PHYSICAL REVIEW A 108, 043503 (2023)

Far-field model of two-color-laser-driven terahertz radiation including
field-element interference and plasma response

Nan Li®!? and Wei-Min Wang ® 123"

' Department of Physics and Beijing Key Laboratory of Opto-electronic Functional Materials and Micro-nano Devices,

Renmin University of China, Beijing 100872, China

2Key Laboratory of Quantum State Construction and Manipulation (Ministry of Education), Renmin University of China,

Beijing 100872, China
3IFSA Collaborative Innovation Center, Shanghai Jiao Tong University, Shanghai 200240, China

® (Received 16 January 2023; accepted 21 September 2023; published 5 October 2023)

The two-color-laser-field scheme for broadband terahertz (THz) radiation from air has been intensively and
broadly investigated due to the simplicity of technology and relatively high yield efficiency. Experiments showed
that the detected THz angular distribution is usually conical, with a dip in the laser propagation axis which is
unfavorable for its application, and the formation of an oscillating tail in the THz waveform has not yet been well
understood. Here, we develop an electric-field-element interference model in which each local current source
has a phase velocity determined by the laser pulse and a Gaussian temporal profile, rather than an ideal point
source, and the current oscillation caused by the plasma dynamics is considered. By introducing the temporal
interference, the effects of the phase velocity and the Gaussian profile of the current can correct the THz angular
distribution. Therefore, by adjusting the laser pulse duration and the group velocity, the THz angular distribution
can be controlled, and the dip can even be eliminated. In addition, the plasma dynamics can result in the formation
of an oscillating tail in the THz waveform and sunken spikes in the corresponding spectrum. This is similar to the
experimental results, which are usually explained by water-vapor absorption. In turn, the spikes in the spectrum

could provide a way to measure the plasma filament density.
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I. INTRODUCTION

Terahertz (THz) waves refer to electromagnetic waves with
frequencies in the range of 10''—10'* Hz, corresponding to
a wavelength range of 3 mm-0.03 mm, which is located
in the transition region between microwaves and infrared
waves. Because of the unique frequency range, THz waves
have extensive applications in medical diagnoses, security
inspections, and imaging detection [1-9]. Therefore, THz-
radiation source generation and THz detection via different
approaches have been a hot issue for a long time, and they
have seen great progress in recent decades [10-22]. With
the development of ultrashort-, ultraintense-laser technology,
the ultraintense femtosecond laser pulse has been widely ap-
plied for broadband strong THz-radiation generation via the
plasma formed from gases [23-28], solids [29,30], and liquids
[31-34]. Among them, THz generation from air irradiated by
a two-color laser pulse [23-28] has been generally investi-
gated because of its simplicity and stability in experiments
and relatively high yields.

The THz mechanism was first attributed to a four-wave
mixing process in gas plasma, which can explain partial char-
acteristics of THz radiation such as the THz polarization
and the dependence on the relative phase of the two-color
laser field [35,36]. Later, Kim et al. proposed that the ori-
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gin of the THz radiation is a net current generated by the
symmetry-broken laser-field ionization of gases [37-39] and
developed a far-field model successfully explaining the THz
conical emission and the intensity dependence [40,41] but
could not give the THz waveform and the THz frequency
self-consistently. To include the contribution of the plasma dy-
namics in the THz generation, Wang et al. [38,42,43] focused
on the evolution of the net current in plasmas and proposed
a near-field plasma model, which can obtain the near-single-
cycle waveform and the THz central frequency determined by
the plasma-oscillation frequency. However, it is hard to verify
this model because of the difficulty of measuring the plasma
filament density experimentally.

In this article, we combine the two models above together
and extend the THz far-field description with the formation of
the net current and its evolution in plasmas. In the previous
models [40,41], each local current source was considered an
ideal point source and emitted THz radiation with the fre-
quency determined by the local plasma density. We consider
that each local current source has a phase velocity determined
by the group velocity of the laser pulse and the source has
a Gaussian temporal profile given by the laser duration and
the plasma collision. Then, both the spatial and temporal
interference of the emitted THz radiation from each current
source can be included. Since the net current has a phase
velocity and a temporal profile, we find that the dephasing
effect can be influenced by the current duration (or the laser
duration) and the laser group velocity, which can be adjusted
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by the laser wavelength or the plasma filament density. By
decreasing the current or laser duration and the laser group
velocity, the conical THz angular distribution with the dip in
the laser propagation axis usually observed in experiments can
be eliminated.

When the plasma dynamics is considered, an oscillating
current appears following the Gaussian current pulse, which
can lead to an oscillating tail behind the main THz pulse. The
oscillating tail introduces sunken spikes at the correspond-
ing plasma frequencies, which look similar to the absorption
peaks. Such a long-time weakly oscillating tail in the THz
waveform and sunken spikes in the spectrum were observed
in experiments [37,44,45] and are usually interpreted as the
absorption of the THz radiation by water vapor. However,
the waveform of this oscillating tail is very different from
the THz main pulse. The strength of the tail suddenly de-
creases by one order of magnitude from the main pulse, and
the tail maintains an oscillation for a few picoseconds, while
the main pulse lasts for only nearly one cycle. Note that the
experimental comparison with and without vapor absorption
shows [46] the spikes in the THz spectrum are very densely
distributed in the frequency range of 1 to 7 THz. However,
the THz spectrum observed in two-color-laser experiments
[37,44] has several isolated spikes. These features cannot be
completely explained by the absorption of water vapor but
could be attributed to the evolution of the dynamic current
in the plasma in our model. Furthermore, the oscillating tail
and the corresponding spikes in the spectrum could provide a
way to measure the plasma filament density. Each spike in the
spectrum corresponds to a plasma frequency wgpike = \/%a)p =

\/Liv "m":o , which is connected to the plasma density n,9. Thus,

one can read the plasma-density information in the spectrum
from these spikes.

II. MODEL AND SIMULATION RESULTS

A. The far-field model with a Gaussian profile
of the plasma current

In the two-color-field scheme, the THz radiation is gen-
erated from a dynamic current like other electromagnetic
emission in classical electrodynamics [47]. This current orig-
inates from a gas-ionization process and then follows the
physics of the current evolution in plasmas. The photoion-
ization current model [37] shows that the symmetry-broken
electric field generates a net current which leads to the THz
radiation. We will start our investigation with this idea and
extend the spatial interference of the point sources (spherical
wave) to the temporal interference of current sources with
a Gaussian temporal profile. Then, the angular distribution
and the frequency spectrum of the THz radiation can be self-
consistently calculated, rather than assuming monochromatic
radiation [40]. In addition, we consider a current source with a
phase velocity equal to the laser group velocity to correct the
spatial and temporal interference results. Finally, the plasma
oscillation is also considered, which can explain the oscillat-
ing tail of the THz radiation observed in experiments.

We consider a gas molecule at the position X'. When a two-
color laser pulse passes through it, the molecule is ionized at
time ¢/, and an electron is born with an initial velocity of zero.

In the laser field, it gains the velocity

o) = -5 / EL(t)dr, (1)
me Jy

where e and m, are the electron charge and mass, respectively.
A two-color laser electric field can be written as
_2 _2
Ei(r,t) =E,fie * cos(wt) + Er,fre = cos(wt +0),
2
where fi(r) and f>(r) are transverse profiles of the funda-
mental wave laser field and its second harmonic, respectively,
71 and 1, are pulse durations, and 6 is the relative phase
between the fundamental wave and its second harmonic. We
consider the laser spot size and the duration to be far greater
than the laser wavelength and the period, so its transverse and
longitudinal distributions can be ignored. Then, the laser field
can be simplified as

E;(t) = E,cos(wt) + Ep,cos (wt + ). 3)
The electron velocity can be expressed as
eEw . eEZa) . /
v(t) = — sin (wt) — sin (wt +0) +vy(t"), (4)
Mew M@
where
’ EEu) . ’ 6E2a) . ’
ve(t) = sin(wt’) + 3 sin(wt’ + 6). (®)]

Equations (4) and (5) show that the generated electron has
an oscillation velocity and a drift velocity wvy(¢'), where
the drift velocity is determined by the laser-field strength
and the relative phase at the ionization position. Assum-
ing that the electron density is dN,(t'), we obtain a current
dN,(t")v(t). Note that the current or the velocity oscillating at
the laser frequency does not generate THz-band radiation [48]
and what really contributes is the drift current dN,(#")vy(t').
With a suitable relative phase 6, a stronger laser field causes
a higher ionization probability, a larger drift velocity, and,
eventually, a stronger net current. It should be noted that the
relative phase between the fundamental wave and its sec-
ond harmonic changes periodically during the propagation
because they have different phase velocities. The dephasing
length Ly, can be defined as

L= —22 ©)

Ny — Ny

where n,, and n,, are refractive indices for the fundamental
wave and its second harmonic, respectively, and A,, is the
wavelength of the second harmonic.

With the two-color laser pulse passing through a local
position, the current is continuously accumulated, as shown
in Fig. 1(a). For a Gaussian laser pulse, at the time point
1, the current accumulation speed (slope of the blue line) is
slow due to the low laser intensity; at the time point f,, the
laser intensity reaches the peak, and the current increases the
fastest. At the time point #3, when the laser is about to leave,
the current increases slowly again and reaches a peak value.
The rising edge of the current from ¢, to #3 has a timescale
approaching the laser duration. Then, the current is attenuated
by the collision [49] of the plasma composed of electrons
and nearly immobile ions. Hence, the typical lifetime of the
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FIG. 1. (a) The Gaussian laser pulse (top) and the corresponding
current (bottom), where E is the ionization threshold and ¢4, t,, and
ty are three different times. (b) The charge oscillation caused by the
separation of the electron and the ion density center in the laser
polarization direction (y direction), where r, is the deviation of the
electron center from the ion center, 7, is the plasma filament radius,
and rg > r,. (c) The dynamic current (top), including the dephasing
effect (bottom), where v, is the phase velocity of the current, L is
the plasma filament length, and J is a temporal profile of the current
at a given z'. During the propagation, the current magnitude and the
polarity change along with 7’ because of the dephasing effect

current is several hundred femtoseconds, which is determined
by the duration of the laser pulse plus the characteristic time
of the plasma collision [49]. The plasma collision determines
the current falling edge with a timescale of tens or hundreds of
femtoseconds. For simplicity, we take a Gaussian time profile
of the current with the falling edge equal to the rising edge
since the timescale of the two edges is the same order.

As the laser pulse propagates forward, new net currents
are continuously excited at new positions. Actually, the net
current does not move with the laser pulse since the electron
velocity is transverse, and therefore, the formed currents have
a phase velocity vy equal to the laser group velocity. The
formed currents only oscillate transversely at local positions,
as displayed in Fig. 1(b). These currents, which form at dif-
ferent positions, follow a similar evolution process, but the
overall magnitudes and polarities are different because of the
dephasing effect, as shown in Fig. 1(c). The dynamic trans-
verse current can emit THz radiation with vector potential A
in the far field:

. JF,t—1*
AG 1) = ﬂ/dv/g; (7)
4 r
we can further obtain the THz electric field E s
B = —2AGD (8)
X, )
ot
and the THz angular distribution,
o0
1(©) =/ E(©,1)|*dt. 9)
—0Q

We consider the current to have a temporal profile of a Gaus-
sian with a duration of 7, i.e.,

J&, 1) = Jycos (2—nz/+¢o>rée_(lrvx)2, (10)
Lyp
where the cosine term represents the modulation of the current
due to the dephasing effect, Ly, is the dephasing length which
comes from the phase velocity difference between the funda-
mental wave and its second harmonic, ¢y is the initial relative
phase at the beginning edge of the plasma filament, and t is
the current duration.

In our model (also in [40,41]), the field ionization is not in-
cluded, and the net current via the ionization is taken directly.
For the two-color scheme, the THz radiation is generated from
the net current, and this current is a specific result of the
symmetry-broken two-color laser field. The relative phase be-
tween the fundamental wave and its second harmonic changes
with the propagation of the two-color laser. This relative phase
determines the magnitude and the polarity of the current. If
a single-color laser is used, the symmetry of the laser-field
ionization cannot be broken, and a net current is not generated.
Therefore, our model cannot be applied in the single-color
scheme [49,50].

Next, we analyze the mechanism of the dephasing effect
on the THz angular distribution. As the laser pulse propagates
forward, the plasma filament and currents are formed. For
instance, when the pulse passes through positions A, B, and
C marked in Fig. 2(a), the THz radiation sources are emitted
with electric-field elements EZ, EZ, and ES, respectively.
These electric-field elements propagate to the far-field point
O and superpose temporally to form a THz pulse. We assume
that the plasma filament is composed of N(N — o0) slices
with thickness L/N, where L is the length of the plasma
filament. Then, each slice contains a current pulse emitting an
electric-field element. The final THz pulse at the far-field point
O is the coherent superposition of N electric-field elements.
For a Gaussian current with a characteristic duration t, as
shown in Fig. 2(b), a generated electric-field element can be
expressed as

Ei(t) = (il),.Ajz(t—f’)e*%)Z, (11)
T2
where E!(t) indicates this contribution comes from the ith
slice, (£1); represents the polarity of the electric-field ele-
ment, A’ is the amplitude of this field element when it arrives
at the far-field point O, and ¢; is the time delay. Then the THz
intensity is given by

N N 00 N
T >3 [/ 2E;(t)Eg(z)dt] + Z/ [Ein)] dr.
i<j j=1 L4 =1 Y~
12)
For further analysis, we give its integral result:

33 AV e\ 2
oo Y Y (D)D) 2AlAle ) [1 _ (%> }

i<j j=1

N
+ YA (13)
i=1
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FIG. 2. Schematic diagram of the electric-field-element interfer-
ence model. (a) E{, EZ, and ES are electric-field elements excited
by the currents at three positions, A, B, and C, where A is the
beginning point of the filament and C is the ending point, R is the
distance from A to the far-field point O, and @ is the included angle
between OA and the filament. (b) An electric-field element emitted
from a Gaussian current with a characteristic duration of t at a
given position. (¢) The contribution of a coherent term [in Eq. (12)]
of two electric-field elements to the THz intensity, where the time
delay between the two elements is ¢'. Note that positive and negative
values denote positive and negative contributions to the THz intensity
observed at the far-field point O.

The first term in Eq. (12) is the coherent superposition of
N(N — 1)/2 pairs of electric-field elements, and the second
term is a constant. When the laser pulse reaches slice A at time
0, the corresponding electric-field element at point O starts
to appear at time R/c. When the laser pulse moves to slice
B at time #, the corresponding electric-field element at point
O starts to appear at time R/c + (1 — 2 cos ©)t. Considering
the interference of two electric-field elements with a time
delay ¢', we have

— (14)

) AL
Vg

t = (1 ~ Beoso
c

where AL is the distance between the two slices. As illustrated
in Fig. 2(c), with ' = 0, the coherent term will make a positive
contribution to the total THz intensity if the two elements
have the same polarity (blue line). Otherwise, the coherent
term will make a negative contribution and weaken the total
THz intensity (red line). While ¢’ > 47, the two elements are
almost separated temporally, and the coherent term makes no
contribution to the total THz intensity.

The ratio #'/t reflects the dephasing effect and strongly
influences the THz angular distribution. For example, we take
typical parameters to be vy = 0.9997¢ (the group velocity
of the 800-nm laser in air), filament length L = 30 mm, and
current duration T = 0.15 ps. When the observation point is

at 0°, the time delay ¢’ between A and C is 0.03 ps, far less
than t. When the observation point is at 5°, ¢’ rises to 0.41 ps,
close to 3t. Therefore, the observed THz angular distribution
can be affected much more strongly at ® = 0° than ® = 5°
due to the dephasing effect. If there is no dephasing effect and
all electric-field elements have the same polarity, all coherent
terms make positive contributions and lead to a THz intensity
peak appearing at 0° since ¢’ is much smaller than 7. For
an angle of 5° with ¢’ & 3, this large time delay causes the
coherent terms to make nearly no contributions to the THz
intensity, which causes the intensity to be weaker than that at
0°. Therefore, the THz angular distribution is a single peak
without the dephasing effect considered, as shown in [40].
However, with the dephasing effect, the angular distribution
will transition from a single peak to double peaks. This is
because any coherent pair with opposite polarity will decrease
the THz intensity at small angles. For example, in typical
conditions, the numbers of positive and negative currents are
equal; the numbers of coherent pairs with the same polarity
and with opposite polarity are %(% — 1) and %V%V, respec-
tively, and the latter is %’ more than the former. For 0°, the
value #'/7 is close to zero for almost all coherent pairs; there-
fore, the %] net negative contributions make the THz intensity
decrease at this angle. These negative contributions can finally
make the THz intensity at 0° much smaller than at other
medium angles. This will be illustrated by our simulation in
Figs. 3 and 4.

B. Control of the THz angular distribution by reducing
the dephasing effect

In the previous model, when the plasma filament length
is long enough, the impact of the dephasing effect is hard
to weaken with changing the THz angular distribution. This
is because the concept of point sources [40] ignores the fact
that the THz radiation emitted from each source has a broad
spectrum and the role of the group velocity v, of the two-color
laser pulse is not considered, which indicates the THz angular
distribution given in the previous models [40] needs to be
updated. In our model, we extend the spatial interference
of ideal point sources (a spherical wave) to the temporal
interference of dynamic current sources with a Gaussian tem-
poral profile, determined by the laser pulse duration and the
plasma collision, which can show the frequency spectrum of
the local radiation emitting from each source. We take the
current phase velocity v; as the group velocity of the two-color
laser pulse, which can significantly modulate the interference
results. With the updated interference and broad spectra of the
radiation sources, we can obtain a more self-consistent THz
angular distribution and waveforms. Meanwhile, our model
also provides a way to control the THz angular distribution
by adjusting the laser pulse duration and the group velocity to
weaken the impact of the dephasing effect.

For fixed filament length L, dephasing length Ly, and
initial relative phase ¢y, by changing the current duration
7 and the phase velocity v,,we obtain the new angular
distribution of the THz intensity. Starting from a typical
double-peak distribution result with 7y and vy, an arbitrary
coherent term contribution can be described by n = £ = (1 —

%0 cos ®0)UA()I‘;0 according to Eq. (14). When the laser group
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FIG. 3. THz angular distributions with (a) different current pulse
durations 7, (c) different laser group velocities v, and (e) different
7 and v,. (b), (d), and (f) The new angle as a function of the orig-
inal angle when we change the typical parameters (v, = 0.9997c,
7 = 150 fs) to another set of parameters corresponding to (a), (c),
and (e), respectively. Here, the initial laser relative phase ¢y = 0.57
and filament length L = Ly, = 20 mm are used in all panels, v, =
0.9997c¢ is fixed in (a) and (b), and T = 150 fs is fixed in (c) and (d).

velocity vy is lowered to vy or the dynamic current duration
7y is decreased to 7; so that

v AL
n= (1 - LOCOS@Q)
c

Us0To (15)

v AL
= (1 — L cos @1) ,
C V51T

the THz intensity value at ®, shifts towards a smaller angle
0®,; that is, double peaks of the angular distribution could shift
towards 0°. These phenomena are displayed in Fig. 3. Note
that the current duration t can be determined by the laser
duration, and the laser group velocity vy can be adjusted by
the gas density and the laser wavelength.

Figure 3(a) shows the change in the THz angular distri-
bution when the current pulse duration is varied. When the
current duration is 150 fs (close to the laser duration), the
angular distribution has double peaks away from 0°, as is
usually observed in experiments [25]. As the current duration
is decreased to 100 and 50 fs, the distance between the double
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FIG. 4. THz angular distributions for different plasma filament
lengths and initial phases. (a) Comparison of the angular distribution
for different filament lengths L of 5, 10, 20, and 40 mm, where
¢o = 0.50r. (b) A possible interpretation of the dephasing effect.
(c) Comparison of the angular distribution for different initial phases
¢o of 0.50r, 0.257, and 0, where L = 10 mm. (d) A possible in-
terpretation of the dephasing effect. THz angular distributions for
different initial phases of 0.50, 0.25m, and 0, where we take the
filament lengths (¢) L = 20mm and (f) L = 40 mm. Here, we take
Ly, =20mm and 7 = 150 fs.

peaks is reduced. With a further decrease in the duration to a
very small value of 6 fs, the angular distribution transitions to
a single peak at 0°. In Fig. 3(c) we decrease the laser group
velocity from vy = 0.9997¢ and find that the THz intensity
near 0° is significantly improved. The dip at 0° is completely
filled with vy = 0.9927¢, and the angular distribution also
transitions to a single peak.

Notice that the evolution of the angular distribution in
Figs. 3(a) and 3(c) shows different behaviors. With the de-
crease of the duration 7, the width of double peaks is reduced,
and the peaks shift towards 0°. While the velocity v, de-
creases, the width is broadened. This can be understood
through Figs. 3(b) and 3(d), in which the angle displacement
of the THz intensity can be defined as the difference between
the original angle and the new angle. When the duration
T is decreased, the angle displacement is large for a large
original angle, causing the peak width to be reduced. While
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the velocity vy is decreased, the angle displacement is large
for a small original angle, giving rise to a broadened peak
width. Combined parameter configurations are displayed in
Figs. 3(e) and 3(f); they show that the control of the angular
distribution can be realized under a more relaxed condition by
using both two methods together.

The relationship among the filament length, the dephasing
length, and the initial relative phase of the two-color laser field
also plays an important role in the angular distribution of THz
intensity and the THz yield. For example, the change in the
THz yield shows a different dependence on the gas pressure
in different focus situations [51,52]. For the long-focus con-
dition [51], the filament length is longer than or comparable
to the dephasing length, and increasing the dephasing length
by reducing the gas pressure is helpful for improving the
THz yield. However, for the short-focus condition [52], the
filament length is much shorter than the dephasing length.
Increasing the gas pressure will decrease the dephasing length,
but the filament length is too short to be influenced by the
dephasing length change. In this case a higher gas pressure
causes higher electron density, which can result in a higher
THz yield. Another example will be shown below in which
the dephasing effect can be sufficiently decreased and even
avoided by adjusting the initial relative phase for a short
filament (e.g., below Lgp), but for a long filament this method
does not work since the dephasing effect acts periodically.

We change the filament length and the initial relative phase
of the two-color laser field, and the THz angular distribution
is shown in Fig. 4. In Fig. 4(a), as the filament length is
increased from 10 to 40 mm, the THz angular distribution
transits from a single-peak pattern to a double-peak pattern,
and the overall THz intensity is enhanced. This result can
be explained by Fig. 4(b). Here, we take Ly, = 20 mm, and
therefore, the polarity of electric-field elements for the first
10 mm is positive, and it is negative in the following 10 mm.
When L = 10mm, all electric-field elements have positive
polarity, so the THz intensity has a single peak at 0°. When
L = 15mm, the extra part of 5 mm has negative polarity,
which makes the THz intensity decrease at 0°, and a small dip
appears at this angle. When L = 20 and 40 mm, the amount
of positive and negative polarity is equal, the dephasing effect
at 0° is enhanced, and the dip becomes deeper. In addition,
the number of electric-field elements is proportional to the
filament length, which causes the overall THz intensity to be
enhanced with the increase of the filament length.

In Fig. 4(c), when changing the initial relative phase from
0.507 to 0.257 and O (note that the overall THz intensity is
very low in this case [53]), we find that the THz angular dis-
tribution changes from a single-peak pattern to a double-peak
one. Note that we take L = 10 mm in Fig. 4(c). The result
can be explained by Fig. 4(d). For a given filament length,
the polarity of electric-field elements can also be changed by
adjusting the initial phase. When ¢y = 0.507, all electric-field
elements have positive polarity, so the THz intensity has a
single peak at 0°. When ¢y = 0.25m, a quarter of the electric-
field elements have negative polarity, which makes the THz
intensity decline at 0°, and a dip appears. When ¢y = 0, half
of the electric-field elements have negative polarity, the de-
phasing effect at 0° is enhanced, and the dip becomes deeper.
In Figs. 4(e) and 4(f) we increase the filament length to 20
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FIG. 5. Left column: THz waveforms observed at different an-
gles, (a) 1°, (c) 5°, and (e) 7°. Right column: the corresponding
spectra, (b) 1°, (d) 5°, and (f) 7°. In each plot, different curves
correspond to filament lengths of 10, 15, and 20 mm. Here, T = 150
fs, v, = 0.9997¢, Ly, = 20mm, and ¢y = 0.507 are taken.

and 40 mm, respectively, and find that the angular distribution
of double peaks always appears at any initial phase. All these
results suggest that the dephasing effect can influence the THz
angular distribution destructively but can be eliminated by
adjusting various parameters.

C. THz waveforms from different-length filaments

In addition to the angular distribution, the dephasing ef-
fect can also influence the THz waveform and the spectrum,
as shown in Fig. 5. In Fig. 5 we plot THz waveforms and
spectra generated from plasma filaments with different lengths
observed at different angles. In Fig. 5(a) the THz pulses are
observed at 1°. When the filament length is increased from 10
to 20 mm (equal with Lg;), the waveform remains nearly a sin-
gle cycle but changes from one kind of waveform observed in
experiments [37,44] to another type observed in other experi-
ments [23,36]. Meanwhile, the THz field strength is decreased
due to the dephasing effect. When the observation angle is
shifted to 5° and 7° [see Figs. 5(c) and 5(e)], the waveforms
are similar to the corresponding ones at 1°, but the overall
strengths for L = 15 mm and L = 20 mm are increased, which
is consistent with the angular distribution of THz intensity of
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double peaks. We can also see that there are obvious time
delays between different THz waveforms at different angles
since the THz signals are collected at a distance of 500 mm
away from the filament and a larger angle causes a longer
distance and a longer time delay. In addition, a slight shift of
the peak frequency is observed in the THz spectra [Figs. 5(b),
5(d), and 5(f)] with the increase of the filament length, in
agreement with the waveform change caused by the dephasing
effect.

D. Formation of the THz oscillating tail due
to the plasma oscillation

As described by Egs. ((7)—(9), the THz radiation charac-
teristics are mainly determined by the current form J (¥, 7). In
the previous section, we adopted a Gaussian current profile as
shown in Eq. (10) to contain the finite current duration which
can lead to the single-cycle THz waveform. In this section,
we take the current form to be a Gaussian current profile plus
an oscillating tail to describe the plasma-oscillation effect.
Accompanied by current production due to gas ionization, a
plasma also forms. After the passage of the two-color laser
pulse, the electrons gain transverse velocities, while the ions
are nearly immobile because they have a much higher mass
than electrons. Then, the electrons or currents oscillate trans-
versely around the immobile ions, and a periodically varying
charge separation is formed with a plasma-oscillation fre-
quency. The amplitude of the current oscillation gradually
decreases with the electron collision and the energy loss of
THz emission; thus, we take the current form to be a Gaussian
current profile (the current produced via the ionization) plus
an oscillating tail (due to the plasma oscillation).

We consider the charge separation to be a small deviation
of the electron center from the ion center [54], as illustrated
in Fig. 1(b). The transverse electric field generated by
the ion distribution is E}, = Ze”’OR at (—rg <R < rp), and
the electric field generated by ‘the electron distribution is
Ef = -5 (R rq) at (—ro+ryg <R<rg+rs) under
a small dlsplacement ry from the ion center, where € is
the dielectric constant, n;y is the ion density, and n. is
the electron density. The total electric field is E = 5<ry,
generated by the charge separation with a dlsplacement Ty
between the ion and the electron center. Inserting this field
into the electron-motion equation, we can solve the oscillation
frequency of the electrons or the current:

1 neoe2 1
= —w,.
\/_ me \/5 p

This plasma dynamics causes the current to oscillate with a
frequency of wes.. Thus, the THz pulse also has a frequency
component of Wgsc.

In Fig. 6(a), we take three different currents: one has a
Gaussian profile, and the other two have a Gaussian pro-
file plus an oscillating tail caused by the plasma oscillation
with plasma frequencies of 2 and 4 THz; the generated THz
pulses are shown by the gray dot-dashed, blue solid, and red
solid lines, respectively. Comparing these three THz-pulse
waveforms, we can see the plasma oscillation in the current
causes a small-amplitude oscillating tail in the THz pulse at

(16)
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FIG. 6. THz waveforms calculated at 1° and spectra generated
by plasma currents with different forms. (a) waveforms generated
by plasma currents with a Gaussian profile (gray dot-dashed line)
and a Gaussian pulse plus an oscillating tail with plasma frequencies
of 2 THz (blue solid line) and 4 THz (red solid line). (b) Spectra
corresponding to (a). (c) waveforms generated by plasma currents
with a Gaussian profile (gray dot-dashed line) and a Gaussian pulse
plus an oscillating tail containing plasma frequency components of
1, 2, 3, and 4 THz (green solid line). (d) Spectra corresponding to

(c). In (b) we plot two vertical lines at % and THZ, and in (d) we

plot four vertical lines at and - 4 THz

TR

a frequency according to Eq. (16). With the plasma oscilla-
tion, these THz waveforms are similar to the typical results
observed in experiments [37,45], which have a large ampli-
tude near a single-cycle waveform lasting for hundreds of
femtoseconds and a following weak oscillating tail lasting
for several picoseconds. The former can be attributed to the
contribution of the Gaussian current, and the latter can be
attributed to the plasma oscillation.

The corresponding spectra are plotted in Fig. 6(b), which
shows that the plasma oscillation results in sunken spikes
around 2/+/2 and 4/+/2 THz. With the plasma oscillation,
the sunken spikes formed in the spectrum are similar to that
observed in experiments [37,44,55]. Usually, the oscillating
tail in the THz waveform and the corresponding spikes in
the spectrum are considered to be caused by the water-vapor
absorption. It should be pointed out that the experimental
comparison with and without vapor absorption shows [46]
the spikes in the THz spectrum are very densely distributed
in the frequency range of 1 to 7 THz. However, the THz
spectra observed from two-color-laser experiments [37,44]
have several isolated spikes. Obviously, the plasma-oscillation
effect could explain such isolated sunken spikes and the cor-
responding oscillating tail in the THz waveform, as shown
in Figs. 6(a) and 6(b). Each isolated spike corresponds to an
efficient plasma-density component since a filament basically
has a nonuniform plasma-density profile, which can cause a
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THz pulse with a few efficient plasma frequencies, as shown
in Figs. 6(c) and 6(d). In turn, the spikes in the spectrum could
reflect the main plasma-density components in the filament. In
fact, the plasma-oscillation effect can result in not only sunken
spikes but also protuberant peaks at corresponding frequen-
cies in the THz spectrum, which is influenced by the time
delay between the main Gaussian current and the following
oscillating current tail.

In our model, we have adopted a source current form with
a Gaussian shape to describe its finite duration. This duration
consists of two parts: its rising edge comes from the ionization
process of the two-color laser pulses, and its falling edge
comes from the collision process [49]. These two parts can
be asymmetric in duration, but it reflects the fact that the net
current should have a lifetime. In the limit of the lifetime
approaching zero, the source current form reduces to the &
function, which brings an infinitely wide spectrum of the THz
radiation emitted from any source. Note that the oscillation
frequency w,/ V2 comes from the condition of an infinitely
long cylinder with uniform density [56,57]. Because the lon-
gitudinal length of the plasma filament is much larger than
its transverse size, it is reasonable to make the assumption
of infinite filament length. For a cylinder plasma with finite
dimensions and an inhomogeneous density profile, we can
assume that this plasma has a uniform density at its average
density for simplicity. Obviously, this approximation is better
than an infinite-plasma assumption, which gives the oscilla-
tion at the plasma frequency w,,.

III. CONCLUSION

We developed a far-field model to calculate the angular
distribution, the waveform, and the spectrum of THz radiation
generated via the two-color-laser scheme. We considered each
field element to originate from a local current source in the

plasma filament and the current source to have a phase ve-
locity determined by the laser group velocity and a Gaussian
temporal profile given by the laser pulse duration and the
plasma collision. As a result, the spatial interference of ideal
point sources in the previous model is extended to the tempo-
ral and spatial interference of dynamic current sources. In this
way, the current oscillation caused by the plasma dynamics
can be included in our model. The plasma dynamics can result
in an oscillating tail in the THz waveform and sunken spikes
in the corresponding spectrum, similar to the experimental ob-
servation that is usually explained by water-vapor absorption.
Apart from presenting another possible explanation for the
observed oscillating tail, the corresponding spikes in the spec-
trum could also provide an approach for measuring the plasma
filament density. With the current-source phase velocity and
the temporal profile considered, the laser group velocity and
the duration can affect the dephasing effect. Decreasing the
laser pulse duration and the group velocity can improve the
angular distribution of the THz intensity and can even elim-
inate the dip around 0° usually observed in experiments.
Adjusting the filament length and the initial relative phase of
the two-color laser pulse could vary the angular distribution
and the waveform of the THz radiation.
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