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We present a method to enhance the terahertz (THz) wave radiation from a femtosecond laser-induced
plasma filament by controlling the local gas density within the filament. We develop a theoretical model for
THz generation from a laser-induced air plasma filament and the subsequent propagation process, to account
for a varying local gas density. By adjusting the local gas density along the filament, the transient current
distribution along the filament and the resulting coherent superposition of terahertz waves can be controlled.
The location of the gas jet nozzle and the relative phase between multicolor light fields both affect the transient
current distribution and thus the strength of the generated THz field. Compared with the conventional terahertz
generation by a two-color filament in a homogeneous gas, a three-color filament can realize an increase by 6.12
times in the generated THz pulse energy, with optimized local gas density modulation. Our results suggest that
the THz amplification via local gas density modulation can be further improved with well-designed multicolor

pulses.
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I. INTRODUCTION

The unique properties of terahertz waves have inspired
applications prospects in many fields, such as astronomy,
atmospheric and environmental sensing, communications,
biomedicine, counterterrorism, security inspection, material
science, etc. [1-5]. Therefore, the design of high-power versa-
tile THz sources has become a focus of much research. There
are many ways to generate terahertz waves, including optical
rectification using nonlinear crystals (such as LiNbO3) [6,7],
photoconductive antennas [8,9], electron accelerators [10],
and laser-induced air plasma [11-13]. Compared with other
methods, the method of laser-induced air plasma has gained
popularity due to the ease of implementation, and also to the
ability to scale to high energy because of the lack of laser
damage threshold in gaseous media. This laser-induced ter-
ahertz source has also shown promise for remote generation,
thereby avoiding the strong absorption of terahertz radiation
by atmospheric water vapor [14-16].

In 1993, Hammer et al. ionized air with single-color laser,
and obtained multiband electromagnetic radiation containing
terahertz waves [12]. In 2000, Cook et al. found that focusing
both the fundamental w and its second harmonic 2w on the
target gas could produce a much stronger THz signal, due
to the left-right asymmetry of the peak electric field of the
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coherently superposed light fields. As a result, this method
achieves a typical conversion efficiency of 10°-107* [17].

The radiated THz field originates from the gas ionization
and the subsequent transient current induced in the plasma fil-
ament by the asymmetric two-color laser electric field [13,18].
As the length of the laser filament increases (>10mm), the
transient current formed at different positions along the two-
color laser filament will vary significantly. This effect arises
due to the dispersion of the plasma, which leads to a walk-off
between the w and 2w beams, resulting in a change in their
relative phase. As a result, different sections of the filament
radiate THz waves with different amplitude and phase [19,20].
Since the total radiated THz signal consists of a superposition
of the fields radiated by all points along the filament, this
clearly affects the overall terahertz radiation intensity [21,22].
At present, the only method for manipulating this effect is
to adjust the time delay (relative phase) of the two laser
fields before they reach the focal point and initiate the plasma
generation [21,22]. A method to adjust the relative phases
of the laser fields within the filament would provide a valu-
able additional parameter for optimizing the THz generation
efficiency.

Here, we present a method for adjusting the local THz gen-
eration conditions by controlling the local gas density within
the femtosecond laser filament. By establishing a model of
terahertz wave radiation and propagation, we investigate the
effects of the local gas density of the filament on the generated
THz energy. Our model predicts that this method can result in
dramatic improvements in the THz generation mechanism.
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II. MODEL

We describe the laser-induced filament in an axially sym-
metric geometry. Thus, we use a two-dimensional model to
simplify the analysis. We introduce a cylindrical coordinate
system, where the z axis is the propagation axes of the laser
beam, the r axis is the radial coordinate, and the coordinate
origin corresponds to the geometric midpoint of the filament.

We assume that the multicolor lasers used in the model are
linearly polarized, all parallel to each other. To treat the gen-
eral case, we include three laser fields, corresponding to the
fundamental field (at frequency w), together with its second
and third harmonics. Assuming that all of these fields are short
pulses with Gaussian envelopes, the coherently superposed
three-color laser electric field (w + 2w + 3w) can be written
as [14]

2
E/(t) = E exp < le) cos(wt)
2
+ Ey exp (——2) cosRat’ + 6,)
T;
2
+ Es exp (_F> cos(Buwt + 63), (D)
3
where E|, E,, and E3 are the amplitudes of the w, 2w, and
3w fields, T1, T», and T3 are their pulse widths, and the phases
0, and 05 are the relative phase between w and 2w and the
relative phase between w and 3w, respectively. The process of
laser ionizing gas can be described by the Ammosov-Delone-
Krainov model [23,24], in which the evolution of the electron
density N.(¢) can be derived from [14]

dNe(1) = Wapk (1)[Ng — Ne(1)]dt. 2

Here, Wapk (¢) is the ionization rate, and N; is the density
of gas molecules. After the gas molecules are ionized, the
liberated electrons are driven by the laser field to form a
transient current J(¢), which can be expressed as [25]

dJ(t)

dt

where v, is the electron collision frequency, e is the ele-
mentary charge, and m, is the electron mass. This transient
current generates a THz field according to Ety, o dJ/dt. The
spectrum of the resulting terahertz wave can be obtained by
Fourier transform of the time derivative of J(¢). The time-
domain wave form of the terahertz radiation can be obtained
by filtering the pump laser frequency from this spectrum,
followed by an inverse Fourier transform.

The transient current elements produced by the laser field
inside the filament can be regarded as a combination of source
points for the generated THz field, arrayed along a line. Here,
we assume that these transient currents at each point along the
line are independent of each other. In this case, the total field
radiated by the filament can be regarded as the superposition
of the fields radiated by the transient currents at each point.
A key issue is that the THz electric field generated at each
point along the filament is different. As mentioned above,
when the multicolor laser propagates along the filament, the
relative phase between the different frequency components
changes, due to dispersion. Taking the three-color field as an

= S NLOE (1) — v (1), 3)
m,

example, the relative phase shifts between @ and 2w, 3w can
be expressed as

62(z) = 62(z0) + ku)/ [n,(2") — 2o ()17, “4)
63(z) = 63(20) + ko / [n0,(2) — n3u(2)1d7, (&)

where k,, is the wave number of the fundamental wave, and
Ny, N2y, and ns, are the refractive indices of the filament at
frequencies w, 2w, and 3w respectively. In order to obtain
the total THz radiation in the far field, we must consider the
variation of THz radiation generated by each point alone the
filament due to this dispersive effect. In addition, we must also
include the propagation phase of THz wave generated at each
point, since the filament can be long compared to the THz
wavelength. Finally, we also include the attenuation of the
THz wave due to propagation in the plasma filament.

Assuming that the terahertz wave propagates from
Py (z0, r9) to Pi(zy, r1) in the filament, its phase change can
be expressed as

4kt THZ (OTHZ, 25 T) dz
cos ¢

)

@(@THz, P1) = @(WTHZ, Po) +/

20 (6)

where kry, is the THz wave number, nry,(wrHz, 2, 1) =

\/ 1-— a)lz,(z, r) /a)%HZ is the refractive index of the THz wave

in the filament obtained from the Drude model, and w, =

V€*N,/m.g¢ is the plasma frequency. We assume that the
electron density distribution in the filament is radially sym-
metric, given by N,(r) ~ cosz(rrr/Zr,,), where r), is close to
the filament radius. The factor of cos ¢ in Eq. (6) arises from
the fact that the wave vector of the THz wave need not be
parallel to the z axis, but instead can propagate at an angle ¢.

To account for attenuation of the THz signal, we can com-
pute the loss factor, which applies for all frequencies above the
plasma frequency, wry, > @. The characteristic attenuation
distance for waves in a plasma above the plasma frequency is
Ly(@1s, 2, 1) & 2c(wty, + v7)/(@}v,) [13,26]. Writing the
projection of the paraxial propagation distance D(z) on the
optical axis as D'(z) = D(z) cos ¢, the attenuation coefficient
can be expressed as

D'(z) D'(2)—z
K(wtHz, 2) = {exp [fo Lzr(wTHL,Z,r)cos¢dZ]’ OTH, 2 @p
0, WTHz < Wp
(7N

Combining Egs. (2)—(7), the far-field terahertz E%"}{Z can be
expressed as an integral over the length of the filament:

filament
F
Er, (o) = / Etn,(0TH,, 2)K(WTH, 2)

x explje(wrHy, 2)ldz. ®)

A key idea of this work is the addition of a gas-puff nozzle
near the filament, which would enable the modulation of the
local gas density. We can incorporate this effect into our model
through a variation in the gas density distribution Ng(r, z),
which can now depend on the z coordinate. The gas density
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FIG. 1. (a) Spatial density distributions of the gas formed by jet nozzle (the yellow bar stands for the filament). (b) The gas density

distribution at the filament with different nozzle position zj.

distribution from a nozzle can be estimated using a ballistic
transport model [27], which is expressed as

Ny(z, r)

|
= €X
7 (ry)? P

2+ R, — r9,)2] [2z(Rn - r@,)i|
- 0 )

(rfa)® (rfa)®
€))

where N is the line density of the airflow, R, is the nozzle
radius, 6, is the divergence angle of gas escaping from the
nozzle, 6, is the nozzle tilt angle, and I is the Bessel function.

III. SIMULATION RESULTS AND ANALYSIS

As a first step in implementing the model described above,
we consider a two-color laser filament (w + 2w), @ = 800 nm
as an example. We assume that the energy of the two-color
laser pulse is 14 wuJ, where the energy ratio of 2w pulse
to w pulse is 0.2. The laser intensity is 2.8x10'® W/m?,
which is close to the saturation of the first ionization, so we
don’t consider multiple ionization here. The filament length is
12 mm, and the filament radius is 80 um. The initial nitrogen
gas density of the environment is Ny = 1x 10'® cm; the jet
nozzle with radius R, = 1 mm and divergence angle of gas
64 = 6° is located 30 mm below the filament. This modulates
the local gas density of the filament, as shown in Fig. 1(a).
By varying the abscissa zj, of the nozzle position relative
to the filament center, the density distribution of the gas in
different sections of the filament can be modulated. As shown
in Fig. 1(b), the entire modulation range of the nozzle at the
filament is about 6 mm, and the peak value of the gas density
after modulation is about 1.6x10'® cm™.

Next, we analyze the effect of changing the local gas
density on the transient current distribution induced in the
filament. When the multicolor laser propagates forward in
the filament, the dispersion of the plasma causes the change
of relative phase among the different frequency compo-
nents, resulting in changes in the transient current at each
point along the filament. When the nozzle changes the lo-
cal gas density, the points with increased local gas density
will have higher electron density and larger transient cur-
rent; that is, these points will radiate terahertz waves with
higher central frequency and greater amplitude. As shown in

Fig. 2(a), for example, the two-color filament with the initial
relative phase 6, = 0.75, we see that the transient current
increases in the filament area corresponding to the nozzle
positions.

We also need to consider the coherent superposition of
terahertz waves radiated by each point. According to Eq. (8),
this can be computed by integrating along the filament. How-
ever, to facilitate our calculations, we convert this integral to a
discrete sum over points along the filament, with separation of
50 pum (much less than any wavelength in the THz pulse).
For a 12-mm filament length, we therefore have 241 discrete
points in our summation, which provides a good approxi-
mation to the integral given in Eq. (8), but with much less
computational overhead. We can obtain useful physical in-
sight by looking at the relative phases of the THz signals
from some of these discrete source points. Figures 2(c)-2(h)
display a few of the THz wave forms (from nine particu-
lar source points out of the 241 in our calculation, with a
spacing of 1.5 mm) which arrive at a particular location in
the far field (corresponding to z = 49.81 mm, r = 4.36 mm
in our cylindrical coordinate system defined above). These
computations take into account all of the effects noted above:
the relative phase of the w and 2w fields which vary along
the filament length, the strength and phase of the resulting
transient current, and the subsequent propagation of the THz
field through the filament to the chosen field point. Figure 2(c)
shows the result when there is no gas nozzle near the filament
(so the gas density distribution is independent of z), while
Figs. 2(d)-2(h) show the results when a gas nozzle is present,
situated at several different locations along the filament
[as in Fig. 1(b)].

As compared to the no-jet case [Fig. 2(c)], the amplitudes
of the terahertz waves radiated from points along the filament
change with the jet nozzle position; in addition, their relative
coherence changes strongly with jet nozzle position. Because
the phase velocity of terahertz waves with different frequen-
cies are different, a longer THz propagation distance in the
filament results in a greater degree of decoherence, which has
a very significant impact on the total THz signal that results
from the superposition of these wavelets. In particular, when
the nozzle position zje is close to the front of the filament [e.g.,
Fig. 2(d)], the decoherence phenomenon between terahertz
waves radiated by each point is more significant due to the
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FIG. 2. (a) Transient current distribution of filament and (b) cumulative THz energy change and (c)—(h) superposition of THz electric field

of each point at the measurement point under different z;.

longer propagation of the THz signal to the measurement
point. Conversely, when the nozzle position zj is close to
the end of the filament [e.g., Fig. 2(h)], the decoherence phe-
nomenon is suppressed. Figure 2(b) shows the relationship
between the cumulative terahertz energy computed by sum-
ming (superposition) of all the points along the filament at this
measurement point and the corresponding cumulative length
of filament. The closer the nozzle position z;e to the end of fil-
ament, the weaker the influence of decoherence, and thus the
higher the accumulated THz energy in the far field. Although
the overall transient current is higher when zje; is located in the
middle of filament [Fig. 2(a)], the highest accumulated energy
reaching the measurement point occurs when zj is located
near the end of the filament [see Fig. 2(b)]. We conclude that,
compared with the enhancement effect caused by increasing
local transient current, the coherence between the terahertz
waves radiated by each point has a bigger influence. We note
that, even for this simple situation, the addition of a gas nozzle
near the end of the filament can lead to nearly twice as much
generated THz energy.

As a next step, we analyze the effect of the initial relative
phase of the multicolor laser pulses in combination with the
local gas modulation. For the usual case of homogeneous gas,
the initial relative phase of multicolor laser will affect the
transient current distribution along the filament [28]. Taking
into account the dispersive effects noted above, this initial

phase evolves along the length of the filament, resulting in a
change in the magnitude of the transient current distribution.
As shown in Figs. 3(b)-3(d), when 6, = 0.5, the transient
current peak is located at the front of the filament. When
0, = 0.75m, the transient current peak is in the middle of
filament, and the overall transient current intensity is the
highest. When 6, = m, the transient current peak is at the
end of the filament, and the overall strength of the tran-
sient current of the filament is similar to 6, = 0.57. When
the jet nozzle is applied, the transient current increases in
the filament area corresponding to the nozzle position Zje.
Thus, under different initial relative phases, the transient
current distribution of the filament is changed in different
ways as a function of the jet nozzle position zj. This has
an impact on the total generated THz energy, as shown in
Fig. 3(a).

It is worth noting that, compared with the case of relative
phase 8, = m, the transient current increase in the filament
formed when 6, = 0.5 is larger when the nozzle is applied
at the front of the filament. However, the decoherence effect
plays an important role when the nozzle is applied at the
front of the filament. Thus, when zj is located in the front of
filament, the total terahertz energy is lower when 6, = 0.57
than when 6, = & [Fig. 3(a)]. As a result of the interplay be-
tween these effects, different relative phase 6, causes different
trends in the THz energy with the jet nozzle position zj.. The
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FIG. 3. (a) Evolution of terahertz radiation energy and (b)—(d) the distribution of filament transient current with zj; under different initial

relative phases.

THz energy reaches its largest value for the initial relative
phase 6, = 0.75 .

We can also investigate the influence of jet nozzle position
on the spatial distribution of THz intensity. The simulation
results (Fig. 4) show that after a certain distance (~50 mm)
propagated in the air, the THz radiation from the filament
presents a forward cone-shaped intensity spatial distribution,
resulting from the plasma attenuation and the coherent super-
position in the far field of the THz waves radiated by each
point along the filament. The intensity distribution changes
as expected with the jet nozzle position: when zj, moves
from the front to the rear of the filament, the overall ra-
diation intensity gradually increases, and the radiation cone
angle shows a trend of first increasing and then decreasing
[Fig. 4(g)]. When the nozzle is located at the rear of the
filament, the angle with the strongest THz radiation is about
5°. Figure 4(h) is a comparison of the total terahertz energy
with and without jet nozzle. When zj. is at the front of
filament, the total terahertz energy is about half of the tera-
hertz energy without nozzle. As zj,; moves towards the end of
filament, the total terahertz energy gradually increases, reach-
ing 1.86 times the total terahertz energy of filament without
nozzle.

We further compare the case of local gas density modu-
lation with the overall ambient gas density modulation. The
increase of gas density causes an increase of the electron
density in the filament. Although the transient current in-
creases correspondingly, it can be seen from the geometric
relationship and Eq. (6) that the increase of electron density
impacts the phase difference between terahertz waves from
different points along the filament. As a result, when the
ambient gas density increases, the decoherence between the
terahertz waves from each point increases. This limits the in-
crease of the far-field terahertz radiation intensity. However, in
the filament with local gas density modulation, only the local

electron density is changed, and the coherence between ter-
ahertz radiation from different source points is less affected.
Thus, we anticipate that the use of local control of the gas
density with a nozzle is superior to varying the ambient gas
density as a tool for increasing the far-field terahertz intensity.

As shown in Fig. 5(a), as the ambient gas density increases
uniformly, the terahertz energy radiated also shows a trend
of rising first and then falling, reaching its maximum when
the ambient gas density is 3x10'® cm™. This is only 1.65
times the signal from the initial case without jet. The terahertz
energy radiated by the two-color filament modulated by the
local gas density reaches the optimal value when the gas
density peak value is 1.58x10'®cm™, which is 1.87 times
the signal from the filament in the uniform gas with the initial
gas density (1x10'® cm™), so the enhancement effect is better
than that of the overall ambient gas density modulation. How-
ever, if the jet strength is further enhanced, as the gas density
peak continues to increase, the attenuation effect of the plasma
[Eq. (7)] on the terahertz wave also increases rapidly, so the
terahertz radiation energy gradually decreases.

We now explore the extension of our model to the case
of a three-color laser-induced filament. Compared with the
two-color laser filament, three-color laser filament has two
main differences: (1) the electric field of three-color laser has
stronger asymmetry and faster electric field oscillation, so the
transient currents induced by this field are larger, resulting in
stronger terahertz radiation; (2) the evolution of the relative
phase between multicolor lasers along the filament will ac-
celerate with the increase of electron density, resulting in a
more pronounced change in the transient current distribution
(specifically, the peak transient current moves to the front
of filament). The transient current distribution of three-color
laser filament is affected by both 6, and 65. Therefore, com-
pared with the two-color case, the variation of the transient
current along the filament in the three-color case is relatively
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(set THz energy of filament without nozzle as 1).

slow (that is, the difference among transient current values for
each source point is smaller for the three-color case).

As a result of these considerations, it is not surprising
that the terahertz radiation energy from a three-color laser
filament varies with the gas density differently from that from
a two-color laser filament. Numerical calculations show that
when the other parameters are the same, the three-color laser
filament (w + 2w + 3w) with a fundamental wavelength of
800 nm at the initial relative phase of 8, = 0.757 and 65 =
1.2z has a similar transient current distribution with the two-
color laser filament with an initial relative phase of 6, =
0.75m; specifically, the peak value of the filament transient
current is located in the middle of the filament. So, we use
the three-color laser filament with these parameters for the
subsequent calculations. We also assume that the energy ratio
between the w, 2w, and 3w pulses in the three-color laser is
1:0.2:0.05.

The results of these simulations, shown in Fig. 5(b), al-
low us to draw several conclusions. First, in the case of
local gas density modulation at the rear of filament, when
the electron density and transient current increase, the deco-
herence between terahertz waves radiated by each point of
filament is less significant. As a result, the strength of the
terahertz radiation increases with increasing local transient
current modulation. This is more favorable for high-power
terahertz generation in comparison with a two-color laser
filament.

Second, when the ambient gas density increases uniformly,
the electron density along the filament increases accordingly,
and the decoherence between the terahertz waves from source
points at the front and the rear of the filament becomes a
more significant concern. Compared with the two-color laser
filament, where the transient current values at the front and
the rear of the filament are more similar, the signal from the
three-color laser filament exhibits a greater impact from the
decoherence effect. Therefore, the terahertz radiation energy
from the three-color laser filament decreases more rapidly as
the ambient gas density increases.

Here, we also presented the change of electron density
under two-color and three-color laser cases, as shown in
Figs. 5(c) and 5(d). It can be seen that the existence of jet
only affects the maximum value but not the rising law of of
N,, where the electron density in the case of the three-color
laser increases slightly faster than that of the two-color laser.

Finally, we investigate the effect of the distance between
filament and nozzle (ordinate rj) on terahertz radiation
energy. We set the abscissa of the nozzle at zjy = 6 mm.
Figure 6(a) shows the effect of the nozzle’s ordinate rj; on
the local gas density in the filament. When the nozzle is close
to the filament, the local peak gas density is higher and the
peak is narrower. That is to say, the ordinate r;.; of the nozzle
affects both the modulation range and intensity of the local
gas density. This modulation affects both the attenuation of
the THz wave due to plasma absorption and the decoherence
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FIG. 5. (a) Two-color laser filament and (b) three-color laser filament: evolution of terahertz radiation energy with gas peak density for
filament without jet nozzle and filament with jet nozzle (the dotted line is the terahertz radiation energy of filament without nozzle under the
initial gas density). Panels (c) and (d) are electron density versus time without and with jet.

between terahertz waves radiated by different points along
the filament. As a result of these effects, varying rj leads
to a nonmonotonic variation of the strength of the far-field
THz radiation. We find that there is an optimal value for the
vertical distance between the filament and the jet nozzle. With
the parameters used in this example, this optimal distance is
30 mm, as shown in Fig. 6(b). We predict that the optimal
far-field THz energy from a two-color filament modulated by
a jet nozzle is 1.87 times larger than the energy generated

with no jet, and that of a three-color filament modulated by
jet nozzle is 6.12 times larger. It may be possible to improve
these values even further, through optimization of the various
experimental parameters.

IV. CONCLUSION

In this paper, we establish a physical model to describe
THz generation from a femtosecond laser air plasma, and

(a) _ (b)
—Vjet—-45mm @9 | - - oR20w+3w
P, 26f — 1 =-40mm =0 e w20
K —— Fie=-35mm ST 6.12
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FIG. 6. (a) The distribution of gas density at the filament position for different values of rj, and (b) the evolution of the total terahertz
energy measured in the far field (integrated over the entire far-field region) as a function of the nozzle’s ordinate ri;. Here, we normalize the
result to the terahertz energy from a two-color laser filament with no gas nozzle.
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present a method for optimizing this process using local gas
density modulation. The model accounts for the effects of the
location of a gas jet nozzle, the relative phase of multicolor
laser pulses, and gas density in the plasma filament.

Our results emphasize the importance of maintaining the
coherence between THz wavelets radiated by various parts
of the filament in optimizing the yield of THz radiation in
the far field. The calculation suggests that optimizing the
parameters of a three-color filament using local gas den-
sity modulation can result in an increase in the energy of

the terahertz pulse by a factor of 6.12 times compared with
the standard two-color configuration. This enhancement in the
THz signal via local gas density modulation can be further
improved with well-designed multicolor pulses. Although we
ignore distortions in the rear part of the temporal pulse profile
due to plasma defocusing [29], which is what we should
improve in the future, these results are of great significance
to explain the physical process of laser filamentation and to
optimize the efficiency of conversion from optical to THz
fields.
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