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The mechanism of terahertz (THz) pulse coherent detection via two-color laser pulses of various frequency ratios in
gas plasma is theoretically investigated. Our investigations demonstrate that except for the commonly used frequency ratio
of 2, other uncommon frequency ratios can also be utilized to detect THz pulse, such as 2n, n+ 1/2 (n < 3, n is a positive
integer). The well-developed transient photocurrent model is extended to our terahertz detection process. Based on this
model, our simulation results can be explained by analyzing the process of asymmetric electron ionization and electron

acceleration.
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1. Introduction

Common THz detectors such as photoconductive an-
tennas and electro—optic crystals cannot cover the entire
THz range (0.1 THz—10 THz),!'"*l which are restricted by
the carrier lifetime of photoconductors and the transverse-
optic lattice oscillation in electro—optic crystals.[®! Fortu-
nately, the broadband THz detection method with laser-
induced gas plasma provides an approach to detect the entire
THz range.!* Except for broader detection bandwidth, the
gas plasma has no phonon resonances or abrupt interfaces, and
gas mediums do not have damage thresholds, making it a bet-
ter choice for THz detection.

In 2006, Dai et al. firstly reported a broadband detection
method of THz waves via terahertz-induced second harmonic
(TISH) generation in a laser-induced gas plasma,®’ known
as Air Breakdown Coherent Detection (ABCD) method. A
phenomenological four-wave-mixing (FWM) model was used
to explain their experimental phenomena that the probe laser
intensity profoundly influenced the detection process.!'%!!]
The coherent detection requires high probe energies to obtain
strong enough local oscillator second harmonic (SH) signal in
their investigation, which can indirectly get the phase informa-
tion of THz waves. Later, Karpowicz et al. utilized the ABCD
method to detect THz radiation with the spectrum of approx-
imately 20 THz.!”! In this method, a pair of electrodes was
placed across the plasma to generate an external DC high volt-
age bias, which broke the symmetry of plasma and improved
the dynamic detection range.

Recently, THz generation with two-color laser of various
frequency ratios was reported by Wang et al.!'?) Their particle-
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in-cell (PIC) simulation results indicate that two-color laser
pulses with frequency ratios of 2n, n+1/2, n+1/3 can radiate
high-efficiency and stable THz waves. Furthermore, they suc-
cessfully observed THz generation with two-color laser pulses
of 400 nm+1600 nm and 800 nm+1200 nm, 314 experi-
mentally demonstrating the THz generation with frequency
ratios of 4:1 and 3:2. The FWM model could not explain
their experimental phenomena with these frequency ratios. In-
stead, the transient photocurrent (PC) model first proposed
by Kim et al. could well interpret the observed results and
could also be utilized in the THz detection process.!!>~!7] The
ionization-induced multiwave mixing model was proposed by
Vvedenskii’s group to explain the THz generation with un-
common laser frequency ratios. '8! Moreover, they experimen-
tally generated the THz emission with two-color laser pulses
of 800 nm-+1600 nm for the first time.!'®! Considering that the
THz detection via laser-induced gas—plasma can be regarded
as an inverse process of gas—plasma THz generation, the fre-
quency ratios of two-color probe lasers in THz detection may
have some corresponding properties. In 2015, a two-color THz
detection method called Optically Biased Coherent Detection
(OBCD) method was proposed by Li ef al.,!*°! requiring nei-
ther high energy nor DC high voltage bias. However, the fre-
quency ratio of two-color probe laser was confined to 2 in their
approach. Thus, the two-color THz detection with other un-
common frequency ratios should be systematically researched.

In this paper, the transient PC model is utilized to well
explain the physical mechanism of ABCD and OBCD meth-
ods and our calculations are corresponding to the experimental
results of Refs. [6] and [20]. Further, we extend the OBCD
scheme to other frequency ratios of two-color probe lasers.
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Our study demonstrates that when frequency ratios of two-
color probe laser are 2n and n+ 1/2 (n < 3, n is a positive
integer), the THz coherent detection is high-efficiency, which
is in concert with the conclusion in Ref. [13]. Besides, the
simulation results are analyzed from the point of view of elec-
tron ionization and electron acceleration in detail. We find that
the frequency ratios of 2n and n + 1/2 significantly intensify
the asymmetries of both electron ionization and electron ac-
celeration, making the modulating effects of THz wave more
evident than that with other frequency ratios. Further study
reveals that the two series of efficient frequency ratios are ap-
plicable to different relative-phases. The frequency ratios 2n
are efficient for THz detection with relative-phase A¢p = mn
(m is an integer ), while the frequency ratios n+ 1/2 are effi-
cient with relative-phase around A¢ = mm /2.

2. Theoretical model

The well-developed transient PC model can interpret the
experiment results of the ABCD and OBCD schemes. The PC
model includes two processes: electron ionization and elec-
tron acceleration in gas plasma, forming an oscillating current
J. This oscillating current leads to the radiation of electromag-

netic waves with various frequencies, written as!!>-17]

dJ(t, At
Eout(tyAt) < ((17[)

o< (Epro (t) + Ethz (t + A1) Ne (£,A1), (1)

where Ep (f) and Etp, (4 Ar) are the probe field and inci-
dent THz field, respectively. Ar is the time interval between
probe laser pulse and THz pulse and N, (¢,At) is the plasma
density, which is calculated via the static tunneling (ST) model
in this paper.!?!! We use a filtering and inverse Fourier trans-
form to obtain the narrow-band signal at a specific frequency,
i.e., SH (2ay) signal in the ABCD and OBCD schemes:

Eray, (t,A1)
r-oo . oo L
o Fray(@) e do x Eou (t',Ar) e 7'0dr', (2)
where frq, (@) is an SH narrow-band pass filter function.
Then the SH intensity I, can be easily calculated, which is
proportional to the THz electric field Ety,. It should be noted
that the calculated SH intensity g, in PC model is always

greater than zero because it contains an SH background ra-
ILO
2a0°
ing a lock-in amplifier.[®! Thus, a DC SH intensity should

diation which can be experimentally filtered out by us-

be subtracted from /g, to obtain the detected intensity Igwo,
T _ LO
by =hay — L, -
In our simulation, the probe lasers have a Gaussian for-

mation with center wavelength A = 800 nm, full width at half
maximum (FWHM) Trwam = 30 fs and focal beam radius

wo = 10 pm. Note that FWHM represents the temporal width
of laser pulses. The gas medium is nitrogen and its density is
assumed to be 2.4 x 10'° cm™3. Figure 1(a) depicts the inci-
dent THz field with a 9.4 x 10°-V/m peak field. In the ABCD
scheme, the detected SH intensity is unipolar and the detec-
tion is incoherent when single probe pulse energy is 60 uJ,
as shown in Fig. 1(b), corresponding to the experimental re-
sults with low probe energy in Ref. [6]. In order to coher-
ently detect THz field and obtain its phase information, one
should enhance the probe pulse energy in ABCD scheme or
employ the two-color method (called OBCD scheme) with low
probe energy. The relative phase difference between two lasers
A is zero. Figure 1(c) depicts the detected SH intensity in
OBCD scheme, in which both fundamental (800 nm) and SH
(400 nm) probe pulse energy are 60 pJ with the same FWHM
and focal beam radius in our simulation. Compared with
ABCD scheme, one can see that the two-color method can
explore higher SH intensity with lower probe energy, which is
also corresponding to the experimental results in Ref. [20].
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Fig. 1. (a) Input THz wave. (b) Detected SH intensity in ABCD scheme. (c)
Detected SH intensity in OBCD scheme.

When we change the frequency ratios of two-color probe
lasers in OBCD scheme, total electric field at the plasma cen-
ter can be written as Ep () =Eq, (1) + Eg, (1), where Eq, (1)
is the fundamental probe field but E, (¢) is no longer the SH
probe field. We assume @; < @, and thereby @,/®; is al-
ways larger than one in our following calculations. In order
to confirm the detection frequency with other uncommon fre-
quency ratios, we utilize the transient PC model to calculate
several cases with two special frequency ratios (@, /@, = 3/2,
4), which have been experimentally demonstrated the THz
generation in Ref. [13]. Figure 2(a) plots the calculated sig-
nal intensities versus different detection frequencies with two-
color probe lasers of 1200 nm+-800 nm and 800 nm+533.3 nm
(/@) =3/2). We find that the maximums of detected in-
tensities are at the frequency of @,, corresponding to 800 nm
and 533.3 nm, respectively. Furthermore, the cases of two-
color probe lasers of 1600 nm+400 nm and 800 nm+-200 nm
(/) = 4) are depicted in Fig. 2(b). Similarly, the max-
imums of detected intensities are also at the frequency of
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@, (corresponding to 400 nm and 200 nm) with @,/w; = 4.
Hence, the frequency at @, is the most sensitive detected fre-
quency. The multi-wave mixing model can also support these
results. (%% With @, /@; = 3/2 and 4 in THz generation, THz
energy scales with (I, )3 (Ia,z)2 and (I, )t (I, ), where Iy, and
I, are energies of the two-color lasers. As the inverse process
of gas—plasma THz generation, THz detection must have the
corresponding property that the detected intensity at the fre-
quency of @, should be more sensitive to THz wave than that
at @. Therefore, we explore the incident THz field by measur-
ing the radiation intensity at frequency of @, in OBCD scheme
with different frequency ratios. The narrow-band signal at a
frequency of @, can be expected to vary as

Eq, (t,A1)
~+oo

oo . .o
o fon (@) do x Eou (',A1) e719"dr’. (3)

The intensity of detected frequency can be calculated as
Ly, (At) o< fféiz [Ew, (t,At)]?dt, where 7 is the probe pulse du-
ration. Note that a DC signal 1(]520 should also be subtracted
from Iy, to obtain the detected intensity 1T, Ig)z =lgp, — I};,ZO.

£ gl(a) wy/wy =3/2——1200 nm+800 nm
= ——800 nm+533.3 nm
'E 533.3 nm
] L
53 800 nm
S
= 1200 n
£ oA
5 6F(b) wyfwi=4 1600 nm-+400 nm
_'E —— 800 nm+200 jnm
g 200 nm
E 3 400 nm
2 800 nm
A 600 nq{\

01600 . A . ,

0 0.5 1.0 1.5 2.0

Detection frequency/PHz

Fig. 2. Calculated signal intensities versus different detection fre-
quencies with (a) two-color probe lasers of 1200 nm+800 nm and
800 nm+533.3 nm (frequency ratio @, /®; = 3/2); (b) two-color probe
lasers of 1600 nm+400 nm and 800 nm+200 nm (frequency ratio
/o) =4).

3. Two-color detection with different frequency
ratios

To investigate the frequency ratios of two-color probe
lasers in OBCD scheme, we fix the fundamental probe laser
at frequency @; = 375 THz (corresponding to wavelength
A1 =800 nm) and explore the incident THz field by measur-
ing the radiation at frequency of @,. The two laser pulses have
the same duration Trwam = 30 fs and energy W = 60 pJ. Fig-
ure 3(a) plots the calculated signal intensities 1},2 with four dif-
ferent frequency ratios (@, /@, = 2, 4, 3/2, 5/2). We can find
that except the commonly used frequency ratio of 2, other un-
common frequency ratios can also be utilized to retrieve THz

pulses, such as @,/@;=4,3/2,5/2. Although detected sig-
nal intensities with @, /@; = 4, 3/2, 5/2 are less than that with
@,/ = 2, the intensities are still considerable. Moreover,
there are no distortions of detected waves and the detected
waves are well coincident with input THz wave (green dot
lines) with these frequency ratios. However, when @, /®; =3
and 5, the signal intensities 1},2 decrease approximately 4000
times compared with @,/®; = 2, making detection ineffi-
cient. More than that, the waveforms of Ig,z become unipolar
and cannot retrieve the input THz electric-field, as shown in
Fig. 3(b).

input THz
(a) — wyfwy =2

s =3

\—— w2/ =3/2 b) Xx4000 T @H/wr=s

l/“\—WZ/lef’/z ( ) — wo /w1 =5
2 { 2
b =
5 5
; o)
E 5
~ iy

AN L
—2 —1 0 1 2
At/ps
—2 —1 0 1 2

At/ps
Fig. 3. Calculated temporal waveforms of signal intensities at frequency
of @, with different frequency ratios (a) @/®; = 2, 4, 3/2, and 5/2; (b)
/o =3 and 5.

To further investigate the frequency ratios of two-color
probe lasers in OBCD scheme, we change the second probe
laser frequency @, in the range from @; to 6.5®@;. The two
laser pulses have the same durations Trwpm = 30 fs, 40 fs,
50 fs and energy W = 60 pJ. The relative phase difference
A@ is zero. Figure 4(a) displays the peaks of signal intensi-
ties IE)Z versus the frequency ratios of two-color probe lasers,
which are proportional to the peak values of detected THz
field strengths. It is clearly seen that peak values of curves
in Fig. 4(a) appear at @,/ = 3/2, 2, 5/2, 7/2, 4, 6 with
three different durations of the laser pulses. Compared with
these specific frequency ratios, the detected signal intensities
of other frequency ratios are slight and negligible. In addition,
one can find in Fig. 4(a) that the detected intensity is signifi-
cantly affected by FWHM. The wider FWHM is, the stronger
detected signal is. Moreover, to further evidence these fre-
quency ratios, we also fix the fundamental probe laser with
wavelength A; = 1200 nm and 1600 nm and change frequency
ratios @/, from 1 to 6.5. It can still be observed that the
peaks of detected signal intensities appear at these frequency
ratios, as shown in Fig. 4(b). Without a doubt, these specific
frequency ratios must be regular that @,/@; =2n, n+1/2 (n
is a positive integer).

Next we study three series of frequency ratios @,/@; =
2n, n+1/2, and n£1/3. It can be observed that the peaks
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of IZ)Z are detected efficiently in series of @,/®; = 2n and
n+ 1/2 with three different wavelengths A; of first probe
laser (A1 = 800 nm, 1200 nm, and 1600 nm), as illustrated
in Figs. 4(c) and 4(d). Note that the curves with three different
A1 show the similar tendencies, but the peaks of I;f,z become
very weak when n is greater than 3. However, unlike the pre-
vious reports in Ref. [12], the peaks of 1})2 are relatively weak
in series of @,/@; =n=+1/3 and there are no obvious rules,

1.0-(3) —-50fs A; =800 nm
—@®-40 fs A\ =800 nm
" —A— 30 fs )\1 =800 nm
z e
°
=] N " e
F:? 3.0 4.0 5.0 6.0
% —-©-50fs A\ =1200 nm
4 —-A—50 fs X\ =1600 nm
o
0.3F .
3.4 3.6 5.9 6.

1.0

2.0 3.0 4.0

CIJQ/UJl

5.0 6.0

as shown in Fig. 4(e). This is because in the THz generation
model in Ref. [12], the authors directly calculated the gen-
erated THz waves, but we measure THz waves indirectly by
detecting the signal intensity at frequency of @, in the THz
detection process. As a consequence, our calculations reveal
that the signal intensities Ig)z can be detected efficiently in two
series of frequency ratios /@ =2nandn+1/2(n<3,nis
a positive integer).

1.0 (c) —-50fs A; =800 nm
—-©-50fs A1 =1200 nm
0.5 —A-50fs X\ =1600 nm
£
5 2 4 6 3 10
0.2
2 (d)
<
=
~
Sl
O O o, A
o 3/2 5/2 7/2 9/2  11/2
o 0.2
~ (e)
0.1
0 P
4/3  7/3 10/3 13/3 16/3
wa/wy

Fig. 4. Calculated signal peak intensities at frequency of @, as a function of the frequency ratios of two-color probe lasers with (a) different FWHMs
(30 fs, 40 fs, and 50 fs) and same fundamental probe lasers (800 nm). (b) Same FWHM (50 fs) and different fundamental probe lasers (1200 nm
and 1600 nm). Insets: amplified curves around the frequency rates @, /®; = 3.5 and 6. (c)—(e) Calculated signal peak intensities at frequency of @,
versus three series of frequency ratios @, /@; = 2n, n+1/2, and n+ 1/3 with the same FWHM (50 fs) and different fundamental probe lasers (800 nm,

1200 nm, and 1600 nm).

1.0} —wa/wy =2 b | | | —wo /W =3/2 ot
. (a) —wofw =4 0.2 ( ) | | —Lw%w: :5;2 1.07(c)
e} | |
'a I I
5 0.5 b 0.5¢
. | |
"S | | | X100
3 | | if |
Fé\] 07 I 07 | | 07
~ I I I I I I
L‘a | | [ | | 7(402/&11:2
| | | | |
x —0.5 | | | | | —0.5} —LUQ/UJ1:3
é | | | | | —CIJQ?UJl:E)
| | | | | —
—0.2 wa/w1 =17
| < e A [ | =
~10 —05 0 05 1.0 -10 -05 0 05 1.0 -10 -05 0 05 1.0
Ap() Ap() Ap()

Fig. 5. Peak of signal intensities 13;2 versus the relative-phase A@ of two lasers with frequency rates (a) @, /®; =2n. (b) /@0y =n+1/2 (n < 3). (c)
/@y =2,3,5,7. The insets in panel (a) are the temporal waveforms of I(T& with @ /@; =2 when Ap =0 and 7.

The relative phase difference between two laser pulses
A@ plays a crucial role in the process of THz generation and
detection. Next we study influence of relative-phase A¢g of
two laser pulses in OBCD scheme. In this calculation, we
fix the fundamental probe laser at frequency w; = 375 THz
(corresponding to A; = 800 nm), and study two series of fre-
quency rates @,/ ®; =2n, n+1/2 (n < 3), and inefficient fre-
quency ratios (@/@; = 3, 5, 7). The two laser pulses have
the same duration 7Tpwpm = 50 fs and energy W = 60 . Fig-
ures 5(a) and 5(b) plot peaks of signal intensities IE)Z versus the
relative-phase A@ of two lasers in the case of @, /®; = 2n and
n+ 1/2, respectively. One can find that both peaks of 12,2 with

two series of frequency rates have cosinoidal dependences on
the Ap. However, their variation periods are different. When
@,/ @) = 2n, variation periods of the peaks of Iz,z are 27. The
extreme points of curves in Fig. 5(a) are A¢p = 0 and =+,
and the polarities of corresponding detected THz waves are
inversed (see insets in Fig. 5(a)). When ap/@; = n+1/2,
variation periods of the peaks of IZ)Z became 7. The extreme
points of curves in Fig. 5(b) are A¢p = —0.04w, £ —0.047,
and +£0.57 — 0.04x. Figure 5(c) plots peaks of signal inten-
sities IE,Z versus the relative-phase with inefficient frequency
ratios. We can find that regardless of the relative-phase A@,
the peaks of I;lr)2 with inefficient frequency ratios (the curves
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have been amplified 100 times) are always much less than the
maximum of peak of IZ)Z with @, /@, = 2. Namely, the influ-
ence of relative-phase to the detection efficiency of inefficient
frequency ratios is much weaker than the case of @,/®; = 2n,
n+1/2.

Note that the efficient frequency ratios @/, = 2n, n+
1/2 are not always applicable to all relative-phases. For in-
stance, when Ag = £0.57, the frequency ratios @;/; = 2n
are inefficient for THz detection, which is corresponding to the
results in Ref. [20]. But the frequency ratios @, /@y =n+1/2
are still efficient for THz detection, as shown in Fig. 5(b).
Therefore, the two series of efficient frequency ratios are ap-
plicable to different relative-phases. The frequency ratios
wy/@; = 2n are efficient for THz detection with relative-
phase Ap = mm (m is an integer ), while the frequency ratios
/@y =n+1/2 are efficient with relative-phase around Agp =
mm /2. Hence, the relative-phase of two probe lasers should be
controlled to be mzm or mm/2 when we apply these two series
of efficient frequency ratios. A pair of fused silica wedges can
be used to experimentally control the relative-phase by finely

adjusting the mechanical step size of wedges. [?0-2?]

4. Explanations by electron ionization and accel-
eration

It is well known that the asymmetric electron ionization
and electron acceleration play remarkable roles in the whole
THz detection process. Thus, in the following, we explain our
results of THz detection with different frequency ratios from
these points. Since pulse width of femtosecond probe lasers
is much shorter than that of ps-THz pulse, the incident THz
pulse can be regarded as a constant field during the duration
time of one laser pulse, modulating the electron ionization and
acceleration.

We use the static tunneling model to analyze ionization

1 (a) wz/w1:2
0 L A A
® 1t(b) wo/w1 =3/2
g 0 A .A”‘A l’lA Ar
’S 1'(0) WQ/w1=5/2
= l
3z 0 ...l“l..ll”.h
\O 1 (d) (.A)g/wl:4
e o
0 -..L-.-.Ji.Lu.l.UL..
1'(8) |, WQ/wlz?)
0 .All”l““n.
~0.06 ~0.03

Time/ps

processes with frequency ratios of 2, 4, 3/2, 5/2, and 3, which
represent the efficient frequency ratios of 2n, n+1/2 and inef-
ficient frequency ratios for THz detection, respectively. We let
the relative-phase of two-color lasers A@ = 0. Figures 6(a)—
6(e) illustrate the time derivative of plasma density dN./d¢
(black line) and plasma density N, (blue line) during the time
of one fs-laser pulse with peak THz electric field modulating
gas plasma. In Figs. 6(a)-6(e) we fix the probe lasers with the
same energy W) = W, = 60 pJ and FWHM Tgrwpm = 50 fs at
various frequency ratios, which causes the identical saturated
numbers of electrons N, via gas ionization (see blue lines).
Nevertheless, the distributions of their ionization points are
different. And it is clear that the greater value of @,/ is,
the larger number of ionization points is in one cycle of probe
laser pulse.

To further investigate the modulating properties of THz
pulse, we plot AdN. / dt after subtracting the time derivative of
plasma density without a modulation of THz wave in Fig. 6(f)—
6(j), denoted as AdN./dt = dNOT/dr — dNS?/de. In
Fig. 6(f) with @,/@; = 2, we can observe that the THz
wave promotes electron ionization at the first five ionization
points and then suppresses ionization at the following ion-
ization points. Here we assume the symmetry of AdN./d¢
with respect to the center of two adjacent ionization points,
so the curve at two adjacent ionization points is asymmetric
in Fig. 6(f). Likewise, the modulation effects of THz wave
are asymmetric when @, /®; = 3/2, 5/2, and 4, as illustrated
in Figs. 6(g)-6(). In contrast, the polarities of curves at two
adjacent ionization points are always opposite as shown in
Fig. 6(j). It means that the modulation effects of THz wave is
approximately periodic symmetric with @, /®; = 3. Summing
up the above, when the frequency ratios of two-color probe
lasers are 2n, n+ 1/2, the incident THz wave can intensify the
asymmetry in electron ionization process.

1
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0 A A UJ Y
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2 1
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Fig. 6. In the case of peak THz electric field modulating plasma during the time of one fs-laser pulse, (a)-(e) time derivative of plasma density
dN./dt (black line) and plasma density N (blue line) with various frequency ratios; (f)—(j) variation of time derivative of plasma density AdN, /dr after
subtracting the case without a modulation of THz wave with various frequency ratios.
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As mentioned above, the radiation field from gas plasma
is proportional to the time derivative of oscillating current,
written as Eqy () o< dJ (¢) /dt. Thus we plot the time deriva-
tive of oscillating current with various frequency ratios, which
are periodic as shown in Figs. 7(a)-7(e). In Fig. 7(a) with
/o =2, dJ(¢)/dr formed within the first half cycle are
greater than the ones within the followed half cycle. Here we
assume the symmetry of dJ(¢)/dr with respect to the cen-
ter of one oscillation cycle, so the curve in Fig. 7(a) is asym-
metric. Similarly, dJ(¢)/dt with @,/@; = 3/2, 5/2, and 4
all have varying degrees of asymmetry. However, dJ (¢) /d¢
with @/®; = 3 is approximately periodic symmetric (see
Fig. 7(e)), which causes the radiation fields at frequency @,
with @, /®; = 2n, n+ 1/2 are greater than the ones with other
frequency ratios.

To study the modulating effects of incident THz wave
to oscillating currents, the detailed analyses are performed
as follows. The AdJ(r)/dt in the peak and valley posi-
tions of incident THz wave with @,/@w; = 2 and 3 are plot-
ted in Figs. 7(f) and 7(g), respectively, where AdJ/dr =

dJ®2+T /dt — dJ®2/dt. By analyzing these two figures,
it can be observed that when the signs of the incident THz
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fields are opposite, their modulating effects to dJ (¢) /dr are
completely opposite, indicating that the intensities of emis-
sion from plasma center with different incident THz intensi-
ties at frequency of @, are totally different and the informa-
tion of THz wave can be effectively encoded into emission at
frequency of @,. Therefore, the intensity of emission at fre-
quency @, can resolve both positive and negative fields in a
real THz wave, coherent detecting the bipolar THz wave. Fur-
thermore, the incident THz wave with @,/®; = 2 has much
huger influence over dJ(¢) /dr than the case of @,/@; = 3,
indicating that the incident THz wave with @,/®; = 2 signif-
icantly intensifies the asymmetry of electron acceleration, but
its influences are slight when @, /@; = 3. In other words, we
can infer that the modulating effects of THz wave to oscil-
lating currents with @;/@; = 2n and n+ 1/2 are much more
significant than those with other frequency ratios.

Therefore, figures 6 and 7 reveal that the frequency ratios
/@y =2n and n+ 1/2 (with the same relative-phase A@ = 0)
significantly intensify the asymmetries of both electron ioniza-
tion and electron acceleration, making the THz detection more
efficient than that with other frequency ratios.

(f) de\,2+,11|1\zLx/dt7dJ»41L2/dt

—_— wz/wl =2
_05 ) _— wr_)/wl = 3
(g) dJeratT/dt—d Jee /dt
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Fig. 7. (a)-(e) Time derivative of oscillating current dJ/dr with various frequency ratios in the case of peak THz electric field modulating
plasma during the time of one fs-laser pulse. (f) and (g) Variation of time derivative of oscillating current AdJ/d¢ in the peak and valley

positions of incident THz wave with @, /@; = 2 and 3, respectively.

Next, we study the electron ionization and electron accel-
eration with different relative-phases of two probe lasers. As
example, figure 8 illustrates the time derivative of plasma den-
sity dN./dt and variation of time derivative of plasma density
AdN./dt with A =0 and 7 /2 when @,/®; = 2. We can
find from Fig. 8(a) that the amplitude of dN./dt with A¢p =0
is bigger than that with A@ = & /2, but the number of ioniza-
tion points with A¢@ = 7 /2 is larger than that with A = 0.
It makes the saturated numbers of ionized electrons identical.
By analyzing Fig. 8(b), we can find that the curve of AdN,/d¢

is asymmetric with A¢@ = 0. However, AdN./dt becomes ap-
proximately periodic central symmetric when A@ = /2. It
can prove that the symmetry of electron ionization signifi-
cantly depends on the relative-phase of two probe lasers when
the frequency ratio is same.

Figures 9(a) and 9(b) give the time derivative of oscillat-
ing current dJ (¢) /dr with A¢ =0 and 7 /2 when frequency
ratio is fixed at 2. It is clear that dJ (¢) /d¢ formed within the
first half cycle are greater than the ones within the followed
half cycle with A¢ = 0, so the curve in Fig. 9(a) is asymmet-
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ric. However, dJ (¢) /dr with A = /2 is approximately peri-
odic central symmetric as shown in Fig. 9(b). Moreover, when
/@) = 2, the incident THz wave with A@ = 0 has much
huger influence over dJ (r) /d¢ than the case of A@ = 7/2, as
shown in Fig. 9(c), which makes the THz detected intensity
with Ag = 0 greater than that with A¢ = 7 /2.
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Fig. 8. In the case of peak THz electric field modulating plasma during the
time of one fs-laser pulse, (a) time derivative of plasma density dN./d¢ and
(b) variation of time derivative of plasma density AdN, /dr after subtracting
the case without a modulation of THz wave with relative-phases A¢ = 0 and
/2 when @/ 0 = 2.
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Fig. 9. In the case of peak THz electric field modulating plasma during the
time of one fs-laser pulse: (a) and (b) time derivative of oscillating current
dJ/dz, (c) variation of time derivative of oscillating current AdJ/d¢ with
relative-phases A@ = 0 and 7/2 when frequency ratio is fixed at 2.

As a consequence, we can infer from Fig. 8 and Fig. 9
that the symmetries of electron ionization and electron accel-

eration both significantly depend on the relative-phase of two

probe lasers when the frequency ratio is the same, which is
also consistent with the result in Fig. 5. The frequency ra-
tios @y /@) = 2n are efficient for THz detection with relative-
phase A9 = mm (m is an integer ), while the frequency ra-
tios @y /@) = n+ 1/2 are efficient with relative-phase around
Ap =mmn/2.

5. Conclusions

In summary, we systematically investigated the THz pulse
coherent detection via two-color laser pulses of various fre-
quency ratios in gas plasma. With two series of frequency
ratios @,/®; =2n and n+ 1/2 (n < 3, n is a positive inte-
ger), the THz pulse can be coherent detected effectively, which
are demonstrated in cases of different fundamental probe laser
(A1 = 800 nm, 1200 nm, 1600 nm) and FWHM (Tgwum =
30 fs, 40 fs, 50 fs). Furthermore, the well-developed tran-
sient PC model can support our simulation results. We ex-
tend this PC model to two-color THz detection process and
provide an approach to explore two-color THz detection with
specific frequency ratios. From the points of view of the elec-
tron ionization and acceleration, we find that the frequency ra-
tios @ /@; = 2n and n+ 1/2 significantly intensify the asym-
metries of both electron ionization and electron acceleration,
making the modulating effects of THz wave more evident than
that with other frequency ratios. Hence, the THz detection is
more efficient with @, /@, = 2n and n+ 1 /2. Our further study
reveals that the relative-phase of two probe lasers also affects
detection efficiency. The frequency ratios @, /@, = 2n are ef-
ficient for THz detection with relative-phase AQ = mm (m is
an integer), while the frequency ratios @,/®; = n+ 1/2 are
efficient with relative-phase around AQ = mmn /2.

Nowadays, various reported THz sources are excited

§[23-25

by uncommon fundamental fs-laser ! or lasers with un-

common frequency ratios.!!3!8:261 Compared with traditional
electro—optic sampling or photoconductive antenna detection
schemes, THz detection via laser-induced gas plasma has
greater detected intensity and wider spectrum width (cover
the entire THz band). Consequently, this two-color detection
method with uncommon frequency ratios is an alternative de-
tection method in theoretical and experimental researches.
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