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Abstract: We developed a 3D, fully self-consistent model for analysis of the ultrashort THz unipolar 

pulse formation accompanied by its amplification in a nonequilibrium plasma channel induced in 

nitrogen by a femtosecond UV laser pulse. The model is based on a self-consistent numerical solu-

tion of the second-order wave equation in cylindrical geometry and the kinetic Boltzmann equation 

for the electron velocity distribution function (EVDF) at different points of the spatially inhomoge-

neous nonequilibrium plasma channel. Rapid relaxation of the electron velocity distribution func-

tion in the plasma channel results in the amplification of the leading front of the THz pulse only, 

while its trailing edge is not amplified or even absorbed, which gives rise to the possibility of the 

formation of pulses with a high degree of unipolarity. The evolution of the unipolar pulse after its 

transfer from the channel to open free space is analyzed in detail. 

Keywords: unipolar pulses; terahertz generation in plasma; Boltzmann kinetic equation;  

nonequilibrium plasma; self-consistent numerical modeling 

 

1. Introduction 

The problem of the generation of extremely short electromagnetic pulses or so-called 

(quasi) unipolar pulses with the non-zero value of the electric pulse area is widely studied 

nowadays [1–4]. Really, the practical importance of unipolar pulses, in contrast to the 

usual bipolar pulses containing several cycles of oscillations, lies in their ability to have a 

unidirectional impact on charged particles which makes it possible to nonresonantly ex-

cite quantum systems over shorter times [2,5–7], accelerate free charges [8–10], control 

molecular orientation and alignment [11,12] and a lot of other applications [see the review 

[13] and references therein]. However, it is known that when unipolar pulses propagate 

in empty space or are focused, the unipolarity is lost [14,15]. This fact often casts doubt on 

the prospects of the practical use of unipolar pulses for exploring problems related to the 

action of unipolar pulses on some remote target. Accordingly, the main purpose of this 

paper is to demonstrate the possibility of keeping the unipolarity at some distances dur-

ing the pulse propagation, even in free space. We provide rigorous 3D calculations show-

ing the unipolar pulse formation while propagating a one-cycle THz pulse in a cylindrical 

nonequilibrium plasma channel in air, as well as its evolution after exiting the plasma 

channel into free space. The obtained results will make it possible to determine at what 

distances targets can be placed to observe the unique features of unipolar pulses. 

Unipolar pulses were introduced for the first time in [16]. Even then, the question 

was acute if such pulses could propagate in free space. From one point of view, a unipolar 

pulse has the non-zero static electric field component and hence cannot propagate in 

space. On the other hand, it is well known that any function 𝑓(𝑥, 𝑡) = 𝑓(𝑥 ∓ 𝑐𝑡) of the 
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retarded/leading argument 𝜁 = 𝑥 ∓ 𝑐𝑡 represents the solution of the second-order wave 

equation 

𝜕2𝑓(𝑥, 𝑡)

𝜕𝑥2
=
1

𝑐2
𝜕2𝑓(𝑥, 𝑡)

𝜕𝑡2
 (1) 

For the case of electromagnetic signal 𝑓 stands for the electric field strength and 𝑐 

is the speed of light in vacuum or in nondispersive media. Evidently, the integral of the 

pulse area 

𝑆 = ∫𝑓(𝑥, 𝑡)𝑑𝑥 = 𝑐∫𝑓(𝑥, 𝑡)𝑑𝑡 = 𝑐𝑜𝑛𝑠𝑡 (2) 

That was first introduced in [16,17] can have any non-zero value, both positive or 

negative. The 3D generalization of the pulse electric field area was given in [18] as 

𝑆(𝑡) = ∫𝐸(𝜌, 𝑧, 𝑡)𝜌𝑑𝜌𝑑𝑧. (3) 

Further, we introduce the unipolar factor as the normalized pulse electric field area: 

𝑈(𝑡) = ∫𝐸(𝜌, 𝑧, 𝑡)𝜌𝑑𝜌𝑑𝑧/∫|𝐸(𝜌, 𝑧, 𝑡)|𝜌𝑑𝜌𝑑𝑧. (4) 

We believe that the one-dimensional wave Equation (1) can be used at least at dis-

tances less the diffraction length Λ = 𝑘𝑅0
2, where 𝑅0 is the beam transverse size and 𝑘 =

2𝜋 𝜆⁄  is the wave number, 𝜆 is the wavelength. The diffraction length is different for dif-

ferent pulse spectral components, and it is infinitely small for the static field. Further, we 

will demonstrate that this fact leads to the decrement of the absolute value of the unipolar 

factor in time upon propagation of such a pulse in free space. Nevertheless, the U-factor 

will maintain its nonzero value during some time intervals. A more complicated situation 

appears to exist in nonequilibrium and inhomogeneous media suitable for the generation 

of the pulses with the non-zero U-factors. 

At present, a number of methods to produce subcycle unipolar pulse in different fre-

quency ranges from THz to UV have been proposed [1–4,18–24]. In particular, in [22], the 

possibility to transform the single-cycle THz pulse to the unipolar one during the process 

of its propagation in the extended nonequilibrium xenon plasma channel with a peak-like 

electron velocity distribution function (EVDF) was demonstrated. Such a channel can be 

formed by multiphoton ionization of xenon by the femtosecond UV laser pulse and used 

for amplification of THz radiation [25,26]. It is important that the position of the photoe-

lectron peak should be in the energy range with a growing transport cross-section. We 

remind that only the frequency band below the electron transport frequency can be am-

plified in such a plasma. The mechanism of amplification is discussed in detail in recent 

papers [25–27]. If the intensity of the amplified pulse is strong enough, the time of the 

peak–like EVDF relaxation becomes less than the pulse duration, which results in the 

dominant amplification of the leading part of the pulse compared to the trailing edge, so 

the pulse evolves to the unipolar one [18]. 

Nitrogen molecules are also characterized by the energy interval with the growing 

transport cross-section [28]. Hence the air (nitrogen) plasma channel can be used for the 

amplification of THz radiation as well. Such a possibility was demonstrated in [29].  

In this paper, we develop the 3D consideration of the recently proposed method to 

generate unipolar THz pulses in extended nonequilibrium air (or nitrogen) plasma chan-

nels [27]. The conducted research enables us to analyze the impact of pulse diffraction on 

the unipolarity degree as well as the importance of practical applications problem of trans-

ferring a unipolar signal from a plasma channel. The study is based on a joint solution of 

the second-order wave equation in cylindrical geometry for the nearly linear-polarized 

THz field and the set of kinetic Boltzmann equations in the two-term expansion for each 

spatial point of the plasma channel. The inverse effect of the amplified THz field on 

plasma evolution is rigorously calculated. 
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It is important to note that the excitation of low-energy vibrational states of N2 mol-

ecules makes the relaxation of the initial peak-like EVDF at least three orders of magnitude 

faster than in Xe. As a result, for atmospheric pressure, only pulses of several picoseconds 

can be amplified [29,30]. In this case, the transformation of a single-cycle THz pulse to the 

unipolar one can be achieved at any value of pulse energy. We also analyze for the first 

time the problem of transferring of unipolar THz pulse formed in the plasma channel into 

nonionized gas (or vacuum). This study is of great importance for a lot of practical appli-

cations since, in future experiments, it will be necessary to deliver a unipolar pulse from 

the plasma channel to the remote target. 

2. 3D Model 

According to our model, the femtosecond UV laser pulse propagates in air (at atmos-

pheric pressure) along the z-direction and produces an extended plasma channel via mul-

tiphoton ionization. For oxygen molecules (ionization potential 𝐼𝑖 ≈ 12.08 eV) ionized by 

the third harmonic of Ti-Sa laser (ℏΩ ≈ 4.65 eV), the photoelectron peak will be at the 

energy 𝜀0 = 3ℏΩ − 𝐼𝑖 ≈ 1.87 eV. This energy value appears to be approximately in the 

middle of the rather narrow energy interval 1.7 – 2.2 eV (~7.0 ∙ 107 − 8.0 ∙ 107 cm/s) of 

increasing transport cross-section of N2 molecules 𝜎𝑡𝑟(𝑣) (see Figure 1). As for nitrogen 

molecules (ionization potential 15.58 eV), one needs four photons for ionization. For mod-

erate fields with the laser intensity ∼1012 W/cm2 in accordance with the perturbation the-

ory, the probability of three-photon ionization is significantly larger than the four-photon 

one. Hence, the plasma channel is mainly produced by the three-photon ionization of O2 

molecules. 

 

Figure 1. Transport cross-section (solid line) and cross-section of the vibrational level excitation 

𝜎𝑣
(1)(𝑣) 𝑋 Σ, 𝑣 = 11  (dashed line) for the N2 molecule. The plot is based on data from [26]. 

The formed photoionized plasma can be considered as a medium for radiation am-

plification according to the mechanism proposed in [25,26]. We note that in contrast to 

rare gases, the vibrational excitation leads to the rather rapid relaxation of the photoelec-

tron peak [29]. The cross-section for excitation of the lowest vibrational state of an N2 mol-

ecule is plotted in Figure 1. The vibrational cross section grows up rapidly for the absolute 

values of electron velocities above 7.5 × 107cm/s (~1.7 eV). This fact additionally reduces 

the desirable initial energy of the photoelectron peak for the effective amplification of the 

THz radiation. On the other hand, rapid relaxation of the EVDF in photoionized nitrogen 

plasma makes the length of amplification behind the leading UV pulse quite narrow, so 

only extremely short THz pulses (up to single-cycle and even unipolar ones) can be gen-

erated in such channels. 

Further, we assume that the THz pulse propagates behind the UV femtosecond pulse, 

being located in its amplifying zone. We also suppose that the ionizing femtosecond pulse 

propagates through the gas at the speed of light. 
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The radial profile of electrons in the plasma channel formed by the UV pulse is cho-

sen to be Gaussian-shaped. 

𝑁𝑒 = 𝑁𝑒
(0)(𝑧) × 𝑒𝑥𝑝(−(𝜌 𝑅0⁄ )2). (5) 

Here 𝑁𝑒
(0)(𝑧) is an on-axis profile of the electron density in the channel and 𝑅0 stands for 

the channel radius. We consider different distributions of the electron density along z-

axis. One of them is the sharp rectangular profile: 

𝑁𝑒
(0)(𝑧) = {

𝑁0, 𝑧 < 𝐿,
0, 𝑧 > 𝐿.

 (6) 

Here 𝐿 is the length of the channel created due to ionization by the UV pulse. Such a 

profile does not look very realistic but allows us to emphasize the salient features of trans-

ferring extremely short (and first of all unipolar) THz pulses from the plasma channel to 

the surrounding non-ionized gas. 

Another profile of the electron density accounts for the smoothing of the rectangular 

form (6): 

𝑁𝑒
(0)(𝑧) =

{
 
 

 
 𝑁0, 𝑧 < 𝐿 − 𝛿 2⁄ ,

 0.5 × 𝑁0 (1 + 𝑠𝑖𝑛
𝜋(𝐿 − 𝑧)

2𝛿
) , 𝐿 − 𝛿 2 <  𝑧 < 𝐿 + 𝛿 2⁄ ,⁄

0, 𝑧 > 𝐿 + 𝛿 2⁄ .

 (7) 

Here 𝛿 is the thickness of the transition layer between the plasma and nonionized gas. In 

our simulations, we neglect the decrement of the UV radiation intensity due to its absorp-

tion in the plasma channel. Such absorption results from UV energy losses in the process 

of multiphoton ionization of molecules inside the channel. For typical UV pulse parame-

ters (intensity ~1012–1013 W/cm2, pulse duration ~100 fs) that are necessary to form the 

channel with electron density up to 1014 cm−3 the propagation length will be much larger 

than the spatial size 𝐿 = 30 cm which is considered below. 

To study the propagation and amplification of ultrashort bipolar or unipolar THz 

pulses similar to [18] we solve the second-order wave equation for the nearly linear po-

larized field in cylindrical geometry (z-axis is directed along the propagation of UV and 

THz pulses): 

𝜕2𝐸

𝜕𝑧2
+
1

𝜌

𝜕

𝜕𝜌
(𝜌
𝜕𝐸

𝜕𝜌
) =

1

𝑐2
𝜕2𝐸

𝜕𝑡2
+
4𝜋

𝑐2
𝜕𝑗

𝜕𝑡
 (8) 

Here 𝑟 = {𝜌, 𝑧} is the radius-vector, 𝐸(𝜌, 𝑧, 𝑡) is the electric field strength, 𝑗(𝜌, 𝑧, 𝑡) is the 

current density induced by the THz pulse. This current was calculated on the basis of the 

Boltzmann kinetic equation. The general approach to calculate this current in nonequilib-

rium partially ionized plasma for arbitrary electromagnetic pulse duration (including ex-

tremely short single or subcycle pulses) is discussed in [31,32]. 

By analogy with [16,30], the wave equation was solved numerically on the grid mov-

ing with the leading UV pulse so the last is in the point 𝑧 − 𝑐𝑡 = 0 at any instant of time. 

Hence, the amplified THz pulse is always in the range of negative coordinates. 

The seed THz pulse is supposed to have the Gaussian envelope 
                     𝐸(𝑧, 𝜌, 0) = 𝐸0 × 𝑒𝑥𝑝(−(𝜌 𝜌0⁄ )2) × 

× 𝑒𝑥𝑝 (−
1

2
((𝑧 − 𝑧0) 𝑧𝑝⁄ )

2
) × (𝑐𝑜𝑠 (

𝜔0𝑧

𝑐
) − 𝑠𝑖𝑛 (

𝜔0𝑧

𝑐
) × (

𝑧 − 𝑧0
𝑧𝑝

)) 
(9) 

Here 𝐸0 is the amplitude value of the electric field, 𝜔0 is the carrier pulse angular fre-

quency, 𝜌0 is the pulse transverse radius, 𝑧𝑝 is the half-pulse duration in the spatial do-

main and 𝑧0 is the position of the pulse “center of mass” relative to the leading UV pulse. 

It is important to note that the given expression provides zero value of the pulse square, 

i.e., 
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∫𝐸(𝜌, 𝑧)𝜌𝑑𝜌𝑑𝑧 = 0. (10) 

Hereafter, we assume that the plasma channel and seed THz pulse transverse radii are 

equal 𝜌0 = 𝑅0 and 𝜔0 = 2 × 10
12 s−1. Two values, namely 1.0 and 1.5 cm are taken for the 

plasma channel radii. The parameter 𝑧𝑝 is chosen 𝑧𝑝 = 0.025 cm, that corresponds to the 

seed half-pulse duration 𝜏𝑝 = 𝑧𝑝/𝑐 ≈ 8.38 × 10
−13 s. The pulse initial position was 𝑧0 =

−5𝑧𝑝 ≈ −0.125 cm. For the above parameters the pulse given by (9) is nearly a single cycle 

pulse. Such pulse shapes are rather typical for modern experiments [23,33,34]. Also, it is 

important that the plasma channel radius is much greater than the seed THz pulse wave-

length 𝜆 = 2𝜋𝑐 𝜔0⁄ . 

To calculate the current in the right side of Equation (8) one needs to find the electron 

velocity distribution function (EVDF). In analogy with [18] the EVDF was calculated from 

the Boltzmann equation in the two-term expansion [35,36]: 

𝑓(𝑟, 𝑣⃗, 𝑡) = 𝑓0(𝑟, 𝑣, 𝑡) + cos𝜗 𝑓1(𝑟, 𝑣, 𝑡), (11) 

(Here 𝜗 is the angle between the electron velocity and electric field strength vectors) 

where the zero-order harmonic 𝑓0(𝑟, 𝑣, 𝑡) stands for the distribution over the absolute 

value of velocity, while the first-order one 𝑓1(𝑟, 𝑣, 𝑡) provides the possibility to calculate 

the current density: 

𝑗(𝑟, 𝑡) = −
4𝜋𝑒𝑁𝑒(𝑟)

3
∫𝑣3𝑓1(𝑟, 𝑣, 𝑡)𝑑𝑣. (12) 

The two-term expansion set of equations for EVDF harmonics reads [35]: 

𝜕𝑓0(𝑟,𝑣,𝑡)

𝜕𝑡
=

𝑒𝐸(𝑟,𝑡)

3𝑚𝑣2

𝜕

𝜕𝑣
(𝑣2𝑓1(𝑟, 𝑣, 𝑡)) +

𝑚

𝑀

1

𝑣2

𝜕

𝜕𝑣
(𝜈𝑡𝑟(𝑣) (𝑣𝑓0 +

𝑇𝑔

𝑚

𝜕𝑓0

𝜕𝑣
)) + 𝑄∗(𝑓0), (13) 

𝜕𝑓1(𝑟,𝑣,𝑡)

𝜕𝑡
+ 𝜈𝑡𝑟(𝑣)𝑓1(𝑟, 𝑣, 𝑡) =

𝑒𝐸(𝑟,𝑡)

𝑚

𝜕𝑓0(𝑟,𝑣,𝑡)

𝜕𝑣
. (14) 

and 𝜈𝑡𝑟(𝑣) = 𝑁𝜎𝑡𝑟(𝑣)𝑣 is the transport cross section, 𝑁 = 2.5 × 1019 cm−3 is the gas den-

sity. In comparison with [18] here there is the inelastic collisional integral 𝑄∗ that leads to 

rapid (in picosecond time scale) relaxation of the EVDF in the nitrogen plasma channel. 

As a result, the possibility to produce pulses with a nonzero integral 𝑈 appears to exist 

for low-intensity THz pulse as well. 

The collisional integral 𝑄∗ was taken in a form [27] 

𝑄0
(𝑖𝑛𝑒𝑙)

= −𝑁∑ (𝜎𝑖
∗(𝑣)𝑣𝑓0(𝑥, 𝑣, 𝑡) + 𝜎𝑖

∗(𝑉)𝑉𝑓0(𝑥, 𝑉, 𝑡)(𝑉 𝑣⁄ )𝑖 ). (15) 

Here 𝜎𝑖
∗(𝑣) is the vibrational excitation cross section of the i-th vibrational level of the 

N2(𝑋 Σ, 𝑣1 ) with the threshold 𝐼𝑖
(𝑣)

, velocity 𝑉 can be expressed through 𝑣 via the rela-

tion: 

𝑚𝑉2

2
 =
𝑚𝑣2

2
+ 𝐼𝑖

(𝑣)
, (16) 

Eight lower vibrational excitation cross-sections were taken into account. The thresh-

olds for electronic excitation of nitrogen molecules are above 6 eV and do not contribute 

to the evolution of the EVDF. The transport cross-section as well as the cross-sections for 

the vibrational excitation were taken from [28]. The initial zero-order EVDF harmonic 

formed by UV pulse is supposed to be characterized by the Gaussian form [22]: 

𝑓0(𝜌, 𝑧 = 𝑐𝑡, 𝑣) =
1

4𝜋

𝑚
3
2

∆𝜀√2𝜋(𝑚𝑣2 2⁄ )
× 𝑒𝑥𝑝 (−

(𝑚𝑣2 2⁄ − 𝜀0)
2

∆𝜀2
) (17) 

with 𝜀0 = 1.87 eV and ∆𝜀 = 0.1 eV. The last value is typical for ionization by laser pulses 

of femtosecond duration. We assume that angular velocity distribution in the photoelec-

tron peak is nearly isotropic (the isotropization time is of order of the reverse transport 

frequency for the electrons with the energy equal to 𝜀0). Hence, we have the following 

initial condition for an anisotropic harmonic of the EVDF: 
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𝑓1(𝜌, 𝑧 = 𝑐𝑡, 𝑣) ≡ 0. (18) 

The function 𝑓0(𝑟, 𝑣, 𝑡) was normalized according to the expression 

4𝜋 ∫𝑓0(𝑟, 𝑣, 𝑡)𝑣
2𝑑𝑣 = 1. (19) 

We note that since the values of vibrational and low-level (𝑎 ∆ 1  and 𝑏 Σ1  states) 

electronic excitation cross sections for oxygen molecule are significantly less than the ni-

trogen ones it is possible to neglect them at a qualitative level of study. 

The wave Equation (8) is solved jointly with the set of equations for zero—and first—

order harmonics (13), (14) at each spatial grid point. The brief discussion of the numerical 

procedure can be found in [32] and in references therein. Similar to [18,32] the temporal 

step of integration is ∆𝑡 = 4 × 10−15  s, step of space discretization is ∆𝑧 = 𝑐 × ∆𝑡 =

1.2 × 10−4 cm and ∆𝜌 = 0.065 cm. The total spatial area for calculations is chosen as ℓ =

1.0 cm and 𝑅𝑚𝑎𝑥 = 6.0 cm. Regarding the Boltzmann equation, it is well-known that 

two-term expansion leads to the diffusion type equation in velocity (or energy) space. 

Hence, an explicit scheme for a numerical solution can be used provided that the Courant 

condition is fulfilled [25]. In reality in our numerical scheme, the step for integration of 

the Boltzmann equation is determined by the step necessary for wave equation integra-

tion. 

3. Results and Discussion 

3.1. Amplification in the Nonequilibrium Plasma Channel and Formation of the Unipolar  

THz pulses. 

We will start our discussion with the analysis of the spatial pulse structure after L = 

30 cm propagation in nonequilibrium nitrogen plasma channel with homogeneous elec-

tron density profile along 𝑧-axis of radius 𝑅0 = 1.5 cm with radial profile given by (5) 

and different values of the electron density 𝑁𝑒
(0) (Figure 2). In our simulations we charac-

terize the pulse by the peak intensity value which is determined via the relation 𝐼0 =

𝑐𝐸0
2 8𝜋⁄ . 

  

  

 

Figure 2. 3D spatial distribution of the absolute value of the electric field strength in the THz pulse: 

initial distribution (a), after the 30 cm length propagation in the nonequilibrium nitrogen plasma 

channel with Gaussian profile of electron density with 𝑁𝑒
(0) = 1013 cm−3 (b)  3 × 1013 cm−3 (c) and 

1014 cm−3 (d). Radial sizes of channel and the seed THz pulse are 𝑅0 = 𝜌0 = 1.5 cm. The level lines 
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indicate the certain values of the pulse electric field strength. The femtosecond UV pulse is located 

at the point 𝑧 − 𝑐𝑡 = 0. Initial THz pulse intensity is weak and does not contribute to the EVDF 

evolution. 

All the plots are normalized to the maximum absolute value of the seed pulse field 

strength. The dramatic reconstruction of the seed pulse structure is observed with the in-

crement of electron density. Pulse structure evolution emerges in the near-axis area, while 

far from the axis the pulse keeps its initial form (see Figure 2b,c). We also note the effect 

of shifting of THz pulse spectrum to the lower frequencies followed by the pulse elonga-

tion as well as the increase of delay between the initial front of the THz pulse and leading 

UV. Most interesting is the fact that at high electron densities (Figure 2d) the amplified 

pulse is characterized by the non-zero value of the integral (3), it means the transformation 

of the initially bipolar pulse to the unipolar one. The physics of this transformation will 

be discussed below. 

To obtain quantitative characteristics of the THz pulse propagation and amplification 

we introduce the gain at given propagation length L 

𝑔(𝐿) = ∫𝐸2(𝜌, 𝑧, 𝑡 = 𝐿 𝑐⁄ )𝜌𝑑𝜌𝑑𝑧 ∫𝐸2(𝜌, 𝑧, 𝑡 = 0)𝜌𝑑𝜌𝑑𝑧⁄ . (20) 

where the integrals are taken over the entire spatial area including 𝜌 > 𝜌0. 

We see that for the electron density above some critical value 𝑁𝑒
∗~4 × 1013 cm−3 the 

gain factor is larger than the unity and exceeds 𝑔(𝐿 = 30 𝑐𝑚)~1000 for 𝑁𝑒
(0) ≅ 1014 cm−3 

for 𝜌0 =1.5 cm (see Figure 3a). For channel radius 𝜌0 =1.0 cm the diffraction divergence 

is more significant, therefore the gain factor is lower. Below the electron density 𝑁𝑒
∗ we 

observe the absorption of the THz pulse energy. Such absorption occurs due to the fact 

that a significant part of the seed pulse spectrum is located in the range 𝜔 > 𝜈𝑡𝑟. As a 

result, the high energy spectrum part of the pulse is absorbed, while the low-energy part 

is not amplified enough for electron densities below the critical value. Such situation is 

shown in Figure 3b, where the temporal evolution of pulse spectrum for 𝑁𝑒
(0) = 2 × 1013 

cm−3 indicates the dramatic spectrum reconstruction. The significant pulse amplification 

is accompanied by the pulse transformation to the quasi-unipolar one (see Figure 4). Sim-

ilar transformation was observed for the process of amplification of a single cycle THz 

pulse in Xe plasma channel (see [16]), where such an effect becomes possible only for 

strong THz fields of the order of 107 W/cm2, that are able to rapidly destroy the initial 

peak-like EVDF structure. The situation is quite different for the case of the nonequilib-

rium plasma channel in nitrogen. Due to the effective vibrational excitations of N2 mole-

cules in the energy range ~2–3 eV the typical time of EVDF relaxation for the plasma at 

atmospheric pressure is of order of several picoseconds [27]. As a result, the leading front 

of the THz pulse is located in the amplification zone behind the UV pulse while its trailing 

edge is not amplified. So, the unipolar pulses formation becomes possible for any value 

of the seed THz pulse intensity. 

Figure 3. The gain (a) after 30 cm propagation in dependence on the electron density in plasma 

channel for initial channel and beam parameters  𝑅0 = 𝜌0 =1.0 cm (1) and 1.5 cm (2). The field of 

THz pulse is weak and does not contribute to the EVDF evolution. On-axis spectra (b) of the THz 
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pulse for different propagation lengths (given in the inset in cm) for 𝑁𝑒
(0) = 2 × 1013 cm−3 and  𝑅0 =

𝜌0 =1.5 cm. 

 

Figure 4. The unipolar factor after 30 cm propagation in dependence on electron density in the 

plasma channel for initial channel and beam parameters  𝑅0 = 𝜌0 =1.0 cm (1) and 1.5 cm (2). The 

field of THz pulse is weak and does not contribute to the EVDF evolution. 

To provide more insight into the formation of the unipolar pulse we present on-axis 

EVDFs for different spatial points in the plasma channel behind the UV laser pulse (see 

Figure 5). As the THz pulse has low intensity these data are valid for any propagation 

length. One can see that for the spatial area 𝑧 ≤ −0.2 cm the EVDF peak moves from its 

initial position ≈ 8.0 × 107  cm/s to ≈ 7.2 × 107  cm/s. This value approximately corre-

sponds the boundary of the region with positive derivative 𝑑𝜎𝑡𝑟(𝑣) 𝑑𝑣⁄ > 0 (see data in 

Figure 1). This fact supports our statement that only the pulse leading front can be ampli-

fied. Hence, the pulse can be transformed to the unipolar one upon its propagation. 

 

Figure 5. On-axis electron velocity distribution functions in the plasma channel for different spatial 

points behind the leading UV pulse. The point positions are given in the inset in centimeters. The 

field of THz pulse is weak and does not contribute to the EVDF evolution. 
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Now let us discuss the amplification and formation of unipolar pulses for the case of 

high energy THz pulses when the amplified THz field has significant impact on the EVDF 

evolution. The gain and the unipolar factor at the 30 cm propagation length for different 

values of initial pulse peak intensities are shown in Figure 6. Below pulse intensities 103 

W/cm2 the dependence of the gain versus intensity is flat, i.e., there is no influence of the 

amplified THz field on the EVDF. Above this value which is nearly the same for both  

Figure 6. The gain (a) and the unipolar factor (b) in dependence on the seed pulse peak intensity for 

initial channel radii  𝑅0 = 𝜌0 =1.0 cm (1) and 1.5 cm (2), electron density is 7 × 1013cm−3. 

𝑅0 = 𝜌0 =1.0 cm and 1.5 cm the gain rapidly drops. For the seed pulse intensities 𝐼0 ≥

𝐼0
∗ ≈ 106 W/cm2 it becomes less than unity, i.e., the amplification is changed by the absorp-

tion. Near the value 𝐼0
∗ the amplification dominantly takes place for the rising edge of the 

pulse, while for the trailing edge the THz energy is absorbed. As a result, there is an in-

crease in the unipolar factor within this intensity region (see Figure 6b). The maximum 

possible value of the unipolar factor reaches 𝑈 ≈ 0.7 for  𝑅0 = 𝜌0 =1.5 cm. Thus, for con-

sidered parameters the seed bipolar pulse is not amplified but can be converted to the 

unipolar one. 

To confirm the above conclusion in Figure 7 we present the EVDFs at different prop-

agation lengths calculated for two spatial points behind the UV pulse for the initial pulse 

intensity 106 W/cm2. We see that for spatial point 𝑧 − 𝑐𝑡 = −0.1 cm there is almost no 

dependence of the EVDF on the propagation length, i.e., the THz field does not contribute 

to the EVDF evolution. On the other hand, for the spatial point 𝑧 − 𝑐𝑡 = −0.4 cm the more 

the propagation length the wider the peak of the EVDF that prevents the possibility of the 

amplification process. 

  

  

Figure 7. On-axis electron velocity distribution functions in dependence on propagation length in 

the spatial points behind the UV pulse 𝑧 − 𝑐𝑡 = −0.1 cm (a) and −0.4 cm (b) for 𝜌0 = 1.5 cm, 

𝐼0 =106 W/cm2. The propagation lengths (in cm) are given in the inset. 

3.2. Transferring of the Unipolar THz Pulse out of Plasma Channel 

We have already mentioned that pulses with the nonzero value of the pulse electric 

field area (unipolar pulses) are of importance for a number of practical applications. On 
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the other hand, it is known that unipolar pulses do not propagate in a free space and 

rapidly change to the bipolar ones. For this reason, one should draw attention to the pro-

cess of delivery of the THz unipolar pulse from the plasma channel to the remote target. 

In this section we plan to analyze the features of the unipolar pulse formed in the extended 

nonequilibrium plasma channel during the process of its transferring to the free space. 

First, we would like to consider the sharp boundary of the plasma channel of the total 

length 𝐿 = 30 cm (see Equation (6)). Such plasma density profile can be realized if the 

THz pulse transfers from the channel to the free space through the transparent window. 

Out of the channel the gas is nonionized and its permittivity is equal to unity. The de-

pendencies of the unipolar factor on the propagation length both inside and outside of the 

plasma channel are plotted in Figure 8 for  𝑅0 = 𝜌0 =1.0 cm and 1.5 cm. Indeed, we ob-

serve that after the THz pulse transferring into free space the unipolar factor decreases. 

At a distance of 15 cm the U-factor is reduced approximately twice. It means that a target 

for the unipolar pulse exposure should be located rather close to the output window. The 

smoothing of the electron density profile (smoothing parameter 𝛿 = 5 cm, see Equation 

(7)) does not essentially change the data obtained for the sharp profile (see Figure 8). 

Figure 8. Unipolar factors in the dependence on the propagation length for plasma channel param-

eters 𝑅0 =1.0 cm (a) and 1.5 cm (b). The boundary between the plasma channel and free space is at 

30 cm. Curves correspond to rectangular (solid) and smoothed (dash) electron profiles along z−axis. 

The detailed information on the THz pulse evolution after its transfer from the 

plasma channel to a free space in the case of the sharp plasma boundary is presented in 

Figures 9 and 10. As previously, we assume that the seed THz pulse is amplified in the 

plasma channel at the length 𝐿 = 30  cm. Spatial structures of the THz field at the 

«plasma–free space» boundary and after the 15 cm propagation in the free space are given 

in Figure 9. The on-axis field distributions for the same propagation lengths are depicted 

in Figure 10. There are two main effects, that should be emphasized: (1) significant dif-

fraction that increases the transverse size of the beam (see Figure 9); (2) evolution of the 

initial quasi-unipolar pulse back to the bipolar one (Figure 10). The unipolar factor de-

creases approximately twice at a distance 15 cm and undergoes further decrease at longer 

distances. The last process is accompanied by the formation of the extended low-level low-

frequency tail that can be observed in Figure 10b. 
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Figure 9. Spatial distribution of the absolute value of the electric field strength in the THz pulse: 

distribution at the «plasma–free space» boundary after the 30 cm propagation in nonequilibrium 

nitrogen plasma channel with Gaussian profile of electron densities with 𝑁𝑒
(0) =  7 × 1013 cm−3 (a), 

after additional 15 cm length propagation in the free space (b). Radial sizes of channel and THz 

pulse are 𝑅0 = 𝜌0 = 1.5 cm. The level lines indicate the certain values of pulse electric field strength. 

The femtosecond UV pulse is located at the point 𝑧 − 𝑐𝑡 = 0. Initial THz pulse intensity is weak and 

does not contribute to the EVDF evolution. 

Figure 10. On-axis distributions of the electric field strength in the THz pulse inside the plasma 

channel (a) and after its propagation in the free space (b). Propagation lengths are given in the inset 

in cm. All the parameters of the plasma channel and initial pulse correspond to those given in Figure 

8. The femtosecond UV pulse is located at the point 𝑧 − 𝑐𝑡 = 0. 

To conclude our discussion, we would like to note that for experimental realization 

of the quasi-unipolar pulse formation, we need the UV pulse of the energy about 0.5 J. 

Such pulses are rather close to those available at the Lebedev Physical Institute [37]. We 

also note that for given parameters the multiply filamentation of the UV laser pulse can 

be realized. If so, the radial electron density distribution will be much more complicated 

function of radial coordinate. On the other hand, it was demonstrated in [38] that for sim-

ilar pulse parameters filaments arise at propagation lengths above 75 cm that is signifi-

cantly larger than the plasma channel length in our study. The estimates of filamentation 

length [39] for given UV pulse parameters provide the value about 100 cm that is con-

sistent with [38]. 

4. Conclusions 

In summary, we develop a fully self-consistent three-dimensional model to study the 

terahertz pulse amplification as well as unipolarity formation in nonequilibrium nitrogen 

plasma channel formed by the multiphoton ionization by femtosecond UV laser pulse. In 

comparison with the xenon plasma channel fast relaxation of the EVDF in nitrogen plasma 

makes it possible to produce THz pulses with nonzero integral of the electric field strength 

over the pulse area for any value of the seed pulse intensity, including low intensity 

pulses. The problem of transferring of the unipolar pulse from the nonequilibrium plasma 

channel to the free space was analyzed. It was found that beyond the channel the unipolar 

pulse transforms to the bipolar one and a rapid diffraction divergence is observed. Hence, 

possible experiments on the interaction of the unipolar pulses with different microscopic 

objects should be conducted rather close to the output window near the boundary be-

tween a plasma channel and free space. 
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