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Abstract: Electrons driven from atom or molecule by intense dual-color laser fields can coherently
radiate high harmonics from extreme ultraviolet to soft X-ray, as well as an intense terahertz (THz)
wave from millimeter to sub-millimeter wavelength. The joint measurement of high-harmonic and
terahertz spectroscopy (HATS) was established and further developed as a unique tool for monitoring
electron dynamics of argon from picoseconds to attoseconds and for studying the molecular structures
of nitrogen. More insights on the rescattering process could be gained by correlating the fast and
slow electron motions via observing and manipulating the HATS from atoms and molecules. We also
propose the potential investigations of HATS of polar molecules, and solid and liquid sources.

Keywords: ultrafast intense laser; atoms and molecules; high harmonic generation; terahertz wave;
electron dynamics

1. Introduction

Recent advances in attosecond science open a new era of physics for the ultrafast insight and
manipulation of electrons with its natural timescale for matters in gas, liquid or solid states [1-5].
Attosecond electron dynamics are usually initiated by intense laser pulses. A bound electron of an atom
can be liberated from passing over or tunneling under the binding barrier and subsequently driven
by laser fields [6]. The ionization time of electron determines the subsequent actions, including the
re-collision with the parent ion, roaming around the atomic core or directly escaping from the parent
ion [3].

In general, the acceleration of charged particle leads to electromagnetic radiations. Under strong
laser fields, re-colliding electrons could accumulate energy to recombine with the parent ions giving
rise to high harmonics generation (HHG) with frequency of extreme ultraviolet (XUV) or even the soft
X-ray [7,8]. Measurements of these emissions can help to understand the rescattering dynamics of
electrons with high kinetic energy [9]. In a semi-classical view of HHG, different orders of high
harmonics are generally determined by the ionization times of the emitter electrons. Once the
ionization time is determined, the following laser fields and the electronic motion are also determined,
which define a particular quantum orbit. Therefore, by analyzing the phases and the amplitudes of high
harmonics, we can realize a sub-femtosecond description of the detailed interaction between the strong
laser fields and the atoms within one laser cycle. Recent studies begin to pay attention to the high
harmonics near or below the ionization threshold [10-12] (as well as other below-threshold phenomena,
such as photoionization [13-15]), which requires a modified picture other than the simple-man model
to better understand the interplay of the atomic potential and laser fields on the rescattering dynamics.

Appl. Sci. 2019, 9, 853; d0i:10.3390/app9050853 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-4173-3142
https://orcid.org/0000-0002-9315-0854
http://www.mdpi.com/2076-3417/9/5/853?type=check_update&version=1
http://dx.doi.org/10.3390/app9050853
http://www.mdpi.com/journal/applsci

Appl. Sci. 2019, 9, 853 20f23

On the other side of the spectroscopy from strong field interaction, extremely nonlinear
down-conversion of the laser frequency could take place via the terahertz (THz) wave generation,
which has a millimeter and sub-millimeter wavelength [16]. Interestingly, the great discrepancy
between HHG and THz output seems to be mainly determined by the ionization time of the emitter
electrons, calling for a unified “non-perturbative” strong field viewpoint in understanding the classical
“perturbative” region of laser and matter interaction. Slow electrons for THz output should be modeled
differently from the ones for the plateau or cut-off of high harmonics even though they are driven by
the same laser fields, because the slow electron motion could be strongly distorted by the Coulomb
potential. This Coulomb field effect has been identified by tracing the phases of THz wave with
the help of high harmonics [17,18], and by analyzing the underlying dynamics via classical [19] and
quantum calculations [20]. Therefore, the simultaneous detection of the high-harmonic and THz
spectroscopy (HATS) gives us an opportunity to illustrate more aspects of the ultrafast dynamics of
electrons with different ionization times, especially for the electrons contributing to the low-energy
THz wave generation.

Furthermore, the joint measurement in HATS allows the in situ simultaneous manipulations
on the two ends of emissions, which could be realized by varying the accumulated phase during
the electron propagation (e.g., using dual-color laser fields [17]) or varying the potential curve (e.g.,
varying the molecular alignment [21]). The first experimental demonstration of HATS from gaseous
argon was reported in 2012 [17]. With the help of a weak second-harmonic, the symmetry of the
consecutive half cycles of the fundamental laser fields is broken to produce significant intensities of
the even-order high harmonics [22] and THz wave [16], whose yields depend on the relative phase
between the two colors. Note that the in situ simultaneous manipulation is carried out on all electrons
in the laser fields, thus it helps to build a phase-locked connection between different scales of electronic
movements with various kinetic energies and collision processes. Meanwhile, the simultaneous
generations and manipulations of HATS can also serve as a more convenient choice in carrying out the
time-resolved THz pump /X-ray probe measurements via a table-top femtosecond laser, in comparison
to the expensive and huge electron bunch setup or free electron laser light source [23-25].

Here, we review the state-of-the-art HATS technology. Firstly, we give a general introduction to
the physical concept of this method. Next, we discuss two examples of HATS detection from argon.
In the first example, we demonstrate the simultaneous detection of HATS from argon to study the THz
generation with attosecond time resolution, thanks to the intrinsic chirp of the electron wave packet
and the corresponding HHG. Particularly, HATS highlights the importance of the Coulomb potential
on the rescattered electrons, as also discussed in Ref. [26] and references therein. It suggests that the
strong field approximation (SFA) treatment [27-29] (as well as the SFA-based theories) may not be
sufficient for dealing with the rescattered electrons, because typical SFA mainly considers the effect of
the external field on the continuum state but neglects the influence of the Coulomb potential and the
excited states. In the second example, we discuss that the joint measurement enables benchmarking
HHG by using THz yield as a reference to calibrate the geometry phase of the driving pulse which
is essential in HHG. Based on HATS, it is found that THz generation is related to the soft collision
between the accelerated electrons and the ion, while HHG is related to hard collision. Therefore, it is
possible to use HATS to fully characterize the electron wave packet, which is crucial in strong field
physics, in particular when the driving pulse is shaping or gated.

Thirdly, we review two examples of HATS detection from molecules. It is shown that THz yields
help minimize the uncertainty and assumptions of the molecular frame photoionization cross sections,
which can be estimated from HHG. The phase-delay dependence of THz generation helps resolve the
optimal phases of aligned nitrogen molecules to maximize the yield of even-order high harmonics.

Finally, we propose the probable extensions of the HATS method to polar molecules and other
systems. We expect that HATS will be helpful in characterizing the interplay or competition between
different ultrafast electronic processes in the near field regions for more complex molecules while
detecting the corresponding emissions in the far field regions.
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1.1. High-Order Harmonics and Terahertz Wave: Up- and Down-Conversion of Laser Frequency

The interaction between atoms or molecules and the intense laser fields induces a dipole moment
that leads to the emissions of high-order harmonics, which can be considered as the up-conversion of
the fundamental laser frequency. In 1992, Corkum [6] and Kulander [30] interpreted this generation
process by the classical three-step model: an electron is freed from the laser dressed Coulomb field,
accumulates energy Ej within the propagation and is finally driven back to the nuclei to emit photons
with energy () equalling Ej + I,,. This simple man model can give an intuitive interpretation to some
experimental observations, such as the cut-off energy of the harmonic spectroscopy, the long and short
trajectories of electrons and the chirp between different orders of high harmonics [31]. In terms of
quantum mechanics, the freed electron can be viewed as a spreading wave, and the re-collision of
electron can be treated as the coherent superposition of the recombined and the remaining electronic
wave packets [32]. Typically, only the odd harmonics of the fundamental laser pulses can be generated,
due to the coherence between the consecutive periodic emissions. The even harmonics [22] or the
supercontinuum [33,34] can also be generated by breaking the symmetry of the electric field via adding
a weak second harmonic pulse.

Atoms or molecules in strong laser fields can radiate THz wave with the photon energy at meV,
which is the down-conversion of the fundamental laser frequency. The first experimental observation
on the far infrared /THz emissions from the interaction between laser and rare gas atoms was carried
out by Hamster in 1993 [35], reflecting the pondermotive force on electrons. In 2000, Cook and his
fellows developed the dual-color method to dramatically enhance the THz output [16]. Meanwhile,
the dual-color relative phase dependence of THz yield is also investigated, attempting to clarify
the generation mechanism [36]. There was a long-existing debate on the generation mechanism,
i.e. the third-order nonlinearity parameter from the viewpoint of nonlinear optics, and the current
model from the viewpoint of strong field dynamics. Cook firstly explained the enhancement of THz
output by considering the third-order nonlinearity parameter x(%), corresponding to the process of
Orty, = {wpp + wip} — wsp and Orpy, = wsyy — {wpp + wpp }. Here, the subscript indexes of frequency
“FP” and “SH” indicate the photons from the fundamental laser pulses and the second harmonics,
respectively. If the fundamental laser pulse is monochromic, the THz output will vanish. Otherwise,
the femtosecond laser pulse shares the band width at THz frequency range (for instance, 100 fs in time
domain corresponds to 10 THz in frequency domain under the Fourier transformed limit), which gives
birth to the non-zero THz wave generation from the four-wave mixing mechanism. In 2004, Kref} found
that ionization was a prerequisite for THz generation under the dual-color fields by checking the
laser intensity dependent THz output [37]. Bound electrons of atoms or molecules in air undergo
tunneling ionization from strong laser fields, which occurs mostly near the laser peaks. When only
the fundamental laser is present, the net current is zero summed over one laser period. However,
by adding a second harmonic with a non-zero relative phase, the asymmetrical ionization from the
alternating laser field leads to the nonvanishing directional current between the two consecutive half
cycles. Based on the nonvanishing net current of electrons in air-plasma, Kim proposed the plasma
current model [38]. This model was verified by solving the time dependent Schrodinger Equation
(TDSE) of the electron dynamics within the THz emission process by Karpowicz and Zhou [39,40].

1.2. Rescattering Process and the Joint Measurement of HATS

The (plasma) current model for THz generation is analogous to the other strong field phenomena
by treating the electron dynamics as the radiation source. Temporal and spatial asymmetric current
could contribute to the THz generation under strong dual-color field scheme. In the sparse gas
circumstance, atoms or molecules are far away from each other, thus the emissions can be treated as
the coherent summation over the individual emitters. Therefore, rescattering process of the tunneling
electron from one atom or molecule could be understood via analyzing the far-field THz emissions,
as well as the HHG.



Appl. Sci. 2019, 9, 853 40f23

It is of great interest to know which part of the electron dynamics dominates the contribution of
THz wave generation. Trying to reach the answer, we recall the low-energy structure (LES) of above-
threshold ionization. In 2009, Blaga [13] and Quan [14] observed the appearance of the anomalous
spectral peaks of photoelectrons in the low energy region. These LES peaks can be reproduced by
the TDSE calculations but not by the SFA model. Faisal, who raised the SFA model, suggested the
effect of the long-range Coulomb potential on the forward-resacattering of the tunneling electrons
in interpreting the LES [41]. The following experiments and theoretical developments support his
interpretation. By using the elliptically polarized laser to ionize electrons, which suppresses the
rescattering process, LES is found to disappear [13,42]. The semi-classical calculations based on
quantum orbit theory also confirm the influence of atomic potential on the rescattered electrons for
the LES [43,44]. By comparing the forward-scattering from the Yukawa potential or the long-range
Coulomb potential, the LES of photoelectrons is proven to be determined by the forward rescattering
of electrons with the Coulomb long-range tail [45].

On the other hand, the three-dimensional classical-trajectory Monte Carlo (3D-CTMC) method
and the 3D-TDSE results suggest that the low-energy photoelectrons, with the kinetic energy less than
1.2 Uy, are responsible for the THz emissions from dual-color laser scheme [19,20]. In Kim’s plasma
current model, only the current formed by the freed electrons is considered as the source for THz wave
generation, and the Coulomb interaction is being neglected. However, according to the observations
of LES, the long-range Coulomb interaction can dominantly influence the motion of the low-energy
photoelectrons. Therefore, due to the effect of the Coulomb field and the forward-rescattered electrons,
the optimal phase for THz yield should be different from the one as predicted by the plasma current
model. Previous calculations suggest that, under the typical laser condition (800 nm, with the laser
intensity around 10* W/cm?), the forward-rescattered photoelectrons with Coulomb attraction
dominate the current for THz yields, resulting in the optimal phase for THz yield around 0.87t [19].

By carrying out the simultaneous detection of HATS from argon, we used the attosecond resolution
of harmonic chirp to gauge the THz emissions, presenting the dual-color phase dependence of
THz modulations and clarifying the importance of the forward-rescattered electrons in the THz
generation process [17,18]. These experimental results suggest the importance of Coulomb interaction
on the rescattered electrons and update the understanding of the generation process of THz wave.
The major advantage of HATS is that it allows a simultaneous observation of the two ends of the
emitted spectra from atom or molecule under strong field interaction, which correlates the fast and
slow electron motions via observing and manipulating the HATS. Measuring HATS is actually the
observation of different rescattered electrons during the strong field process, since the “hard” recollision
electrons emit high harmonics, while the escaping and forward rescattered electrons contribute to THz
generation. Therefore, the two emissions could be compared to find new results about the rescattering
by monitoring different kinds of electrons (from their emissions) simultaneously. For instance, the THz
wave generation, which is a quite slow process compared to the generation of high harmonics (within
sub-cycle of laser), can be precisely controlled and understood by tracing the dual-color relative phase
dependent yield, which can be found in Section 2.1. THz yield modulations can also be served as a
robust ionization reference, which is not critically influenced by other factors such as to the phase
matching condition of high harmonics.

The above depict of the rescattering process of HATS and LES is based on the time evolution of
the electron wavepacket, which is building a bridge between optical emissions and the corresponding
electron dynamics. Another perspective is to connect the separated pictures of the electron dynamics
and the corresponding photon emission in the frequency domain, following the concept of “non-linear
optics”. As shown in Figure 1a, the generation of the gth harmonic can be easily understood by the
up-conversion of the fundamental laser frequency. It should be noted that here the order of harmonic g
should be odd, and for the even-order high harmonics, the participation of the second harmonic pulse
should be considered. For instance, the gth harmonic (odd) can be combined with one photon of the
fundamental pulse and one photon of the second harmonic pulse, and the output will be the (g + 3)th
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harmonic (even). It is tricky to use this viewpoint of energy transform for THz generation due to the
failure of the four-wave mixing theory in interpreting the prerequisite of ionization [37]. However,
this could be understood by many “analogous four-wave mixing channels” taking place among all the
laser-dressed states, which could be written as Qrp, = {7 X wpp + wip + wWip} — {9 X wrp + wsn },
and Qrp, = {q X wpp + wsp} — {q X wpp + wip + wip } [40]. The subscript indexes of FP and SH are
similar to the ones applied in Section 1.1, indicating the photons of the fundamental laser pulses and the
second harmonics. Note that the THz wave output can be non-zero due to the broad bandwidth of the
fundamental pulse. Typically, the second harmonic pulse is considered as a weak-field, thus only one
photon with frequency wgy participates in the nonlinear process. g represents the amount of photons.

In this section, a unified physical picture for HATS and rescattering process is presented,
including the emissions, the electron dynamics in time domain and the “extremely non-linear optics”
in frequency domain. Based on this unified picture, the up-conversion of laser energy can be observed
by the high-above threshold ionization (electron) and HHG (photon), while the down-conversion can
be traced by the LES (electron) and THz wave (photon).
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Figure 1. (a) The up-conversion of the fundamental frequency (w) to generate the gth high harmonics
wyg; and (b,c) the general process of the down-conversion of laser frequency (w) to generate THz wave
(wTHz), with the help of the second harmonic pulse (w).

2. HATS for Atoms

2.1. Attosecond-Resolved THz Generation from Argon

Typically, atoms driven by dual-color laser fields can produce few-cycle THz pulse with a pulse
duration of several picoseconds. The femtosecond laser pulse determines the THz emission by the low
frequency component within the laser-induced dipole of atoms or molecules. By delaying the relative
phase between the two colors for about 300 attoseconds, THz output can be switched from on to off.
It is surprised that the low frequency emissions could be manipulated by the sub-optical-cycle motion
of electrons under the femtosecond strong laser field, which implies the existence of coherence in the
electronic current.

To understand the corresponding dynamics of THz generation, a clock with attosecond resolution
is required. The phases of high harmonics carry the attosecond chirp and can be treated as a clock
for ultrafast dynamics [46], because different orders of high harmonics are associated with their
unique recombination and emission times of the corresponding classical trajectories [47]. Generally,
for atoms that have no significant structure (minimum or maximum) on the photoionization cross
section, the group delay between the neighboring harmonics, also called as the “atto-chirp”, exhibits a
linear dependence on the harmonic order [1,48,49]. Assuming the dual-color laser fields take the
form of A(t) = A, cos wt + Ay, cos(2w + ¢), where A, and Ay, are the fundamental and the second
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harmonic electric fields with Ay, < Ay, and ¢ is the dual-color relative phase. The weak second
harmonic introduces a perturbation on the propagation of the re-collision electrons [22], which can be
written as

ALA
AZw% w2w

(sinwt, — sinwt;) cos(2wt, + ¢), 1)

with t; and t, being the ionization and recombination times of electrons, respectively. The ionization
time #; determines the subsequent dynamics of the electron, resulting in different accumulated
energies, i.e., the different harmonic orders. The modulations of the even harmonics are due to the
perturbation of the weak second harmonic field within the electron propagation, which is proportional
to sin? Ay, [18]. Thus, based on Equation (1), the output of one even-order harmonic reaches its
maximum when the dual-color relative phase ¢y, equals to —2wt,. For the adjacent odd harmonics,
emission time difference is approaching 45 attoseconds under the laser intensity 3 x 10" W/cm? [50],
implying that, in the case of a simultaneous HATS detection, the chirp of high harmonics provides a
clock to resolve the optimal phase of THz yields with several tens of attoseconds resolution.

In 2012, Zhang and Lii reported the first HATS detection from argon, solving the longstanding
debate on THz optimal phase and finding out the effect of Coulomb potential on the electron
trajectory [17,18]. Dual-color fields are prepared by the Ti:Sapphire laser and its second harmonic
introduced by a piece of thin f Barium Borate crystal (type I). The experimental set-up is
illustrated in Figure 2a. The observed modulations of even harmonics and THz yields are
fitted by I, « ag(q) + a1(q)¢ + ax(q) cos?[¢p — ¢o(q)], with ag the base line of modulation, a; the
variations from the circumstance and a; the value of modulations from the dual-color relative phase.
The experimentally determined ¢y from the 18th to 24th harmonics are compared to semiclassical
calculations to determine the absolute phase of the dual-color field. Using the harmonic chirp as a
reference, the optimal phase for the maximum THz yield is estimated to be around 0.87t, which deviates
significantly from zero as predicted by the four wave mixing model and from 0.57 as predicted from
the plasma current model. Based on the plasma current model, the electron undergoes a tunneling
ionization carrying no internal velocity, after which the classical movement of the ionized electrons
will form a residual current to emit the THz wave. Trying to reveal the effect of Coulomb field on
electron dynamics, simulations on the THz modulation were carried out and compared by applying
the current model with or without the Coulomb potential.
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Figure 2. (a) Typical experimental set-up for HATS generation and detection. (b) The experiment
obtained optimal phase for even-harmonics (circles) are compared to the semiclassical calculation
(dashed line). Optimal phase for THz yield is locked at 0.87r (dotted dashed line). Reproduced with
permission from [18]. Copyright IOP Publishing, 2013.

As shown in Figure 3a,b, the optimal phase for THz generation is 0.87 by analyzing the classical
trajectories of the directly escaping and rescattered electrons, and this result is comparable to the
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1D-TDSE calculations and the experimental observations. Meanwhile, by using the 3D-CTMC method,
the current formed by the low energy electrons (<1.2 Up) as a function of the dual-color relative
phase exhibits a maximum at 0.727, as illustrated in Figure 3c. Besides the classical trajectory
methods, solutions on the 3D-TDSE of argon in strong laser fields also reveal a similar trend for
THz yields peaking at around 0.757r when the Coulomb field is included. Based on the theoretical
works on the 1D /3D classical trajectory and quantum analysis, we draw a conclusion that the escaping
and rescattered electrons contribute to THz wave generation within dual-color laser field regime.
These theoretical results are compared to the experimental observations to create a unified image of the
rescattering events, which includes “hard collision” (recombine to the mother ions) of the rescattered
electrons to emit high harmonics and the “soft collision” (forward rescattered electrons) to give birth
to the THz emissions [17,18]. The most common method in modeling strong field physics is to use
the SFA, which is developed by Lewenstein in 1994 [32]. In SFA, the electron in the continuum can
be treated as a free particle exposing in the external electric field, with the Coulomb potential being
neglected. When the electrons are far from its parent ion during the propagation step (the second one
of the three steps), the Coulomb interaction between the electrons and the ions are much weaker than
the interaction between laser and electrons. That is why the Coulomb interaction is neglected in the
SFA model, and, for the electrons with high kinetic energy (contribute to HHG), this model typically
works. However, THz generation is mostly contributed by slow electrons, which could hardly be
described under the SFA model (or other models developed for high energy electrons). The dynamics
of the slow electrons is also one part of the whole strong field dynamics. That is why the studies on
HATS could be helpful to give more insights on the rescattering process.
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Figure 3. (a) THz yields by the escaping (black dotted line), the rescattering (red dashed line), and the
total currents (green line) calculated from the plasma current model. (b) Calculated classical and
1D-TDSE results of THz yield modulation with the Coulomb interaction. (c) Current simulated by the
3D-CTMC method (green squares). (d) THz yield modulations below 10 THz (red squares), 30 THz
(green diamonds) and the total residual current (blue triangles) calculated by the 3D-TDSE simulations.
Reproduced with permission from [17,19,20]. Copyright APS Publishing, 2012, 2014, 2015.

In brief, the simultaneous measurement of THz wave and HHG enables the calibration of the
absolute optimal phase for THz wave generation by taking advantage of the intrinsic chirp of high
harmonics (the phase could also be inferred from the yield of high harmonics, as demonstrated by X.
He et al. [51]). HATS is useful in determining the phase of the dual-color laser field in an all-optical
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way, which is easier to carry out than measuring the photoelectrons or ions [52-54]. The measured
absolute optimal phase at 0.87 has significance, which is against the predictions from previously
widely-adopted four wave mixing model and (plasma) current model. Our further investigations
show that the optimal phase is in fact nearly universal [20], reflecting the particular subcycle ionization
dynamics in THz wave generation. The cut-off of high harmonics is mainly contributed by the electrons
released at 0.177 after the peak field, while THz generation is mainly contributed by the electrons
released before the peak field at —0.17t. Without Coulomb field, the latter electrons will directly escape
without revisiting the atomic core. Therefore, HATS allows us for the first time to demonstrate the
importance of the atomic potential in THz wave generation from atoms and molecules, which was
also well known for the solid state systems (see, e.g., [55-58] and references therein). Based on HATS,
we find that subcycle ionization dynamics and the following electron-atom collision, either hard
collision or soft collision play important roles in the radiation from atoms driven by strong fields.
By manipulating the emission process, which is a near field control and detecting in the far field,
both radiation can be used to resolve the electron dynamics in attosecond resolution regardless of the
5-6 order difference of the radiation wavelength.

2.2. THz Benchmark for the Long and Short Trajectories of HHG

Typically, gas sources of high harmonics require high particle density by adiabatic expansion
from a gas jet or gas cell to a vacuum chamber. The conversion efficiency of the high harmonics can
be maximized via the phase-matching by adjusting the position (relative to the laser focus) and the
backing pressure of the gas-supply instrument.

In 2016, Gragossian and his fellows reported the HATS detection of argon [59]. By controlling the
position of the gas jet, dual-color relative phase dependent high harmonics and THz yields are studied
by selecting only the short trajectory contributions, or both the short and long trajectory contributions.
If the gas jet is placed at the down stream of the propagating direction, i.e., the phase-matching
position, HHG from the short trajectory contribution is optimized and this results in a nearly linear
relationship between the harmonic orders and the optimal phases. Under this condition, it can be
found in Figure 4c that the optimal phase for the 26th harmonic coincides the phase for maximum THz
yields, similar to that previously reported [17]. Note that the laser intensity of Gragossian’s experiment
(4 x 10" W/cm?) is about four times larger than the early one from Zhang [17]. Since the harmonic
chirp is related to the cut-off energy, the optimal phases of the 26th harmonic should be different under
the two different experimental conditions. Hence, further investigations may be required to clarify
whether and why THz and some specific order of HHG prefer the same dual-color phase.

If the gas jet is placed closer to the focus, as shown in Figure 4e, the long trajectory contribution
dominates for the low order harmonics (less than 30), while the short trajectory chirp appears
significantly at larger harmonics. Meanwhile, in the harmonic yield, as shown in Figure 4e as a function
of the relative two-color phase, a complex chirp can be seen due to the coexistence of the contributions
from the long and the short trajectories. Harmonic phase of the short trajectory contribution could be
balanced by the Gouy phase shift, the neutral gas dispersion, the dispersion of plasma (if the ionization
is significant) and the phase of the atomic dipole moment [60], to give a clear linear relationship. It is
interesting to investigate the spatially and spectrally resolved quantum paths of the long and short
trajectories of electrons from experiment and theory [61-65]. The joint measurement of HATS is
a supplementary to these results, which can use THz wave generation as a phase reference for the long
and short trajectories of electrons. Especially for the dual-color laser generation case, the propagation of
electron can be manipulated by the weak second harmonic, resulting in the simultaneous manipulation
of the long and short trajectory with THz emission as a reference.
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Figure 4. The modulations of high harmonics and THz yields with strong second harmonic (intensity
ratio about A% / A% = 0.1 (a,b)) and weak second harmonic (A% / A% = 0.005) (c—f)). The laser condition
of (c,d) is for phase-matching condition of the gas jet, while the gas jet is positioned closer to the focus of
the laser in (e,f). Reproduced with permission from [59]. Copyright Springer Nature Publishing, 2016.

If the driving laser has a cosine time-dependent shape, the last quarter period of electron dynamics
could be traced by the long trajectory of the recombined electrons [66]. As demonstrated in Refs. [62,65],
simultaneous observation and manipulation on the long and short trajectory of electrons could serve
as a supplement to the typical high harmonic detection with only the short trajectory contributions.
We suggest a combined detection of both the short and long trajectories as well as the dual-color
controlled HATS modulations to give deeper insights into on the dynamics of electrons in strong
laser fields.

When the intensity of the second harmonic is no more a perturbation, which occurs for example
at about 0.1 of the intensity of the fundamental field, modulations exhibit an out-of-phase relationship
between the yields of THz and different harmonics, as illustrated in Figure 4a,b. This could be
understood within the schema of the classical three-step process. For strong second harmonic laser
field condition, the modulations of even harmonics no longer originate from the perturbation action of
the electron trajectories. Intuitively, recombined electrons dominate the emission of high harmonics,
thus the amount of the escaping and forward-rescattered electrons decreases, leading to the reduction
of the electronic current for THz generation. As shown in Figure 5a and discussed in Ref. [67],
the phase for the maximal THz intensity varies when the gas jet is positioned around the laser focus.
Here, each subplot in Figure 5a labeled by the position of the gas jet is normalized to its absolute
value of the maximal THz amplitude under this specific gas jet position. Each spectrum along the
horizontal direction within each subplot indicates the THz waveforms under different relative phases
of the dual-color field when the gas jet is placed at the specific position relative to the laser focus.
The dual-color phase dependent THz yields allow the reconstruction of the Gouy phase, which comes
from the propagation of the focusing laser [68]. The Gouy phase shift also has an influence on the
optimal phases of HHG, which can be found in Figure 5b—d. Note that the relative phase in Figure 5
does not correspond to the value of the absolute phase between the fundamental and the second
harmonic pulse, while the absolute phase could be determined by the optimal phases of HATS (as
demonstrated in Section 2.1).

There exist two advantages in detecting the long and short trajectories of the electrons from
HATS. On the one hand, the phase shift caused by the focusing of laser, such as the Gouy phase shift,
could be eliminated straightforward when comparing to the dual-color relative phase dependent HATS,
as illustrated in Figure 4c,e. On the other hand, dynamics of electrons contributing to the long and
short trajectories for HHG could be revealed by the phase reference provided by the THz modulation,
because the classical trajectories can be mainly categorized according to their ionization times.
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Figure 5. (a) Normalized THz waveform as a function of the dual-color relative phase and the position
of gas jet. (b—d) The harmonic yields (with the background signals removed) as functions of the
dual-color relative phase and the position of gas jet relevant to the laser focus. For a clear visualization
of the intensity modulations of the even harmonics, the intensity at and beyond 3 x 10® photon
counts is represented by the same color scale. The solid (dashed) white lines indicate the short (long)
trajectory contributions.

3. HATS for Molecules

3.1. THz Reference for Molecular Photoionization

In this section, we introduce two examples of HATS applications for molecules. In general,
the arbitrary pointing direction of a molecule obstructs the direct observation of the angular structures
of molecular orbital. Thanks to the development of molecular non-adiabatic alignment techniques [69],
tomography of the highest occupied molecular orbital (HOMO) was demonstrated on nitrogen
molecule in 2004 [70]. Since then, high harmonics from aligned molecules are applied to image
the HOMO of carbon dioxide [71,72], the lower occupied molecular orbitals of nitrogen [46,73] and
carbon dioxide [49,74,75].

Based on the quantitative re-scattering (QRS) model on HHG, alignment-dependent HHG
from molecules can be viewed as the product of the alignment-dependent ionization rates and the
recombination matrix elements, while the recombination of electron and the subsequent emissions
of the harmonics is the inverse process of photoionization [76]. Therefore, high harmonics from
aligned molecules can be applied to deduce the molecular photoionization cross section (PICS).
However, previous research required the separated calculation or experiment on the angle-dependent
ionization of molecules. On the one hand, the ionization theories of molecules predict the wrong
angular dependence when comparing to the experimental observations, such as the molecular
strong field approximation (MO-SFA) [77] and the molecular Ammosov-Delone-Krainov (MO-ADK)
theory [78]. For nitrogen or oxygen, there is only discrepancy in the absolute size of the
angle-dependent ionization rates, while, for carbon dioxide, the calculated angle of peak ionization
appears at around 30 degrees aligned angle between the molecular axis and the driven laser field
polarization, but experimental results support the 45-degree alignment [79,80]. On the other hand,
the source density for harmonic emission is about 10’7 cm?, which is below the typical detection
limit of electrons or ions. This low density makes the joint measurement on high harmonics and
electrons/ions from aligned molecules a challenging task.
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Instead, THz wave generation from aligned molecules can be treated as a calibration of the angular
dependent ionization. According to the rescattering process discussed in Section 2.1, THz generation
is mainly caused by the directly escaping and the forward-rescattered electrons. This makes the
alignment dependent THz yield a suitable benchmark to calibrate the angular dependent ionization
of molecules. Alignment dependent THz yield of molecules is proportional to the square of angular
ionization probabilities [81]. Thus, by carrying out the joint detection of HATS from aligned molecules
and using the alignment dependent THz yields, the angular differential PICS could be retrieved [21,82].

The light path for HATS measurement on molecules is analogous to the one in Figure 2a, with
an additional beam for molecular alignment [21]. As shown in Figure 6, normalized modulations of
HATS are compared under different alignments. Note that the modulations are obtained from the
aligned yields subtracted by the random aligned yields, and then normalized to the maximum value
for the 21st harmonic and THz wave, respectively. There is a positive correlation between the THz
generation and the the 21st harmonic generation from nitrogen. It has been reported that there also
exists a positive correlation between the 23rd harmonic and the ions output of nitrogen [71], and the
pump-probe delay dependences of the harmonic yields from the 21st to 25th orders show similar
structures [83]. Therefore, since the pump—probe delay dependent modulations of the 21st harmonic
and the THz yields are positively correlated in Figure 6, we can conclude that there exists a positive
correlation between THz yields and ionization yields of N,. The alignment dependent THz result from
Y. You et al. is also consistent with this conclusion by analyzing the THz yields from laser-aligned
air [81]. More interestingly, when the aligned laser is linearly polarized at 50 degrees of the alignment
angle, the magnitude of the modulation of high harmonic decreases significantly. This specific angle is
called as the “magic angle”, indicating the combined effect of the evolution of the rotating wavepacket
and the angular harmonic yields [84].
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Figure 6. The modulations of the relative yields of the 21st harmonic (the blue solid lines) and the
THz (the red dashed lines) as functions of the time delay between aligning and generation pulses
with different aligned angles. The alignment angle is indicated in degrees at the top left corner of
each subplot.

HATS method provides an all-optical way in understanding the whole rescattering process from
molecules, avoiding an additional ionization experiment. The measured HATS from aligned molecules
is the coherent sum of the molecular frame angular emission yields S with a distribution of rotational
wave packet p [85,86]. It is hard to carry out coherent deconvolution to obtain the single molecular
response from the experimental results, which requires the fitting on both the amplitudes and the
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phases. Therefore, the incoherent summation method is used instead for the small molecules, such as
nitrogen and oxygen. By comparing the differences introduced by the coherently and incoherently
summation, the validity of the incoherent method was examined for nitrogen [82,87]. The incoherent
sum M of the molecular frame angular yields from all solid angles takes the form of [86]

27 T
M (2 tp) /0 dg/ /0 d0's(0,9) x p (¢, ¢'; 1p) sin @, )

where 6 (¢') is the polar (azimuthal) angle about the polarization axis of the aligning pulse, 8(¢) is the
corresponding angle in molecule frame, &’ represents the angle between the polarization directions of
the aligning and the generation pulses, S (6, ¢) is the angular yields of HATS in the molecular frame
and p (¢/, ¢';tp) is the angular distribution of the rational wave packet at fp. Note that the primed
and unprimed notations of the physical quantities indicate the laboratory frame and molecule frame,
respectively. Since the coordinate axis could be transformed from the molecular frame to the laboratory
frame [79], the angular yields S (6, ¢) could be rewritten as S (6', ¢’,a’). By using the incoherent
deconvolution method, the experimental results and the fittings of the 21st harmonic are shown in
Figure 7b,c, respectively.
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Figure 7. The reconstruction of the single molecular response: (a) the polar and azimuthal angles
about the polarization axis of the aligning and the generation pulses, as well as the corresponding
coordinate transformation; and (b,c) the experimental results and fittings of the relative amplitudes of
the 21st harmonic (the aligned yields divided by the random pointing yields), which are functions of
the aligned angles (#) and the time delay between the aligning and the generation pulses.

The alignment-dependent high harmonic yields in molecular frame Syyg (€, 6) can be expressed
by using the QRS theory [76,88]

Strg (Q,0) o« Q*W? (Q) opics (2, 0) N (6), 3)

where () is the harmonic frequency, W(Q) is the amplitude of the flux of the returning electrons,
opics(Q), 0) is the differential photoionization cross section of energy Q) under angle 6, and N(6) is
the angular ionization probability.

For the THz wave generated from the laser-aligned molecules, the alignment dependent THz
amplitude is proportional to the cycle-averaged electric current density Jr (6, t) [38,81,89],

Erig, (@) o CROD) oo 1y, ), @
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where v,;(6) represents the drift velocity of the electron released at t, and n(6, t) is the angle-dependent
ionization rates at t. It should be noted that the cycle average of n(0,t) is proportional to the
angle-dependent ionization probability N(8).

By replacing N(6) with the alignment dependent amplitude Er,(6), the angle-dependent
differential PICS can be written in the form of [82]

o Stnc (€2, 0) '

Sthz(6)

Since alignment dependent yields of HATS are obtained simultaneously, the angle-dependent
differential PICS can be tracked within one run of experiment in an all-optical way. For comparison,
the angle-dependent differential PICSs obtained from the HATS detection are presented with the
calculation results in Figure 8. When gradually increasing the momentum of the returning electrons
from the 21st to the 25th harmonics, the corresponding minimum angles of PICS also increase (green
arrows), which is caused by the antisymmetric p, orbital participation within the HOMO of nitrogen
molecule [90]. The experimental [21] and theoretical [88] angle-resolved PICSs are in good agreement,
indicating a promising potential application in revealing molecular structures.
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Figure 8. The normalized theoretical (dashed line) and experimental (solid line) angle-dependent
differential PICS of the 21st (a), 23rd (b), and 25th (c) harmonic orders as functions of alignment.
The green arrows indicate the angular minima for clarity. Reproduced with permission from [21].
Copyright APS Publishing, 2015.

3.2. The Alignment Dependent Electron Dynamics for HHG with THz Phase Reference

Phases for high harmonics are of importance in understanding the electron dynamics and
compressing the attosecond pulse (train). The techniques for characterizing the harmonics’ phases can
be generally classified as ex situ, where the attosecond pulse train photoionizes a target medium with
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an additional fundamental laser pulse, and in situ, where the measurement of phase takes place in the
medium in which the high harmonics are generated. These two approaches form a temporal gating of
detection or generation of high harmonics with an additional pulse, which are extensively reviewed in
Ref. [9].

The ex situ and in situ approaches have been proven equivalent in most cases for atoms [47],
but the in situ approach seems to show less dependence on the recombination phase [91]. For molecules,
ex situ detections on harmonics’ phases have been carried out by applying the reconstruction of
attosecond beating by interference of two-photon transition (RABBIT) technique [46,49] or generating
another high harmonic beam to form a Young’s type two-emitter interferometer [72]. Actually,
both the ex situ and the in situ approaches measure the derivative of the harmonic phase, not exactly
the phase itself [1]. This raises two problems before comparing the experimental results to the
theoretical calculations: (1) the absolute phases of different harmonics cannot be directly obtained from
measurements; and (2) the absolute phases of high harmonics from molecules cannot be determined
under different alignments. Therefore, several assumptions should be made in advance to give a
phase reference, for instance, the same values of the optimal phases of the 15th harmonic from Kr and
aligned CO, [49], the same values of the optimal phases of the 15th harmonic under all alignments
of Ny and laser intensities [46]. Applying an additional pulse to form an interferometer is a more
direct way to obtain both the amplitudes and phases of high harmonics from aligned molecules [72],
but it requires a quite precise control on the temporal and spatial overlapping of high harmonics from
two separated emission sources [92]. Since the dual-color laser scheme could be applied as the in situ
approach, these two problems can be solved easily by carrying out the HATS detection with the THz
phase reference.

Firstly, it is necessary to verify the robustness and validity of the THz phase reference when
applying the HATS measurements. Hard-collision electrons contribute to high harmonics could be
compared with the soft-collision electrons for THz generation, because these emissions are originating
from the same driving laser fields but with different birth times of the ionized electrons. Based on this
fact, dual-color relative phase dependent THz modulations could serve as a phase reference to calibrate
high harmonics, as demonstrated in Section 2.2. Motions of electrons can be viewed as propagation in
a combined field of the Coulomb field and the oscillating laser, therefore the robustness and validity of
this THz phase reference should be examined by varying the Coulomb potential and the laser fields,
respectively.

To show the Coulomb potential dependence on the optimal phases, different gas types are
compared in Figure 9. The results defy intuition that the optimal phases for THz output from atoms or
small molecules keep nearly unchanged. Meanwhile, experiments on random, aligned and anti-aligned
nitrogen molecules show nearly no difference on the optimal phases for THz output [82]. As discussed
in Section 2.1, laser-controlled motion of slow electrons for THz emission can be strongly distorted
by the Coulomb potential in the forward-rescattering process, but it seems counter-intuitive that this
distortion exhibits scarcely any dependence on the specific Coulomb fields from different gas types
or the molecular alignments. If the two-color fields are linearly polarized, the electronic motion is
mainly along the direction of laser polarization (with the transverse momentum distribution being
neglected). When varying the Coulomb potential, the forward-rescattered electrons should be affected
as observed by the holography of photoelectrons [93,94]. However, the experimental results in Figure 9
and Ref. [82] exhibit a trivial dependence on Coulomb potential. It should be noted that the trivial
dependence here does not mean the Coulomb potential is not important, but means the difference of
the optimal phases between different atoms or molecules is not significant. The possible reason for
the trivial dependence on gas types or molecular alignments could be attributed to the less spatial
resolution of the slow electrons for THz emissions because the de Broglie wavelength of electron with
1 THz kinetic energy is about 220 A, which is much larger than the typical size of atoms or molecules.

To examine the laser field dependence of the optimal phases of THz yield, the laser intensity
of the fundamental pulse (ranging from 0.8 x 10 to 1.8 x 10'* W/cm?) and the intensity ratios
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between the second harmonic and the fundamental pulse (ranging from 0.001 to 0.1) are varied [67].
The nearly unchanged value of the optimal phases indicates that the THz optimal phase is a robust
phase reference for the laser fields. Note that here the laser intensity variation is limited to make sure
that the tunneling ionization still dominates the ionization of electrons. Therefore, under the typical
experimental conditions for THz generation from the dual-color laser fields, the optimal phase of the
slow electron for THz emission will not change under different Coulomb potential or laser conditions,
which makes the modulation of THz yield a well-defined reference for the dual-color relative phase.
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Figure 9. The normalized THz yields as functions of the dual-color relative phase for xenon (blue),
carbon dioxide (red), nitrogen (orange) and argon (green) under the same experimental conditions
(laser intensity of the w and 2w is about 1.8 x 10'* W/cm? and 1.8 x 10'® W/cm?, respectively).
The optimal phases for THz outputs are highlighted by the black dashed lines. Vertical shifts are
applied on the baselines of different gas types to offer a more clear version.

Furthermore, HATS can help to investigate the participation of inner molecular orbital for HHG
from the aligned N by applying the THz phase reference. As illustrated in Figure 10, THz yield
modulations exhibit no significant dependence on the molecular alignment, making the THz optimal
phase a straightforward phase reference for different harmonics. By varying the aligned angle ®
and the dual-color relative phase, two-dimensional modulations of even harmonics from the 28th
to the 32nd harmonics can be traced with the THz phase reference. To give a better visualization
of the relative phase dependence, the modulations of each horizontal lines are normalized to their
maxima. For instance, the top horizontal line of the 28th harmonic yields is normalized to the
maximum value of the 28th harmonic under different dual-color relative phases with the parallel
alignment. Optimal phases for the 28th and the 30th harmonics are almost the same at different
aligned angles. However, for the 32nd harmonic, the optimal phases varies about 0.277 from parallel to
perpendicular alignment. The modulation of the 32nd harmonic is not as clear as the modulations of
the other harmonics, due to its proximity to the cutoff and its low intensity. The difference between
optimal phases for different alignments could be interpreted as the participation of the lower-lying
molecular orbital (i.e., the HOMO-1) at the cut off region of high harmonic spectrum. The HOMO
and HOMO-1 of N exhibit the 0, and 71, symmetries, respectively. Therefore, if the polarization
of the driving laser is parallel to the molecular axis, a strong dipole will be induced in the HOMO,
whereas no dipole is induced in the HOMO-1. If the driving laser is polarized perpendicular to
the molecular axis, the dipole for the HOMO will be weakened, whereas the HOMO-1 induced
dipole will be strengthened [73]. For harmonics at the cut off region, the HOMO-1 contribution may
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be strong especially when the N, molecule is aligned perpendicular to the generation laser pulses.
This may be the reason for the alignment dependent optimal phases for the 32nd harmonic. Meanwhile,
the optimal phases of THz yield can be determined as 0.87t due to the previous experiments on argon
and nitrogen [17,82]. With the help of this THz phase reference, the optimal phases for different
harmonics could be compared to the theoretical results directly. Nitrogen is not the only molecule
for multi-orbital effect and another case could be found on carbon dioxide by applying the HATS
method [95,96], which also exhibits the participation of the lower-lying molecular orbitals within the
harmonic emission process [72].
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Figure 10. The normalized yield of even harmonics from H28 to H32 as a function of the aligned angle
® and the dual-color relative phases with the THz phase reference for nitrogen. Experimental data are
normalized under each alignment of different harmonics and THz wave, respectively. The red arrows
help to find the phase variations of H32 from N, between the parallel and perpendicular alignments.

In brief, the combined measurement of HATS from aligned nitrogen reveals the absolute optimal
phases with the help of the THz reference, which would be hardly accessible with HHG or THz
spectroscopy alone. It may be sufficient to detect the harmonics’ relative phases by applying the ex situ
measurements. However, the absolute phase of high harmonics matters for compression of attosecond
pulse (train) [97], for which the in situ HATS approach could provide valuable information.

4. Prospective

4.1. HATS for Polar Molecules

The detection of HATS from gas has focused on atoms or non-polar molecules with relatively
simple structure and high degree of symmetry. However, in nature, many molecules exhibit polarity,
which makes a well-defined orientation a prerequisite to study their angle-dependent property. Due to
the inherent dipole moment, polar molecules are indeed the next potential targets for HATS detection
to investigate electron dynamics under strong laser fields.

The first concern is the effect of the inherent dipole moment on the emissions. The inherent dipole
moment of the polar molecule is predicted to introduce even harmonics under the interaction with
the fundamental laser solely, which is different from the typical dual-color scheme of adding a weak
second harmonic [98]. For the dual-color method, the symmetric motion of electrons is broken during
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the consecutive two half cycles of the laser field when a suitable dual-color relative phase is applied,
producing significant intensities of the even-order high harmonics and THz emissions. Therefore,
even harmonics are closely associated with the emission of THz wave when they are generated by the
common asymmetric electron dynamics, which underlies the HATS detection. The ionization rates
of polar molecules under different orientations are mainly determined by the spatial distribution of
the electronic wave function, which introduces additional asymmetry for the electrons released in the
directions parallel and anti-parallel to the dipole. Therefore, even only with a single color fundamental
laser, the oriented polar molecules can still generate the HATS [99,100]. Based on the discussions in
Section 3.1, the orientation dependent THz yields can also be applied to detect the angle-dependent
ionization of the polar molecules, or to reconstruct the angle-dependent differential PICS.

The second concern is the asymmetric Coulomb potential of polar molecules. The rescattering
dynamics of polar molecules has been shown theoretically to be different substantially from that
of homonuclear molecules, as reported in Refs. [101,102]. With the help of HATS technique,
the asymmetry of nuclei attraction and the electron dynamics on THz wave and high harmonics may be
identified, allowing more insights into the electron localization of polar molecules. The understanding
of polar molecules can also help push HATS into more complex matter, such as the polymer, cluster and
even the crystal.

4.2. HATS for Solid and Liquid Media

Recently, attention has been drawn to the strong field physics of matter in the solid and liquid
states, which might be more efficient emission sources. Rapid developments have been made on both
the technology and the understanding of the related physics [103-110]. The methods developed for
gas targets can also be applied to solid by borrowing the similar physical concepts and varying from
the nuclei-electron re-collision to the hole—electron re-collision [109]. This implies the possibility of
generalizing the HATS technique for solids, since HATS is rooted in the non-perturbative electron
dynamics driven by the strong laser field. Intuitively, the periodic potential for the ideal crystalline
solid can be described by the linear combination of the atomic orbitals (LCAQO), which shares a
similar way of treating the molecular orbitals in quantum chemistry [111]. At present, there exist
two mechanisms of the generation process of high harmonics from solid, namely the interband and
intraband transitions [104,112]. Recent observations on harmonic plateaus and cut-off law also suggest
new pictures of the underlying electron dynamics [107,113-116]. It is expected that the HATS for
crystalline solid can be applied to clarify the motion of electrons, because the detection of THz wave,
which is formed by the shifting current, may be a much more direct way to trace the electronic
movements than high harmonics. Furthermore, the phonon of crystal is located within the THz
frequency range [58], implying that both the electronic motions and the phonon properties can be
observed within one run of detection by using our HATS method.

It is also of great interest to detect HATS from liquid source, especially on water, because water
is the most common solution to matters with strong absorption of THz wave. Both HHG and THz
wave have been observed from liquid water successfully: HHG was investigated by the droplets of
water and THz wave was generated from thin water film [4,110]. In 1995, Thrane started the detection
of THz reflecting spectroscopy from water [117]. The interactions among alkalis, alkaline-earth ions
and water molecules exhibited a specific order, which was understood by the solution dynamics [118].
If HATS detection were applied to the water solution, the orientation and re-direction of the water
molecules might be traced on a subfemtosecond timescale. Another interesting topic is the hydrogen
bond of liquid. For instance, the interaction between the two molecules within one water dimer (H,O),,
is much stronger than the Van der Waals force, which implies the existence of hydrogen bond with
the typical energy at THz frequency range [119]. By applying the HATS method to study the ultrafast
processes in water, the hydrogen dynamics are expected to be revealed.
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Abbreviations

The following abbreviations are used in this manuscript:

THz

Terahertz

HHG High-order Harmonic Generation
HATS High-harmonic And Terahertz Spectroscopy

PICS

Photo-Ionization Cross Section

TDSE Time-Dependent Schrodinger Equation
CTMC Classical-Trajectory Monte Carlo

LES
SFA
QRS

Low Energy Structure
Strong Field Approximation
Quantitative Re-Scattering

HOMO  Highest Occupied Molecular Orbital
MO-SFA  MOlecular Strong Field Approximation
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