum analysis of THz radiation.  
 

 
Fig. 2. (a) Measured waveforms of the THz radiation when the slice-
shaped DC-bias located at z=0, 3, 6, 9, 12 and 15mm. The pump laser 
energy is 5 mJ. A red dash line is added to help identify the shift of 
the peak of the waveform. (b) Typical spectra of the THz waveforms 
at three positions of the DC-biased field. 

 
For a given THz waveform, we can obtain both its amplitude 

spectrum and phase information using Fourier Transform method, as 
shown in Fig. 3. Figures 3(a) and 3(c) show typical THz waveforms 
when slice-shaped DC-biased field is applied respectively at the end 
and the beginning of the filament, while Figs. 3(b) and 3(d) are their 
corresponding Fourier transformed spectra (blue curve) and phases 
(black curve), respectively. It is found that the phase ϕ  has an 
almost linear relationship with the THz frequency, so it can be 
expressed by 

ϕ α Ω β= ⋅ + ,    (1) 
where α  and β  are the slope and the intercept of the phase 
spectrum, Ω  is the angular frequency of the THz waves, as shown 
in Figs. 3(b) and 3(d) (red dashed lines). When the slice-shaped DC-
biased field is applied at the end of the filament (z = 0 mm), we have 
the fitted values 3.56 psα = −  and 0.33β π=  for the THz phase 

spectra. Here, 3.56 psα = −  means that a probe pulse arrives 3.56 
ps ahead of the THz pulse when measuring the waveform of this THz 
pulse by the electro-optic sampling method. When the slice-shaped 
DC-biased field is applied at the beginning of the filament (z =15 mm), 
we have =-3.46 psα  and 0.58β π= . When the THz waveform is 
different, the phase spectra are different. When the difference 
between the amplitude spectrum of the THz wave is small, the 
temporal waveform of the THz wave is mainly determined by the 
slope and intercept of the phase spectrum. Therefore, we can 
understand the evolution of the THz waveform by analyzing the 
changes in the phase spectrum. 
 

Fig. 3. (a) and (c) show THz waveforms when the DC-bias is applied 
at z = 0 mm and z = 15 mm. The blue curves in (b) and (d) are the 
spectra, and black curves in (d) and (d) are the phases. The red dashed 
line in (b) and (d) are the fitted curves of the phase spectrum, 
respectively. 
 

In the following, we will clarify the relation between the phase 
spectra and the corresponding THz waveforms. Assume we have the 
time domain signal ( )x t  and its corresponding complex amplitude 

( )X Ω  in the frequency domain. The relation between ( )x t  and 
( )X Ω satisfies [19]: 

 i1( ) ( )e d
2π

tx t X ΩΩ Ω
∞

−∞
= ∫ ,  (2) 

In the frequency domain, as the phase changes by = +∆ϕ ∆α Ω ∆β⋅ , 
the new signal in the time domain n ( )x t  can be written as: 

 i( )i
n

1( )= ( )e e d
2π

tx t X ∆α Ω ∆βΩΩ Ω
∞ ⋅ +
−∞

⋅∫ , (3) 

After simplification, we can get: 

 



 i
n ( )= ( + )ex t x t ∆β∆α .    (4)  

This means that the carrier-envelope phase of the time domain signal 
changes by ∆β  when the intercept of the phase spectrum changes 
∆β , as shown in Figs. 4(a) and 4(b) ( 0∆α = and = / 2∆β π ). When 
the slope of the phase spectrum changes by ∆α , the time domain 
signal shifts ∆α  in time, as shown in Figs. 4(c) and 4(d) 
( 0.26 ps∆α = and =0∆β ). Therefore, modification of a THz 
waveform (including time shift and carrier-envelope phase change) 
could be contributed by the change of the slope ( ∆α ) and the 
intercept ( ∆β ) in its phase spectrum. 
 

 
Fig. 4. (a) The amplitude spectrum (short dashed line) and two phase 
spectra with different intercepts ( = / 2β π  for solid line and =β π  
for dashed line) when the slope of the phase spectra is 3.57 ps− . 
Their corresponding THz waveforms are shown in (b). (c) The 
amplitude spectrum (dot dashed line) and two phase spectra with 
different slopes ( =-3.57 psα for solid line and 3.31 psα = −  for 
dashed line) when the intercept of the phase spectra is / 2π . Their 
corresponding THz waveforms are shown in (d).  
 

In our experiment, the measured THz signal in the far field [as Fig. 
5(a)] is a coherent superposition of THz radiation emitted from 
different point sources along the filament, which is mainly 
contributed by THz radiation from plasma zone with a DC-bias. As 
this DC-bias is located at z , the phase of the emitted THz wave in 
the frequency domain can be written as:  

0 1= ( ) ( )z l z
c
Ωϕ ϕ ϕ− − ,     (5) 

where c is the velocity of light, ( )l z  is the propagation distance 
from the source to the detector in the far field. In Eq. (5), the first part, 

0ϕ , is the initial carrier-envelope phase of the THz radiation, which 
keeps constant for any point source along the filament. The second 

part of Eq. (5), 1( )zϕ , could be written as 
800

1( ) GTHzz z
c
Ω υϕ φ

υ
= + , 

where THzυ  is the velocity of the THz pulse and 800υ  is the 
velocity of the optical pump. The first term of 1( )zϕ  comes from 

the velocity mismatch and the second term of 1( )zϕ  comes from the 

 

 
Fig. 5. (a) Measured THz waveform from air plasmas with slice-
shaped DC-bias at z=0, 6, 12 mm. (b) The slope (black rectangles)  
and the intercept (red circles) of the THz phase spectrum versus 
different DC-bias positions. (c) Typical THz spectra, with the blue 
curve from measurement and red curve for simulation. The retrieved 
THz waveforms from simulation as a function of the intercept of the 
phase spectrum only (d), slope of the phase spectrum only (e), and 
both of the intercept and the slope of the phase spectrum (f), 
respectively.  
 
contribution of the Gouy phase shift [20]. The velocity mismatch 
mainly affects the slope of the THz phase spectrum and the Gouy 
phase shift mainly affects the intercept of the THz phase spectrum. In 
case of ( ) 0l z = , for example, when there is no velocity mismatch 
between the optical pump and the THz pulse, the slope of the phase 
spectrum will not change, i.e., no time shift of the THz pulse. When 
velocity mismatch between the optical pump and the THz pulse 
occurs, it results in an increase in the slope of the THz phase spectrum, 
i.e., a temporal advance of the THz pulse, as shown in Fig. 4(c) and 
Fig. 4(d). We can fit the experimental data as ( ) ( )z zϕ α Ω β= + . If 

( )zα  and ( )zβ  are determined, however, it is still impossible to 
estimate the value of 800 / THzυ υ  due to the complexity of ( )l z . 
Figure 5(b) shows the intercepts of the phase spectra (see red circles) 
of THz waves measured when the slice-shaped DC-bias is located at 
different positions. This tells that the intercept of the phase spectrum 
obeys the relation of the Gouy phase shift ( ') arctan( '/ )G Rz z zφ = −  

when 'z  changes within a small range [21], 'z  is the distance 
from the THz focus to the EO crystal. Here Rz  is the Rayleigh length 
of the THz pulse. In our case, the diameter of the THz beam irradiated 
on the off-axis parabolic mirror is D= 32.4mm and the focal length of 
the off-axis parabolic mirror is f= 100mm, the peak frequency of the 
THz wave is about 0.23 THz, one can estimate the THz beam waist 
after the parabolic mirror 0 2.5w mm=  and the corresponding 

 



Rayleigh length 14.5Rz mm= . With this, we can fit the intercept 

well with 0
F( ) 6(z)= arctan[ ]

R

z
z

β ϕ −
+  according to the Eq. (5) (see 

blue curve in Fig. 5(b)), where F( ) 1 / [0.02 1 / ( )]z f z f= − − +  
and 0 0.45ϕ π= . And its influence on the waveform of the THz 

signal is shown in Fig. 5(d). The third part of Eq.(5), ( )l z
c
Ω

, is the 

phase variation due to the propagation effect of the THz wave when 
it propagates from the source to the detector in far field. It also affects 
the slope of the THz phase spectrum. The measured slopes of the THz 
phase spectra (black rectangles) versus the DC-bias position is shown 
in Fig. 5(b). Its corresponding effect on the THz waveform is shown 
in Fig. 5(e). When considering the velocity mismatch between the 
optical pump and the THz pulse, the THz propagation effect and the 
Gouy phase shift, we can retrieve the THz waveforms radiated from 
air plasmas with slice-shaped DC-bias at z=0, 6, 12 mm [Fig. 5(f)], 
which well agrees with the measured THz waveforms in Fig. 5(a).  

The slope of the phase spectrum or the THz pulse delay is also 
related to the pump laser energy in addition to the DC-bias position. 
Figure 6 shows that the slopes of the THz phase spectrum increase 
when the laser energy increases. This suggests a temporal advance of 
the emitted THz pulse with an increase in laser energy. Therefore, 
higher laser energy creates a longer laser plasma filament, and thus 
leads to faster propagation of the emitted THz pulse, in agreement 
with our previous observation [17]. 
 

 
Fig. 6. Relationship between the slope of the THz phase spectrum and 
DC-bias position z for different laser energies.  
 

In summary, we have investigated the phase evolution of THz 
waveforms from femtosecond laser-induced air plasma by controlling 
the DC-bias position along the filament. It is found that the variation 
of the THz waveforms is caused by the combined effects of the 
temporal shift of the THz waveform and the changes of the carrier-
envelope phase of the THz pulse when the DC-bias position is moved. 
The slope of the phase spectrum determines the shift of the THz 
waveforms temporally and the intercept of the phase spectrum 
determines the changes of the carrier-envelope phases of the THz 
pulses. As the position of the applied DC-biased field moves to the 
beginning of the laser filament, the intercept of the phase spectrum or 
the carrier-envelope-phase changes, which is related to the Gouy 
phase shift. The velocity mismatch between the THz pulse and the 
optical pump, together with the THz propagation effect between the 
point source and the detector in far field, leads to an increase in the 
slope of the THz phase spectrum or a temporal shift of the THz pulse. 
These effects also exist when using a two-color laser scheme for THz 
radiation. In such case, the phase evolution of the THz pulse is 
dominated not only by combined effects mentioned above but also 
the phase difference between the two-color laser components. By 
clarifying the temporal order of the THz wave generation at different 
positions of the filament, the general understanding of the generation 

mechanism of the THz radiation from the femtosecond laser-induced 
air plasma can be enhanced.  
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