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Abstract: THz wave generation during the laser-air interaction is investigated both experimentally and
theoretically. The pump laser is a combination of a femtosecond Ti:sapphire laser pulse and its second harmonic.
The polarization of the generated THz wave is experimentally measured. Comparison study has been carried out
theoretically between the free electron drifting current model and the macroscopic four-wave mixing model. The
result indicates that the four-wave mixing model could give better description to the experimental observations

rather than the free electron drifting current model.
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1. Introduction

THz wave generation by femtosecond laser pulse in self-generated air plasma has received
extensive research interests. Especially, by combining a near-infrared femtosecond laser pulse
and its second harmonic, the efficiency of the THz generation could be significantly enhanced
[1-6]. The simplicity of the experimental setup and the high peak power of the resulted THz
pulse have made this so-called two-color laser pumping method a competitive THz source for
various potential applications, such as stand-alone THz remote-sensing and nonlinear THz
spectroscopy. However, the interpretation about the underlying physical mechanism of the
THz generation by a two-color laser field in air plasma remains controversial.

In the single pulse case, the THz generation is attributed to spatial unhomogeneous
distribution of free electron ponderomotive energy in the relativistic regime [7] or four-wave
mixing (4WM) in ambient air [8], respectively. When two-color laser field was implemented,
Kress et al. first suggested that THz wave is given rise by four-wave mixing process from the
macroscopic point of view, while Kim et al. have highlighted the free electron drifting current
(EC) model. Under the framework of four-wave mixing theory, Kress et al. have pointed out
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that y* plays the dominant role, but Bartel et al., have given much credit to Loy -

XXXX

Nevertheless, A. Houard et al., have recently reveals the significant contribution of the cross

(3)

terms of the optical susceptibility tensor, i.e. y,/

On the other hand, during much study of

the EC model, mainly the THz polarization parallel to the fundamental pump beam is
investigated. The validity of the EC theory to the orthogonal THz polarization has not been
uncovered.

Comprehensive understanding about the physical mechanism is not only essential from the
fundamental physical point of view, but also crucial to the coherent control of the THz wave.
In the current work, we have experimentally studied the THz power variation as a function of
the rotational angle of the BBO crystal, which was put in the path of a focused near-infrared
femtosecond laser pulse to generate second harmonic pulse and perform two-color laser field
pumping. Comparative study of 4WM model and EC model has also been carried out by
numerical simulations. The orthogonal THz polarizations have been considered in both the
experiments and simulations. It has been found that the outcome given rise by EC model lead
to obvious discrepancy with experimental results. However, the 4WM model could reproduce
the experimental results, indicating a better description to the physical mechanism of THz
wave generation by two-color laser field.

2. Experiments

The experimental setup is shown in Fig. 1. A 1 kHz, 800 nm, 50 fs Ti: sapphire laser pulse
was spilt into two paths. One was the pump beam and the other was used as the probe of
electro-optic sampling (EOS). The energy of the pump beam was about 1 mJ/pulse and
focused by a f = 175 mm lens. The thickness of the inserted type I phase matching BBO
crystal was 0.098 mm. A plasma was induced by the laser pulse at the focus. And the exiting
THz pulse from the plasma was first collimated by an off-axis parabolic mirror (D = 50 mm, f
= 100 mm), then focused by another identical parabolic mirror onto a 1 mm-thick ZnTe crystal.
In addition, a teflon plate, which has high transmission for THz, was put in front of the
collimating parabolic mirror to block the laser beams. The probe beam was combined with
THz pulse by a Pellicle beam splitter, performing EOS measurement. As indicated by Fig. 2,
XYZ is our laboratory coordinate system. The X-axis and the Y-axis are parallel and
perpendicular to the pump beam polarization, respectively. The Z-axis is along the laser
propagation direction. In order to study the polarization of the THz pulse, two EOS
configurations were employed. Etn,x was measured in the first configuration. It is realized by
setting a wire grid polarizer between the two parabolic mirrors for high transmission of X
polarized THz component. Under this circumstance, the polarization of the probe beam was
also parallel to the X-axis. And the (001) axis of the ZnTe crystal was required to be
perpendicular to the X-axis of our laboratory coordinate. In contrast, the second configuration
was implemented to measure Etp,y. In this case, the wire grid, the probe beam polarization
and the ZnTe crystal were rotated 90° in the XY plane. Weak THz signal generated by the
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optical rectification in BBO crystal has been carefully subtracted for both configurations.
Furthermore, Ern,x and Etn,y were measured as a function of the rotation angle of the BBO
crystal 6, which was defined as the angle between the X-axis and the extraordinary refractive
index axis (e-axis) of the BBO crystal as illustrated by Fig.2, i.e. the angle between the 2w
wave polarization and the X-axis because a type I phase matching BBO crystal was used.
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Fig.1 Schematic of the experimental setup.
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Fig. 2 Coordinate Systems defined in this work.

The experimental results are presented in Fig. 3. When 0 is varied, the evolution of the
peak to peak amplitudes of Ery,x and Erg,y are shown as solid circles in Fig. 3(a) and solid
triangles in Fig. 3(b), respectively. After two complex components Erp,x and Erp,y have
been acquired for a given 0, it is feasible to retrieve the instantaneous electric field vector by
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using E;,,, = ETHz,X)Z +ETHZ’YYA , where X, Y are the unit vectors. It is found that the

polarization of the THz wave remains mainly linear and its polarization is mainly
perpendicular to that of the second harmonic [9]. Reminding that for a type-I phase-matching
BBO crystal, the polarization of 2w wave is along the e-axis of the crystal, the polarization of
the obtained THz wave is mainly parallel to o-axis as indicated in Fig. 2. On the other hand,
the THz pulse power | could also be retrieved as

_ 2 2
ITHz - ITHz,x + ITHZ,Y oC ETHZ,X + ETHZ,Y > (1)

which is shown in Fig. 3(c) as the solid squares. Four maxima could be noticed in Fig. 3(b) at
0 =55° 118° 231° and 296° respectively.
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Fig. 3 (a) Variation of Ery, x (open cycles) as a function of 0. (b) The same as (a) for Ery, x. (¢) Calculated THz
power according to Eq. (1).

3. Numeric simulations
3.1 Free electron drifting model

In order to calculate the generated THz energy according to the EC model, the knowledge
about the free electron generation dynamic and the temporal distribution of two-color laser

filed at focus is essential. For the former, the static tunneling ionization model will be
introduced. However for the later, due to the birefringence of BBO crystal and dispersion in
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air, the laser field distortion occurred during the propagation prior to the focus has to be taken
into account.

3.1.1 Retrieve two-color laser field at focus

The complex laser field at the focus could be decomposed into three parts as the following:

E=E o0+E e+E,.0 (2)

where the subscripts 1 and 2 denotes the fundamental light (FL) and the second harmonic
light (SH) respectively. The subscripts o and e indicate the polarizations parallel to the
ordinary and extraordinary refractive index axis of the BBS crystal, respectively. In the
coordinate moving at the group velocity of E, o, E1,, Ei . and E, . could be expressed as:

E, () = E,(t - At )sin @cos[ e, (t— At) — (0, —n, 0)% L —(n,, —n,, a)% L]

E,.(t) = E,(t)cosOcos[ayt — (0, —n )% L —(n,-n, a)% L] 3)

gl,e

. (4 (0 T
Ez,e(t) = :BE12 (t o At2)51n2 6’008[602 (t - Atz) o (nz,e o ngzye)?z I-1 o (nz,a o ﬂgz’a)T2 L2 +E]

where [ is a proportional factor. At; and At, accounts for the group delays of E;, and E;. in
BBO crystal and air, respectively. They are given by

4

Note that inside the BBO crystal, the group delay between the SH pulse and the e polarized
FL leads to the pulse broadening of the SH pulse. Therefore, it could be included by revising
the analytic expression for E, (t) as the following:

E,..(t) = E,(t - At,)sin® Ocos[a, (t - At,) - (n, , ngz’e)% L —(n,, - ngz,a)% L, + %] (5)

where E(t-Aty) denotes the envelope function of the second harmonic pulse which is
Gaussian like. Eq. (3) and (5) also consider the carrier envelop phase evolving due to a
difference between the phase velocity and the group velocity. The meanings of the symbols
appeared in Eq. (3)~(5) and their values are listed in Tab. 1.
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In order to derive the refractive indices and group indices listed in Tab. 1, the following

Sellmeier equations have been implemented :

n, =2.7405 + % -0.01552
in BBO crystal [10]: ) ,
n; =2.3730+ M —0.00442°
A —0.0156
and in air [11]: (n, —1)x10° =8342.1+ 24060230’12 L 99le :
1304 -1 3894 -1

Symbol Description Value Units
o) angular frequency of FL 2.36 fs!
0 angular frequency of SH 4.71 fs!
Nio ordinary refractive index of FL 1.661372095

in BBO crystal
Nie extraordinary refractive index 1.633818527

of FL in BBO crystal
Noe extraordinary refractive index 1.670195247

of SH in BBO crystal
Nia refractive index of FL in air 1.000275036
N2a refractive index of SH in air 1.000282747
Ng10 ordinary group index of FL in 1.685658213

BBO crystal
Nglc extraordinary group index of 1.660100295

FL in BBO crystal
Ng2e extraordinary group index of 1.770512998

SH in BBO crystal
Ng1.a group index of FL in air 1.000279952
Ng2.a group index of SH in air 1.000304262
L, thickness of BBO crystal 98 um
L, distance from the back surface 5 cm

of BBO crystal to the focus

Tab. 1 List of experimental parameters

(6)

(7)

For a BBO crystal cut at a angle o (= 29.8° in our experiment), the extraordinary refractive

index of a normally incident light is obtained by

1 cos’a . sin’
n“(a) n n’

0 e
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By substituting all the experimental parameters into Eq.(3)~(5), we could reconstruct the
temporal laser field distribution at the focus. The resulted E, = E;, and Ec = E . + E, are
plotted in Fig. 4 for 6 = 55° as an example. Here, the pulse duration of the SH pulse has been
assumed to be the same as FL, i.e., 50 fs. In practice, we have found that the pulse duration of
SH does not play significant role in our simulation. It can be understood since in the EC
model, THz radiation is induced by the asymmetric electric field distribution and has little
relevant to the field envelope [6]. The asymmetry of E. induced by the combination of E; .
and E; . could be clearly seen in Fig. 4.

1.0- E
0.8+
0.6+
0.4

0.2 ﬁ HP
o:o-: .......... """"‘M FL“ _—

0.2

-0.4-

-0.61

-0.8-

1m0

-100 -50 0 50 100
t (fs)

Fig. 4 The resulted E, = E, , (black line) and E. = E, . + E, . (red line) for &= 55° as an example.

E (arbit. units)

3.1.2 Simulate free electron generation rate

In our experiment, tunneling ionization dominates the free electron generation process. The
ionization rate R(t) could be commonly described by the static tunneling model in the form of

[6].

R(t) = A(t) (—@) )

where A(t) = ‘E(t)‘/ E, is the electric field in atomic units and
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E, =x'm’e’/h* ~5.14x10" V/m
a=4do,r"”
b=(2/3)r"?

w, =x’'me* /i’ ~4.16x10'/s

(10)

, corresponds to the atomic frequency unit, ry = Uj,n/Uy indicates the ionization potential of
the gas molecules under consideration relative to that of hydrogen(Ug= 13.6 eV) and k =
(4meg)”. In the simulations, the air is considered as being composed of 78 % nitrogen and
22% oxygen with Uijpp, n2 = 15.6 €V and Uiy, 02 = 12.1 eV. Hence, the electron density Ne(t) is
given by:

dN (1) = AN, (t), +dN, (1),
AN, (1), = Ry, [Noy, — N, (D), Jdt (11)
dNe(t)o2 = R(t)oz[Noo2 - Ne(t)o2 Jdt

Since the laser intensity at the focus is not precisely known, it is assumed that the peak
amplitude of E; in Eq. (3) is 2x10® V/cm, corresponding to a laser intensity of 1x10"* W/cm?
at the focus [3]. The peak amplitude of E, in Eq. (5) is assumed to be 0.6x10° V/cm. In Fig. 5,
we demonstrate the calculated dN¢(t) and N¢(t) induced by the laser field shown in Fig. 4.
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Fig. 5 Calculated free electron density dN,(t) and N,(t) are shown as the red line and blue line, respectively.

It is important to point out that we have carefully verified that the ionization dynamic is not
sensitive to the peak amplitude of E; as long as the ionization probability is beyond the
saturation region where depletion of the neutral molecules takes place. It is fulfilled in our
experiment since Fig. 5 implies that the maximum ionization probability is in the order of 1%eo.
However, the ratio between the amplitudes of E; and E, plays crucial role. In order to
determine this ratio, another experiment has been carried out.
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In details, perpendicular to the propagation axis, the fluorescence light emitted from the
plasma column was collected by a 1-inch-diameter fused silica lens, whose focal length was 1
inch, onto a photomultiplier tube (PMT). In front of PMT, an interference filter was inset to
isolate one particular nitrogen fluorescence spectral line, namely, the (1-0) vibronic transition
of the second positive band system of N, at 357nm, from the scattered light of the pump beam.
Then the PMT signal was sent to an oscilloscope for analysis. The strength of the fluorescence
signal was recorded as a function of the BBO crystal rotational angle 6. We have known that
the registered fluorescence signal is a good indication of the free electron density [12]. The
experimental measurement is depicted in Fig. 6 as the black circles. Best fitting of the
simulation results could be found when the ratio is set to be 0.3 shown as the red line in Fig.
6.

—e— Experiment
—— Calculation
1.07
=
S 0091
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()
Z 0.7
0O 90 180 270 360
0

Fig. 6 Normalized free electron density as a function of the BBO crystal angle 0. Black circles: experimental

measurement; red line: simulation.

3.1.3 Calculate net free electron drifting current

With the electron density N¢(t) obtained from the ionization rate, the electron drifting
current J(t) can be computed as

t
IO = Nolt, v(t, )ty (12)
where v(to) denotes the electron velocity under the laser field given by
e gt
v(t;t,) =—— j E(t)dt’ (13)
m *%

The THz pulse amplitude is determined by the net free electron drifting current J(t) after the
laser pulse is gone. The corresponding net free electron drifting current as a funcation of 0 is
shown in Fig. 7 for both the polarization parallel to o-axis (panel (a)) and e-axis (panel (b)) of
the BBO crystal, respectively. Fig. 7(b) hints that according to the EC model, there is
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significant THz wave generation whose polarization is along the e-axis of the BBO crystal.
However, it is not the case in our experiment as we have mentioned previously.

In fact, different second harmonic field peak amplitudes have been attempted in our
computation. None of them could reproduce the experimental results shown in Fig. 3 and Fig.
6. Fig. 8 demonstrates two examples when the second harmonic field strength is set to be
0.2x10% V/em and 1x10® V/cm Based on the results we have obtained so far, it seems that only
the free electron drifting model has difficulty in explaining our experimental results.

T

—

5
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ooocoor OO000
ONROOO WOROR®

Net tree electron
current (arbit. units)

45 90 135 180 225 270 315 360
6(degree)

o

Fig. 7 Calculated net free electron drifting current in the directions parallel to the o-axis ((a)) and e-axis ((b)) of

the BBO crystal, respectively.
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Fig. 8 Calculated 6 dependent (a) free electron density for E; = 0.2x10® V/cm and E, = 1x10° V/cm; (b) net free
electron drifting current when E, = 0.2x10® V/cm; (c) net free electron drifting current when E, = 1x10°
viem.
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4. Four wave mixing model

Here, for the sake of convenience, we still use the BBO crystal coordinate system — oez.
The z-axis still points to the propagation direction. Thus, the electric fields of the second
harmonic and THz are denoted in the new coordinate system by E,. and Ery,,, respectively.
However, the electric field of the input pump beam will have two complex components E; ,
and E;. with relative phase shift induced by the birefringence of the crystal. These
coordinates are sketched in Fig. 2. The four-wave mixing model gives:

Ernes € D 2 Ex BBy (b J, ko 1 =0, @) (14)

ikl

In Eq. (14), the phase term has been dropped since it is constant in principle. Note that the
polarization of THz is mostly perpendicular to that of the second harmonic wave Taking into
account that only E, is present and Erp,, is the dominant THz filed polarization component,
we need to consider the simplified form of Eq. (1):

ETHz,o oC ZZC()zIzI Ez,e El,k El,l (k’ I = 0’ 0) (15)

ikl

Recalling that in a centrosymmetric optical media such as air, y) =% =0 and

X = Xy » We finally get:

ETHz,o oC Zéige Ez,e El,o El,e (16)

According to the vectorial diagram described in Fig. (2), we substitute E, , oc E, cos@,

E,, < —E sind and E,, o (E sind)’ into Eq. (16), giving rise to:

Eripo = —dE, sin’ Ocos (17)

3

oeoe *

where d is a proportionality factor which already takes into account y, Further projection

of Etnzo onto X, Y axis leads to:

Eripx = Enpo c08(6 —90°) = —aE,' sin’ O cos 8 cos(6 —90°)

(18)
Eriny = Ernpo8in(@ —90°) = —aE,' sin’ f cos Osin(6 — 90°)

The computation results are indicated in Fig. 9. The outcome follow closely the
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measurement data shown in Fig. 3. Therefore, through two dimensional THz polarization

(3)

yox (€quivalently, ;(ﬁly) in the

study, we have clearly demonstrates the dominant role of y

framework of 4WM model, as compared to the rest susceptibility tensor elements.
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Fig. 9 Calculated peak amplitudes of Ety, x and Ery,y as a function of 6 according to the 4WM model.

5. Conclusions

In summary, by using an EOS technique, we measured the two vectorial components of the
THz wave generated by two-color laser field in air plasma. One polarization of the THz wave
is parallel to the input fundamental laser polarization, and the other is perpendicular to the
input fundamental laser polarization. In order to shed further light onto the physical
mechanism of this interesting nonlinear optical process, comparison study has been performed
between the free electron drifting current model and the macroscopic four-wave mixing
model theoretically. The simulation results indicate that the four-wave mixing model could
successfully reproduce our experimental observations. While the calculation outcome given
rise by the free electron drifting current model show obvious discrepancy with our
experimental results. Therefore, we conclude that four-wave mixing model could be a more
comprehensive theoretical model than the free electron drifting current model to interpret the
physical dynamic during the THz generation by two-color laser field in gas medium.
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