Vol. 21, No. 5 | May 2023

Phase dependence of third-order harmonic generation in
gases induced by two-color laser field

Congsen Meng (Z M #%)", Pan Song (58 B3)", Zhihui Lyu (

E344%)", Xiaowei Wang (E /M),

Dongwen Zhang (3§#43Z)", Zengxiu Zhao (#X1&35)", and Jianmin Yuan (REZR)"
1 Department of Physics, National University of Defense Technology, Changsha 410073, China
2Department of Physics, Graduate School of China Academy of Engineering Physics, Beijing 100193, China

*Corresponding author: lvzhihui@nudt.edu.cn

Received December 2, 2022 | Accepted February 8, 2023 | Posted Online May 6, 2023

Keywords: third-harmonic generation: THz.
DOI: 10.3788/C0L202321.050201

1. Introduction

The laser-gas nonlinear interaction induced by two-color femto-
second pulses has received considerable attention both experi-
mentally and theoretically!’ ). The phase difference between
two-color laser fields allows for effective access to coherently
control the electronic wavepacket dynamics in atoms and mol-
ecules and leads to a wealth of phase-dependent quantum inter-
ference effects!®”). Currently, two-color laser mixing in gas or
solid has also been widely used to achieve high-intensity light
sources, such as terahertz (THz) emission and high-harmonic
generation (HHG). Up to now, the mechanism of THz emission
is still under debate. Initially, THz generation was interpreted as
a four-wave mixing process'®), in which the third-order nonlin-
earity of a gas medium was verified to be too small to explain the
measured terahertz field strength. Then, a non-perturbative
plasma current model was proposed by Kim et al.'’!, where
THz emission originates from a directional electron current pro-
duced by photoionization in a temporally asymmetric laser field
arising from two-color laser pulses. For the mechanism of the
HHG, it is widely accepted as being attributed to electron rescat-
tering, which can be qualitatively understood by the well-known
three-step model!'®!. Additionally, for HHG, it is of fundamental
interest to investigate the generation of the low-order harmon-
ics, in particular third-harmonic generation (THG) in two-color
laser fields. From the single-atom perspective, THG is consid-
ered as nonlinear parametric conversion, mainly by a direct
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We experimentally demonstrate third-harmonic generation (THG) in gases ionized by a femtosecond laser pulse superim-
posed on its second-harmonic (SH). The mechanism of THG has been investigated, and it demonstrates that a third-order
nonlinear process dominates at low pump intensity. Asymmetric third-harmonic (TH) spectra are observed at different time
delays in two color fields, which are attributed to the process of the four-wave mixing (FWM) of the broad spectrum of pump
pulses. A joint measurement on the terahertz (THz) and the TH is performed. It reveals that the optimized phase for the THG
jumps from 0 to 0.5z as the pump intensity increases, which is different from the THz being a constant, and indicates that
the THG arises from the nonlinearity of the third-order bound electrons to the tunnel-ionization current.

THG channel, 3w=w + w + @, and a four-wave mixing
(FWM) channel, 3w =2 + 2w — @, in which the optimal
phase delay [corresponding to a maximal third-harmonic
(TH) vyield] should be zero because its nonlinear coefficients
are always considered to be real without resonance!'"!. To pur-
sue high conversion efficacy of the THG, the strong pump laser
is normally focused to ensure strong ionization of the gas
medium, in which THG yield is considered to be dominated
by the nonperturbative nonlinear response of free electrons, i.
e., the tunnel ionization current'?, Experimental and theoreti-
cal studies have both demonstrated that the THG yield of a one-
color laser field in air is determined by various characteristics,
including laser intensity, pulse duration, focusing conditions,
air pressure, etc!'>'*], The underlying mechanism for an intense
laser pulse propagating over long distances in optical media is
the dynamic interplay between the Kerr self-focusing due to
the nonlinear refractive index and the defocusing due to a low-
density electron plasma!’>~'®]. Compared to the case of the one-
color laser field, the two-color laser field with phase delay
becomes more complicated by the accurate determination of
the relative phase delay. Recently, the dependence of the THG
mechanism on the pump intensity has been theoretically inves-
tigated by a numerical simulation based on the time-dependent
unidirectional pulse propagation equation!'®). However, to the
best of our knowledge, there is an overall lack of experimental
investigation regarding the optimized phase delay of the THG

Chinese Optics Letters 21(5), 050201 (2023)


mailto:lvzhihui@nudt.edu.cn
https://doi.org/10.3788/COL202321.050201

Vol. 21, No. 5 | May 2023 Chinese Optics Letters

in gases induced by a two-color field at various pump laser 3. Results and Discussions
intensities.

In this Letter, we report an experimental investigation on
THG in the gases induced by two-color laser field. First,
THGs via the direct channel and the FWM channel have been
investigated, respectively. Then, employing a relative phase
monitor, the variations of optimized phases for THz and TH
generation have been obtained at different pump intensities
based on the synchronous measurements of THz and THG.

First, we carry out the experiments to study the THG from the
direct and the FWM channel, respectively. To investigate the
direct THG channel alone, the BBO crystal is removed in the
experiment. Pump energy thresholds are presented for the three
types of gases, as shown in Fig. 2(a). According to the previous
studies, the phases of the TH generated before and after the
focus cannot match well for the existence of the Gouy phase
shift. The efficiency of the TH generation remains very low until
the focusing condition has been alerted by self-focusing or
gas ionization!"*), which is consistent with the observation
2. Experimental Setup that the threshold increases with the ionization probability
(Ar > N, > He). Below the thresholds, no TH emissions can
be detected with the photodiode sensitivity. The inset in
Fig. 2(a) shows the TH yield as a function of the gas pressure
at a fundamental pulse energy of 400 pJ. At low pressures, the
square root of the TH intensity is linear as related to the gas pres-
sure, and the TH yield can be considered as a coherent synthesis
of the atom or molecule emissions. The critical pressure of Ar
and N, corresponds to the occurrence of the intensity clamping,
which is determined by the dynamic equilibrium between Kerr
self-focusing and plasma-induced defocusing effects®>??),

To study the FWM channel, we measure the pump energy
dependence of the TH generation as varying the time delay of
the two-color pulses in argon at a pressure of 1000 mbar, where
the full-width at half-maximum (FWH) process dominates.
Note that the distinct interference fringes are clearly observed,
as shown in Fig. 2(b). The TH yield can be considered as a joint
contribution of the direct channel, the FWM channel, and their
interference, even though the fundamental pulse energy is quite
lower than the threshold shown in Fig. 2(a). The contribution of
the direct channel to the TH yield can be obtained at the time
delay of the complete separation of the two-color laser field,
and the interference can be eliminated by averaging the TH

The optical source is a 1 kHz commercial Ti:sapphire femtosec-
ond amplification system that can deliver 25 fs pulses with the
energy of 1.6 mJ. As sketched in Fig. 1, the fundamental pulse
passes through a beta barium borate (BBO) crystal to generate
a few tens of milliwatts of second-harmonic (SH). A two-color
Mach-Zehnder (MZ) interferometer is utilized to accurately
control the relative phase between the two pulses with a pair
of fused-silica wedges in the path of the fundamental beam.
In both paths, broadband half-wave plates are used to tune
the pulse intensities with a broadband polarizer placed after
the interferometer. The spatially and temporally overlapped
two-color pulses are focused into a vacuum chamber to generate
the THz and the TH emissions by using an off-axis parabolic
mirror with the focal length of 200 mm. The THz is separated
from the laser beams with a pierced off-axis parabolic mirror
and then focused on a deuterated triglycine sulphate (DTGS)
detector. The TH is filtered out with a reflecting UV filter
and detected with a UV photodiode. In the residual pump path,
a collinear interferometer is used to monitor the variation of the
relative phase, in which another beta BBO crystal is utilized to
achieve the interference between the newly frequency-doubled
and the primary SH fields. The alpha BBO crystal is used to
compensate the phase lag between the fundamental and SH
pulses, and the orthogonally-polarized SH pulses are projected
to a specific angle through a polarizer to achieve a distinct
interference!®*?!),
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Fig. 2. (a) Measured TH intensity versus the fundamental pulse energy at a
pressure of 1000 mbar in argon, nitrogen, and neon. According to the mea-
— . sured beam waist radius, the pulse energy of 100 pJ corresponds to the peak
PD1 intensity of about 5 x 10" W/cm?. The insert shows the square root of the TH

— Mﬁ/ intensity versus the gas pressure at a fundamental pulse energy of 400 pJ in
AN Lens2 argon, nitrogen, and neon. (b) TH intensity as a function of the pulse time delay

and fundamental pulse energy at an SH pulse energy of 1 pJ. The insert shows
the TH intensity versus the fundamental pulse energy at an SH pulse energy of

Fig.1. Experimental setup for the synchronous measurements of the THz and 1 w and the SH pulse energy at a fundamental pulse energy of 1 pJ,
TH emission. DM, dichroic mirror; PD, photodiode detector. respectively.
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intensity over the interference cycle. Here, we assume that the =~ THz and the TH varies, and it reveals that the generation mech-
full overlap of the two-color pulses gives the maximal TH yield  anisms of the two emissions can be distinct. For the low-inten-
and removes the influence of the direct channel by eliminating  sity pulses, the TH and the THz are mainly attributed to the
the period modulation mathematically. Atlow pump intensities, =~ nonlinear response of the bound electrons and the free electrons,
the relations between the TH yield and pump intensities shown respectively[9’24]. To further study the mechanism of the TH, the
in the insert of Fig. 2(b) agree well with the prediction of the = TH spectra at different pump delays are shown in Fig. 4 by
FWM theory. As the fundamental beam intensity increases up ~ replacing the UV photodiode with a spectrometer. Figure 4(b)
to the threshold of the direct channel, a small deviation can  shows that the two pulses are in perfect temporal overlap, the
be observed. It should be noted that, unlike the direct channel,  intensities of the different frequency components of the TH vary
the fundamental beam intensity shows no threshold for the  synchronously with the relative phase, and the spectrum
THG via the FWM. presents a single-peak structure. Figures 4(a) and

Next, employing a relative phase monitor, we carry out the  4(c) show that the two pulses delay at —40fs and 40 fs, respec-
experiment of synchronous measurements for the THz and  tively. An apparent asynchronous modulation and double-peak
the TH generation, since both the THz and the TH generation  spectra can be observed, which is introduced by the chirped TH

processes are intrinsically involved and highly phase sensitive. ~ emission via the FWH channel. According to the FWM theory,
To suppress the influence of the macroscopic effects, alow pres-  the TH emission can be expressed as (fundamental harmonic,
sure of 10 mbar and weak pump intensities of 100 pJ for the fun- SH, and TH are denoted by w;, w,, and w;, respectively)

damental pulse and 5 pJ for the SH pulse are set. Figure 3(a)

shows the THz and the TH intensities as adjusting the pum ‘ .

delay. The obtained curve envelopes for the JTHz fnd thi Tﬁ Eqy, o / do, / do, / ’7(3)EWZE“’£E“’1 e dw,, (1)
present a similar pattern, and the Fourier analysis of the TH

curve, shown in Fig. 3(b), indicates a period modulation of  where E and ¢ represent the electric-field vector and phase,
0.67 fs, as well as that of THz emission, which is consistent with respectively, and n® is the third-order susceptibility. For a spe-
the previous experiment'™"']. Figure 3(c) shows the normaliza- cific frequency component, w; of the TH emission, is satisfied
tion modulation at three different time delays: =50 fs, 0 fs,  \yith w; = w, + w} — w;, where )} is another frequency compo-
and 50 fs, and curves are obtained by normalizing the intensity  pent of the SH. Supposing the phase of the SH is invariable, the
and fitted by sinusoidal functions. When two pump pulses are  frequency components of the fundamental pulse would vary in

fully overlapped, as shown in the middle panel of Fig. 3(c),  the phase following 8¢ = (t,, =ty )@, as the pump delay
the THz modulation lags 0.2z behind the TH modulation, which

reveals that the optimized relative phase for the THz and the TH
is about 0.8z and zero, respectively. Actually, it is challenging to
accurately determinate the absolute relative phase zero experi-
mentally. Therefore, it is worthwhile investigating the intensity
modulation versus the relative phase delay when two pulses are
partially overlapped, as shown in the top and bottom panels of
Fig. 3(c). With different time delays, the phase lag between the

changes. The femtosecond pulse has a broad spectrum. Thus,
in the case of a complete overlap, the additional relative phase
woule be zero. While in the case of an incomplete overlap,
the different frequency components vary asynchronously, and
the relative phase variation would increase with the departure
of the pulse overlap, which leads to a chirped TH emission.
Finally, in order to study the dependence of the THz mecha-
nism on the pump intensity, the optimized THz and TH yield
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curve in (a). (c) The comparison of the phase-dependent intensity modulation
between the THz and the TH at three different time delays: —50 fs, 0 fs, and Fig. & TH spectra obtained at three different time delays: (a) =40 fs, (b) 0 fs,
50 fs. and (c) 40 fs.
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Fig. 5. The blue curves show the optimized phase for the TH (circles) and the
THz (squares) (left axis), and the red curves show the optimized TH (asterisks)
and the THz (crosses) yield (right axis).

and the optimized phase for the THz and the TH generation ver-
sus the fundamental pulse intensity are presented. The SH pulse
energy of 50 pJ and gas pressure of 1 mbar are set to ensure the
response of the DTGS detector and suppress the influence of
macroscopic effects, respectively. The red curves in Fig. 5 show
that the THz yield increases with the fundamental pulse energy
while the TH yield increases to a maximum, decreases with a
further increase of the fundamental energy, and then increases
again at a pump energy of around 0.75 m]J. As discussed in the
theoretical study of the TH mechanism™*, in the intensity
regime below the ionization threshold, the nonlinear response
of the bound electrons dominates the THG process, and the
third-order nonlinearity, 7%, increases with the pump intensity
in the intensity regime of the tunneling ionization. On one hand,
the effective third-order susceptibility decreases if a neutral gas is
ionized. On the other hand, the density of the free electrons rises
nearly stepwise at every half-cycle of the laser field, and the
acceleration of the laser-induced photocurrent gives birth to
the TH, i.e., the nonlinear response of the free electrons domi-
nates the THG process'>>*®!. This argument is verified by inves-
tigating the optimized phase for the THz and the TH, as shown
in the blue curves in Fig. 5. Here, the optimized phases are
extracted as the pump delay approaches a perfect overlap,
and the optimized phase for the TH generation at low pump
intensities is supposed to be zero. It can be seen that the opti-
mized phase for the THz generation is almost independent of
the pump intensity and remains at about —0.2z (equivalent to
0.87) within the experimental accuracy. However, the optimized
phase for the TH generation, remains at zero at low pump inten-
sities, where the FWM process dominates. As the pump inten-
sity increases to be around 0.75 mJ, which almost coincides with
the turning point of the TH yield, the optimized phase sharply
rises up to 0.5z, and the THG is dominated by the tunnel ion-
ization current.

4. Conclusion

In summary, we experimentally studied the mechanism of
the THG as changing the fundamental laser intensity with a
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two-color laser field. In the low-intensity regime, it is found that
the THG originates from a third-order nonlinear process, that is,
direct and FWM channels, which has been experimentally dem-
onstrated, respectively, and the interference of these two chan-
nels has been verified. With a relative phase monitor, a joint
measurement of the THz and theTH emissions was carried
out precisely by varying the phase delay in attosecond precision.
If the two pump pulses are incompletely overlapped, then the
TH spectrum exhibits an asymmetric pattern arsing from the
FWM process with a broad spectrum of pump pulses.
Furthermore, the dependence of the optimized THG yield
and the optimized phase of the fundamental intensity is exper-
imentally investigated, as well as that of the THz. As the pump
intensity increases, the THG arises from the nonlinearity of the
third-order bound electrons to the tunnel-ionization current,
which is consistent with the theory and experiments!*’>%),
Our research provides further understanding of the mechanism
of THG in gases and facilitates generating an efficient TH source
for applications.
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