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The dependence on optical energy of terahertz emission from air
plasma induced by two-color femtosecond laser-pulses”
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The generation of terahertz (THz) emission from air plasma induced by two-color femtosecond laser pulses is studied
on the basis of a transient photocurrent model. While the gas is ionized by the two-color femtosecond laser-pulses com-
posed of the fundamental and its second harmonic, a non-vanishing directional photoelectron current emerges, radiating
a THz electromagnetic pulse. The gas ionization processes at three different laser-pulse energies are simulated, and the
corresponding THz waveforms and spectra are plotted. The results demonstrate that, by keeping the laser-pulse width and
the relative phase between two pulses invariant when the laser energy is at a moderate value, the emitted THz fields are
significantly enhanced with a near-linear dependence on the optical energy.
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1. Introduction

Over the past two decades, the generation of terahertz
(THz) waves utilizing air as an emitting medium has incited a
great amount of attention due to the potential applications for
standoff distance THz wave detection and imaging.!'=* This
method enables the THz wave to be produced near the target,
instead of delivering the THz wave from a remote source. So,
the intense water vapor absorption of THz waves in the am-
bient atmosphere can be precluded by transmitting the laser
beam. On the other hand, a gas medium has no phonon res-
onance or echoes owing to THz waves or optical reflection,
as often arise in solid state materials commonly employed in

[5-71 such as photon-

THz time domain spectroscopy systems
conductive antennas and electro—optical crystals.!®! In addi-
tion, from the viewpoint of use-cost, using air as a medium to
obtain THz waves is an ideal choice as compared with using
the solid materials mentioned above, since there is little or no
concern about medium damage.

The earliest report of irradiating a strong laser beam (peak
power of 10'2 W) into air to acquire a THz wave in the atmo-
sphere is from the early 1990s.I!-?! Recently, by utilizing the
mixing of a laser’s fundamental (®) waves and its second har-
monic (2m) waves to generate intense THz pulses in air has at-
tracted extensive interest, owing to the remarkable bandwidth
and intensity it provides.>'%!!l For the generation of broad-
band and strong THz pulses from two-color laser-induced gas
plasma, the underlying physical mechanism is initially treated
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as a four-wave mixing (@ + @ — 2@) process.'*!'?! However,
the third-order nonlinearity is too small to explain some of the
subsequently measured results, e.g., the observed THz field
strength and saturation*!3! of THz output, since it originates
from bound electrons of ions and free electrons due to pon-
deromotive or thermal effects.!'*! So, Kim et al. introduced a
so-called transient photocurrent (PC) model, which indicated
plasma playing a key role for THz wave generation.!!>1°] In
this model, excited by a strong laser field, the gas molecules
are ionized into plasma, then the freed electrons form a direc-
tional transverse current. With the current varying, an electro-
magnetic pulse at THz spectral range can be generated. How-
ever, the method has a drawback: THz field amplitude is pro-
portional to the laser amplitude only when the laser amplitude
at a moderate level, which significantly limits the THz field’s
magnitude. In order to solve this obstacle, Wang et al.l'7-1°]
introduced a scheme that uses chirped laser pulses instead of
two-color lasers, allowing the generated strong THz ampli-
tudes to scale linearly with the laser amplitude, and achieving a
THz field up to tens of MV/cm. Moreover an analytical model
is developed to interpret the mechanism of the THz emission.

With respect to the generation of THz pulses from
air plasma excited by two-color femtosecond laser pulses,
some theoretical and experimental researches have been

d, 11020211 \whereas the dependence of the THz

implemente
emission on the laser-pulses energy is not deeply studied.
Here, we focus on this problem mainly in theories and sim-

ulations.
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2. Theoretical framework

In the radiation of a strong optical field such as high-
power femtosecond laser pulses, the air is stimulated and ion-
ized into gas plasma through releasing bound electrons. Under
the influence of intense laser pulses, the gas molecules’ pho-
toionization has several different hierarchies with the optical
intensity varying.!'3! At lower laser intensity (/ < 104 W/cm?,
E < 10'° V/m), multiphoton-ionization (MPI) and above-
threshold-ionization (ATI) are dominant. At higher laser in-
tensity, tunneling ionization (TI) and over-the-barrier ioniza-
tion arise, where the laser fields lead to great distortion of the
electronic binding potential. In this computation, the laser in-
tensity is estimated to be more than 10'* W/cm?. Hence, TI is
the appropriate scheme for the given case.

In the tunneling ionization, two different models for
the ionization rate are commonly employed: static tunnel-
ing (ST)22241 and the Ammosov—Delone—Krainov (ADK)
model.’>~?71 The two models of the ionization rate possess
a similar functional dependence on the electric field but the
ST rate is slightly larger than the ADK one at the same laser
fields. Here, an ST model is used in the simulations, and the
ionization rate w(z) can be described as!?®!

E, [E\? 2 E, [E\?
W(I)Z4W0E(I)<Eh) exp _§E(t) <Eh> ], (1)

where wo = k2me* /i ~ 4.13 x 10'® s~ is the atomic fre-

quency unit (k = 1/(4mgp), m and e are the electron mass and
charge respectively), Ey, =~ 13.6 eV is the ionization potential
of hydrogen, Ej ~ 15.6 eV is the ionization potential of the gas
molecules in question, approximating air consisting of N, en-
tirely. E, = km?e® /h* ~5.14 x 10'! V/m is the atomic unit
of electric field, and E(¢) is the amplitude of the employed
laser field.

Given the nominal ionization rate w(t), the generated
plasma density p(z) can be obtained by solving the rate

equation!!3]

) ) 0~ pl0), @

where py is the molecular gas initial density. Equation (2) has

the solution

() = [ptw) oo [ wirex (| ' Wit ) o

T fo

X exp (—/t w(t’)dt’) : (3)
fo

Once ionized, the freed electrons will undergo a force from the
optical field and disseminate as classical particles. The elec-
tron velocity at a subsequent time ¢ is achieved by

o) = —(efm) [ E@)ar, @

Jiy

where £y is the instant when the electron is liberated and E(t)
is the real electric field. For the initially ionized plasma of at-
mospheric gas density, the electron—ion collision rate is about
10'> s~1 under the given conditions, which corresponds to a
time between collisions of about 1 ps, much longer than the
pulse length of 50 fs used in the simulations. Hence, collision
processes during the laser pulse are not taken into account.
Note that, in the tunneling ionization model, the ionized elec-
trons are presumed to be motionless at the ionization moment
to, v(to) = 0. Then the motive electrons leading to transverse
electron current can be taken as!'>!

t
() = /t ev(t, ). ()1, )

0

where e is the electron charge, f is the initial instant of the ion-
ization process, v(t,t') is the velocity at a time ¢ of electrons
born at ¢, p. (') = w(t')(po — p(¢')) denotes the varying rate
of the plasma density at #/, and ev(¢,t’)p. (t') dt’ represents the
contribution of the ionized electrons at time ¢’ ~ (' 4 dt’) to
the electron current at a subsequent time 7.

In this transient photocurrent model, the time evolving
electron current of J(¢) can give rise to electromagnetic pulse
at THz frequency in the far field, and the strength of the THz
field is proportional to the derivative of current density as fol-
lows:

dJ(r)

Er o<« —=. 6
T s (6)

According to the relation of laser intensity (/) and laser field
(E). I=(\/e/UW)E*/2, and the relation of laser intensity
and laser energy (W). I = (2/m)3/(¢*Ty)~'W, where ¢ is
the optical beam radius and Tj is the pulse duration (rela-
tive to the full width at half maximum (FWHM) width via
Ty = Trwam/ m),m] one can easily acquire the expres-
sion about the dependence of laser field (E) on laser energy

(W), as
1 /2 2w
OVE o

here, ¢ is the optical velocity (¢ = \/1/(eu)).

On the basis of the above analysis and calculation, we can

3/4

clearly understand that THz emission (ET) from air plasma in-
duced by two-color femtosecond laser-pulses depends on laser
energy (W), with a complicated functional relationship.

3. Simulations and results discussion

In the simulations, the employed Gaussian laser pulses
mixing the fundamental and its second harmonic can be ex-
pressed as

1 .
E(t) = EEloexp(—t2/T]0) el

1 .
+ 5Ex exp(—1%/Tao) e 2@ +0), (8)
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where @ and 2@ are the fundamental and the second harmonic
frequencies, Ejg and Eg are the maximum amplitudes of that
two laser fields, T1¢ and Ty are their pulse width respectively,
and 0 is the relative phase between two optical pulses.

Here, the two laser beams utilized are set to the funda-
mental frequency @(A; = 800 nm) and the second harmonic
wave 2w(A; = 400 nm). We assume two laser pulses with
the same pulse duration of Tig20 = 50 fs (full width at half
maximum (FWHM)), and the relative phase between the fun-
damental wave and the second harmonic wave is selected to be
6 = m/2 for acquiring the largest THz yield.!'®! Three cases
with different laser pulse energies are discussed in detail. For
the first case, the single laser pulse energy is W = 200 wJ as-
suming 20% frequency doubling efficiency. As for the other
two cases, the single laser pulse energy is increased to 25 pJ
and 300 wJ respectively, keeping the relative phase and fre-
quency doubling efficiency unchanging.

By solving Eq. (3), the time varying electron density in
gas irradiated by the laser fields given above can be deter-
mined, as shown in Fig. 1. For the three cases studied, one can
understand from Fig. 1 that the electron density first undergoes
an increase and then saturates, and adding to the pulse energy
can enlarge the available plasma electron density. However,
the calculations (laser energy from 50 pJ to 500 pJ, the en-
ergy step 50 wJ) show that when the laser pulse energy is more
than 300 wJ the plasma electron density does not markedly
increase with pulse energy, but tends toward a stable value.
Calculations indicate that at pulse energy 300 wJ, the ultimate
electron density gets to about 4.9562 x 10'° cm 3, meaning al-
most all the N, molecules (the main ingredient of atmospheric
air) have been ionized to N7, for the molecular gas initial den-
sity assumed as 5 x 10" cm?. From Fig. 1, one can see that
the greater the pulse energy is, the faster the electron density
goes up and sooner saturation is reached.
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Fig. 1. (color online) Electron density of atmospheric nitrogen gas ir-
radiated by a combined @(4; = 800 nm) and 2w (A, = 400 nm) laser
field.

Under the influence of the incident laser electric field, the
ionized electrons are accelerated along the field direction and
generate an electron current J(7), which can be determined

through solving Eq. (5), the results are shown in Fig. 2. Note
that, in this calculation, transport and space charge effects are
ignored. Simultaneously, the collision process of the electron—
ion and electron—neutral is also not taken into account for sim-
plicity. From Fig. 2, it is seen that adding to the laser pulse
energy can greatly strengthen the electron current, owing prin-
cipally to the fact that, at the larger pulse energy situation, the
laser electric field is larger and more electrons are yielded. In
addition, besides the oscillatory feature, a non-zero DC elec-
tron current appears after the laser pulse is gone, generating
the THz emission in the far field.
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Fig. 2. (color online) Time-varying electron current for the three cases.

Computing the derivative of J(¢) on time 7, in terms of
Eq. (5), we can obtain time-varying THz emission, and the
THz waveforms are demonstrated in Fig. 3 for the three spe-
cific cases. Figure 3 clearly reveals that the final THz emission
can be significantly increased with the pulse energy strength-
ening, keeping the irradiating laser pulse width and the relative
phase invariant. This may be because the ionized electron den-
sity gets larger when the laser energy is stronger, as shown in
Fig. 1, which leads to a faster changing oscillating current and
larger dc current as in Fig. 2, adding magnitude to the THz
emission. In addition, from Fig. 3, the THz waveforms for the
three cases are unchanging, which indicates that the increase
of laser energy does not cause the THz spectrum to vary. Fi-
nally, one can find out that the position of the THz peak point
gradually moves to the left and far away from the coordinate
origin with the optical energy strengthening. This is mainly
due to the fact that, when the laser energy becomes greater,
the electron density goes up faster, reaching the largest value
sooner, as shown in Fig. 1, which results in a decrease of the
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time needed for the THz field to reach maximum, and the peak
point moves to the left, far away from the coordinate origin.

By Fourier transform, the THz radiation electromagnetic
spectra can be obtained, and figure 4 displays the correspond-
ing spectra’s graph for the three cases. From Fig. 4 we can
see that the waveforms of the spectra do not vary very much
apart from the amplitudes enlarging with the optical energy
increasing, which is consistent with the analysis in the above
paragraph. Furthermore, figure 4 clearly shows that the spec-
trum amplitudes are nearly equal to zero at greater frequency
range, which is mainly ascribed to declining edge of the se-
lected low-pass filter in the calculation.
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Fig. 3. (color online) THz waveforms obtained with 50-THz low-pass
filtering.
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Fig. 4. (color online) The corresponding THz radiation spectra for three
cases.

The dependent relationship of THz field amplitude on the
laser pulse energy is computed as the optical energy is dis-
cretely changed from 50 pJ to 500 pJ, and the step is fixed
at 50 pJ. Figure 5 demonstrates the calculation finding. In
terms of Fig. 5, when the optical energy is beyond 100 pJ, the
THz yield grows rapidly with the laser energy. However, after
laser pulse energy arrives at 300 wJ, the THz output strongly
tends to saturation with optical energy increasing. This satu-
ration phenomenon can be interpreted as the strong absorption
of THz emission in the gas plasma. From Fig. 5, it is very clear
that THz emission is markedly enhanced with a near-linear de-
pendency on the optical energy when the laser energy is at a
moderate level, as shown with the added blue dash line.

THz peak field/arb. units

0 100 200 300 400 500
Laser energy/uJ

Fig. 5. (color online) THz peak field intensity versus incident laser en-
ergy. The added dashed line describes the near-linear function.

Note that in the simulations only single ionization is taken
into account. Actually, our calculations show that double ion-
ization takes place with single ionization nearly simultane-
ously. However, for laser energy less than 500 uJ, the dou-
ble ionization rate is less than that of single ionization, and
the contribution from the double ionization to THz generation
can almost be ignored. A similar finding is demonstrated in
Ref. [29].

4. Conclusion

In summary, we have employed the transient photo-
current model to simulate the physical process of engender-
ing THz emission in air plasma excited by a two-color pulsed
laser composed of the fundamental @ (800 nm) and the second
harmonic 2@ (400 nm) pulses. The main issue in the paper is
the dependence of the THz field on the incident laser energy,
and three cases of optical energy, with W = 200 wJ, 250 uJ,
and 300 pJ, were principally discussed. The electron density
variation for the three cases is first calculated, and then, the
electron current J is computed from f,i) ev(t,t')p.(t')dr’, and
the final THz output is acquired by dJ/dz. By Fourier trans-
form, we obtained the THz radiation spectrum. Results show
that increasing the incident laser pulses’ energy can signifi-
cantly enlarge the output THz peak field amplitude, but the
THz spectrum component does not change. Finally, the de-
pendence relationship of the THz field on the optical energy
was computed through selecting ten discrete values, and the
corresponding curve was plotted.
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