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Mixing the fundamental (w) and the second harmonic (2w) waves in the gas phase is a widely employed
technique for emitting terahertz (THz) pulses. The THz generation driven by bi-chromatic fields can be
described by the photocurrent model, where the THz generation is attributed to free electrons ionized

by the w field, and the 2w field provides a perturbation to break the symmetry of the asymptotic
momentum of free electrons. However, we find that the THz radiation is amplified by one order of
magnitude when driven by bi-focal bi-chromatic fields, which cannot be explained only using the
photocurrent model. Meanwhile, present measurements demonstrate that the THz radiation mainly
originates from the plasma created by the 2w pulses instead of the w pulses. Energy transfer from the
2w beam to the THz beam during the THz generation has been observed, validating the major
contribution of the 2w beam. Furthermore, the THz bandwidth has been observed to extensively
exceed the bandwidth of the pump pulse, not be explained by the photocurrent model as well. These
counterintuitive results present a significant challenge for understanding strong-field nonlinear optics

and simultaneously expanding various applications.

The demand for super-continuum terahertz (THz) pulses, capable of
encompassing a broader spectrum of fingerprint spectral lines associated
with rotational and vibrational resonance transitions, is significant in both
commercial and scientific applications of spectroscopic techniques. In
comparison to nonlinear optical crystals emitting narrow-band THz
pulses'~, mixing bi-chromatic strong laser fields in a gas-phase medium has
emerged as a popular alternative for generating high-intensity super-con-
tinuum THz pulses*”. The efficiency of optics-to-THz conversion generated
from ambient air plasma induced by bi-chromatic fields of 800 nm and
400 nm with a 35 fs pulse duration is approximately 0.01%", and the THz
bandwidth can be extended up to 40 THz’. To enhance the THz conversion
efficiency, a longer pump wavelength can be employed'’"", while a broader
THz bandwidth can be generated by a few-cycle pump pulse with broader
bandwidth'>"*.

The THz generation from bi-chromatic fields can be explained by the
photocurrent model. According to this model, the THz pulse generation
inside a plasma primarily results from the transient photocurrent of free
electrons induced by the femtosecond field"”*’. Several commonly accepted
perspectives can be derived from the photocurrent model: (1) free electrons
are predominantly generated through ionization by the high-strength w

pulse. The presence of the 2w pulse as a perturbative field creates a
symmetry-broken laser field, thereby introducing an asymptotic momen-
tum of the free electrons. This asymptotic photocurrent ultimately leads to
THz radiation® . (2) The bandwidth of the THz radiation is directly
proportional to the bandwidth of the pump pulse and inversely proportional
to the duration of the pump pulse™.

In our previous study, we reported a bi-focal geometry involving two
cascading plasmas, which revealed enhanced THz radiation with a band-
width of up to 100 THz and a conversion efficiency of ~0.1%. This phe-
nomenon challenges the common-sense cognition that generating high-
intensity super-continuum THz radiation requires pump pulses of longer
wavelengths and wider bandwidths, as suggested by the photocurrent
model. In this article, our aim is to exert experimental control over THz
generation through the temporal-spatial manipulation of bi-focal bi-chro-
matic fields, thereby attempting to explain this counter-intuitive experi-
mental phenomenon. Compared to our previous paper, this paper
introduces temporal manipulation of the bi-chromatic pulses. It demon-
strates that THz strength can be enhanced by 13 times when the two cas-
cading foci are displaced compared to when they are overlapped.
Meanwhile, we analyze firstly the relationship between the THz and 2w
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spectra, observing the energy transfer between them. Furthermore, we
measure the spatial location of the THz emission along the plasma filaments
and discover that the THz radiation primarily emits from the 2w plasma
filament. As well, the dependence of the THz intensity on the laser intensity
is investigated. These counterintuitive experimental results cannot be
explained solely by relying on the photocurrent model. The present
experimental findings, explored across multiple dimensions, pose sig-
nificant challenges for theoretical investigations.

Methods

In the experiment, we conducted joint measurements between THz gen-
eration and third-order harmonic (TH) generation when linearly polarized
bi-chromatic fields are parallelly aligned. The experimental setup is depicted
in Fig. 1. A Ti:sapphire femtosecond amplification laser system delivers 40 fs
(full width at half maximum (FWHM)) light pulses centered at w = 810 nm
with a maximal pulse energy of 1.7 mJ. The 2w pulse is produced by the w
pulse after passing through a $-barium borate (BBO) crystal with a thickness
of 200 ym and type-I phase-matching condition. This process yields an up-
conversion efficiency of ~ 30%. Subsequently, the w — 2w fields are split by a
dichroic mirror (DM2) into two arms of a Mach—Zehnder interferometer.
In this setup, the time delay, relative orientation of polarization, and focus
conditions of w — 2w fields can be controlled, respectively. To suppress
phase jitter between the w—2w beams, an actively stabilized
Mach-Zehnder interferometer is employed. This stabilization is achieved by
introducing a continuous green laser (532 nm) that co-propagates with the
w — 2w beams and generates interference. The interference fringes are
monitored by a CCD camera, serving as a feedback signal. Real-time sta-
bilization is facilitated by a mirror mounted on a piezo actuator that pro-
vides continuous feedback to maintain stable interference fringes. Upon
stabilization, the relative phase fluctuation in the system remains below
0.0271. After passing through the actively stabilized Mach-Zehnder inter-
ferometer, the w — 2w beams are combined by another dichroic mirror
(DM3) to induce gas plasma ionization.

The spatial manipulation of w — 2w pulses can be achieved by placing
two lenses with a focal length of 100 mm (lensl, lens2) in each arm of the
Mach-Zehnder interferometer. The lens for the 2w pulse is mounted on a
translation stage (Stage2), facilitating the fine-tuning of the spatial separa-
tion (d) between the foci of w — 2w beams. The temporal separation (7) of
bi-chromatic pulses can be practically controlled through two methods,
including fine-tuning with sub-femtosecond accuracy and coarse-tuning

Chopper DM1

810 nm
40 fs

Fig. 1| Schematic diagram of THz amplification. The TH radiation is recorded by a
spectrometer. The intensity and spectra of THz can be detected using the pyro-

electric detector and a home-built Fourier transform spectrometer system. DM1-3
dichroic mirror, BBO type-I 3-barium borate crystal, Stagel-2 translation stage, 1/2

with femtosecond accuracy. In the fine-tuning method, 7 can be adjusted by
introducing different co-propagating optical pathways for w — 2w beams
due to the difference in refractive indices between the two pulses in the air. In
addition, 7 can also be coarsely changed by moving the piezo actuator in one
arm of the interferometer.

The non-collinear propagation, resulting from the beam splitting and
recombination of the bi-chromatic beams, disrupts the conical spatial dis-
tribution of the THz beam profile emitted along the forward direction. To
address this misalignment issue, the THz beam profile is detected using a
THz camera. In Supplementary Note 1, the THz beam profiles are presented
to showcase the successful collimation of the bi-chromatic beams at d=0
mm, d =1 mm, and d = 2 mm, respectively.

In the detection setup, the w pulse and 2w pulse after focusing as well as
the generated TH, are reflected by a polished silicon wafer and dispersed by a
prism. The w and 2w beams are blocked by an iris serving as a spatial filter,
allowing only the TH to couple into the fiber optic spectrometer (Thorlabs
CCS200). The w and 2w spectra are measured in the same manner. Sub-
sequently, the transmitted THz is collimated and focused by two off-axis
parabolic mirrors (OPM1, OPM2, 100 mm focal length) and detected by a
pyroelectric detector (PED, THZ9B-BL Gentec-EO). In the experimental
setup, two 45-degree undoped silicon wafers are used. One silicon wafer is
located between DM3 and OPM1 to filter out the residual laser, with a THz
transmission efficiency of ~70%. The other silicon wafer is located between
OPM1 and M3 to reflect the THz radiation, with a THz reflection efficiency
of ~30%. These two silicon wafers result in an overall THz propagation
efficiency of ~20%. During the measurement, the intensities of THzand TH
can be jointly recorded as a function of d and 7 of w — 2w pulses.

The THz spectra are measured using a Fourier transform spectrometer
based on the principle of a Michelson interferometer equipped with a 2 ym
thick pellicle beam splitter (BS) and two THz mirrors (M1, M2). The THz
waves passing through the Michelson interferometer are focused by an off-
axis parabolic mirror (OPM3, 100 mm focal length) and detected by a
pyroelectric detector. The Fourier transform spectrometer exhibits a flat
response function above 15 THz. The THz spectra below 15 THz are not
sufficiently accurate, which is attributed to the non-flat frequency response
of PEDs. We obtain the low-frequency THz spectra vs d through electro-
optical sampling, as demonstrated in Supplementary Note 6. Wavelength
calibration is conducted using an optical parametric amplifier with precisely
defined wavelengths. Further details of the calibration process are presented
in Supplementary Note 2.
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half-wave plate, CCD CMOS camera detector, Piezo piezo stage, Si silicon wafer,
OPM1-3 oft-axis parabolic mirror, BS pellicle beam splitter, M1-3 THz mirror, PED
pyroelectric detector.

Communications Physics| (2024)7:408


www.nature.com/commsphys

https://doi.org/10.1038/s42005-024-01893-2

Article

Results and discussion

THz waves and TH amplification via temporal-spatial
manipulation

Figure 2a depicts the TH intensity I'ty(d, 7) vs temporal-spatial manipula-
tion and the calibration of the zero delays of w — 2w pulses. Experimentally,
we also determine zero time delay by some experimental phenomena: (i) the
fluorescence strength of the 2w plasma filament suddenly decreases at
7=0fs. (i) Significant interference fringe is observed in the super-
continuum spectra generated by the w and 2w plasmas at 7=01fs. When
referring to 7> 0 fs, it indicates that the 2w pulse temporally precedes the w
pulse. For d >0 mm, it means that the plasma induced by the 2w pulse is
spatially located past the plasma induced by the w pulse along the laser
propagation direction. The 7 corresponding to the maximum TH yield is
defined as the zero delay. I'ty,(7) and Ity(7) with sub-femtosecond time
delay, as well as the determination of the zero delays for the bi-chromatic
fields specifically are provided in Supplementary Note 3. Iy,(7) and Ity(7)
exhibit anti-correlated behavior as a function of sub-femtosecond time
delay, consistent with the previous measurements™*.

In Fig. 2b, the distribution of THz intensity I'ty,(d, 7) presents a lobe
landscape in the dimensions of spatial d and temporal 7 separations.
Experimental THz intensity I'ry,(d, 7) very sensitively depends on changes
of d and 7, where a maximum distribution illuminates at certain d and 7
values. It reveals two counter-intuitive features that warrant attention: (i) in
the temporal dimension as shown in Fig. 2¢, the maximum THz generation
appears when the bi-chromatic pulses are temporally separated. By scan-
ning the time delay with femtosecond accuracy, we note that Iy, is
insensitive vs 7 at d = 0 mm, where a broad distribution at about 7=~ —25 fs
and 100 fs is observed. However, peaked maxima of Iy,(7) at increasing
time delays 7 is more and more pronounced as d increases and optimally
Iy, with a 13 times high is achieved in Fig. 2cat d = 2.5 mm and 7= 58 fs in
comparison to that at =0 mm and 7= 0 fs. The THz power generated by
the bi-chromatic fields reaches ~1.4 mW. (ii) In the spatial dimension as
shown in Fig. 2d, efficient optimization of THz generation occurs when the
foci of bi-chromatic beams are noticeably separated. The maximum Ityy,
does not occur at d=0mm, and Iy, is more efficient when d >0 mm
compared to d <0 mm. The analogy to the THz intensity dependence of
two-pulse time delays shown in Fig. 2¢, peaked maximum distributions
Ity,(d) shift to larger spatial separation d as 7 increases.

These findings contrast with conventional expectations, where one
would anticipate the THz yield to be optimized when the foci of the w — 2w
beams are spatially and temporally overlapped. These observations are
counter to the common expectation that the temporal and spatial overlapping
of the bi-chromatic pulses would be a prerequisite for the most efficient THz
generation and the w laser is mainly responsible for the THz generation.

According to the conventional understanding, both TH and THz radiation
can be attributed to the Brunel radiation mechanism within the framework of
the single-electron approximation'”*****, For the case of present two-foci
cascading plasma in time and in space, the most likely scenarios are as follows:
The 2w plasma filament plays a dominating role in THz generation (see the
“Spectral measurements of Bi-chromatic pulses” subsection in the “Results
and discussion”), where two color lasers are still prerequisites for highly
efficient THz generation and the w laser provides field modulation resulting
in the symmetry breaking of a combined 2w — w field. To a large extent
presents a two-foci cascading plasma configuration, where 2w travels ahead in
time and is focused ahead in space considering laser propagation direction,
enabling to avoid THz absorption by the w created plasma. Furthermore, in
qualitative analysis, the broadening of the 2w spectra is likely due to nonlinear
effects and dispersion during laser propagation, resulting in pulse self-
compression. Simultaneously, the plasma dispersion may also cause an
additional delay in the pulses, which can be compensated by the delay
introduced in the Mach-Zehnder interferometer.

Theoretical calculations™ on the spatial modulation of bifocal field
attributed to plasma absorption. In the present spatial geometry of two-foci,
the w laser field at the focus spot of 2w laser is relatively stronger only if
7> 0 fs in comparison to 7 < 0 fs. That is to say that the optimal magnitudes
of temporal and spatial separations for the highest THz emission will also be
affected by laser profiles like intensity and pulse duration etc.

Spectral measurements of Bi-chromatic pulses

To gain insight into the origin of the enhancement of THz waves in the
temporal-spatial manipulation of bi-chromatic fields, we measured the
spectra of the bi-chromatic fields after focusing and the THz spectra emitted
by the bi-chromatic fields at different d, which are shown in Fig. 3. The w
spectra vs d are presented in Fig. 3a, and we do not observe any shift in the
spectra after focusing. Furthermore, Fig. 3a suggests that the full width at
half maximum (FWHM) of the w spectrum (~25 nm), reasonably supports
a Fourier-transform-limited pulse with a pulse duration of ~40 fs. Con-
versely, the red arrow in Fig. 3b indicates that the intensity of the 2w spectra
increases with d, along with a broadening on the red side of the 2w spectra
from d = 0 mm to d = 3 mm. The 2w spectrum at large negative d in Fig. 3b
can be considered as the original 2w spectrum. The original 2w spectrum is
presented in Supplementary Note 7. According to the original 2w spectrum
of ~3 nm in FWHM, the pulse duration of the 2w pulse is estimated to be
~80fs. It's worth noting that non-zero frequency detuning may occur
naturally during the propagation of strong-field pulses. For example, the
frequency shift due to plasma is a blue shift, and the Kerr effect is a red shift
at the leading edge of the intensity”*”. The w and 2w spectra are depicted as a
function of d, illustrating that the w pulse serves solely as a perturbation
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Fig. 2 | Temporal and spatial modulation of THz waves and TH generation under
bi-chromatic fields. a Measured TH intensity I1y(d, ) vs the d and 7. b The dis-
tribution of THz intensity Ity,(d, 7) as a function of d and 7. ¢ The THz intensities
Itn,(7) projected from (b) at d = 0 mm (red dashed line), d = 1.5 mm (green dash

dotted line), and d = 2.5 mm (blue solid line), respectively. d The THz intensities
Ity,(d) projected from (b) at 7= 0 fs (yellow circles), 7= 30 fs (cyan diamonds), and
7=>58 fs (magenta right triangles), respectively.
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Fig. 3 | The normalized spectra of w, 2w, and THz pulses at 7= 0 fs. a The
normalized spectra of w emitted from plasma filament vs d. b The normalized
spectra of 2w emitted from plasma filament vs d, where the red arrow indicates the
redshift of 2w spectra. The color bar in panel (b) refers also to panel (a). ¢ The THz
spectra for d =0 mm, d = 0.75 mm, d = 1.5 mm, and d = 2 mm, respectively, where
the red arrow indicates the blue shift of THz spectra.
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Fig. 4 | The spatial location of THz emission on the plasma filament.
a Measurement schematic of the spatial location of THz emission along the plasma
filament. An iris with an aperture diameter of 0.5 mm is moved along the laser
propagation axis, aligning with the plasma filament (depicted in red) passing
through the aperture. As the iris is positioned, it effectively blocks the THz beam
(depicted in green) emitted from the plasma filament on the left side of the iris. b THz
intensity Iry,(l), measured with the PED as a function of the iris position / is shown
as blue circles. ¢ As the iris moves, THz spectra are measured for emissions origi-
nating from the plasma filament on the right side of the iris. d Snapshot of the
fluorescence obtained by the CCD camera at d = 2 mm and 7 =0 fs. The diameter of
the plasma filament is ~0.45 mm. We label the positions of the plasma filaments
generated by w and 2w pulses using w and 2w.

during the THz generation process, It is observed that laser nonlinear
propagation has a greater impact on the 2w pulse compared to the w pulse.

Furthermore, from the results of THz spectra vs d in Fig. 3¢, it can be
observed that the peak of THz spectra shifts from 20 THz to 45 THz as d
increases from 0 mm to 2 mm, as depicted by the red arrow. This blue shift is
accompanied by a broadening of the THz spectra bandwidth by a factor of 6
compared to the w spectra bandwidth. The red shift of the 2w spectra and the
blue shift of the THz spectra demonstrate the energy transfer from the 2w
beam to the THz beam in the THz generation process. Whether based on the
four-wave-mixing (FWM) process (w+ w —2w) or the photocurrent
model, it is indicated that the broadening of 2w spectra on the red side,
driven by bi-chromatic laser fields, leads to a shift of the radiated THz pulses
towards the high-frequency side’””. Our experimental results are consistent
with the theoretical description.

Spatial location of THz radiation
We conducted investigations on THz emission from various segments of the
plasma filament, enabling us to pinpoint the spatial location of THz
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Fig. 5 | Intensity-dependent calibration of THz yield. a THz intensity Ity, (THz
power accounting for attenuation by two Si wafers), measured with PED, is pre-
sented as a function of the w pulse energy I,,, while keeping the 2w pulse energy L,
constant at 0.42 mJ. b The I'ty, is depicted as a function of I, with the I, set at
0.92 mJ. The red triangles represent Ity vs I, and I, at d = 0 mm and the blue
circles represent Iy, vs I, and I, at d = 2 mm, they correspond to the red and blue
scales, respectively. The red solid line represents the fitting result of Iy, vs I, and I,
at d =0 mm.

emission along the plasma filament, and gain valuable insights into the
underlying mechanism driving THz amplification. The experimental
schematic is shown in Fig. 4a. An iris with an aperture diameter of 0.5 mm,
concentric with the plasma filament, is moved along the propagation axis of
the bi-chromatic beams. The efficacy of a 0.5 mm aperture iris in isolating
THz emissions is calculated in Supplementary Note 1, which indicates that
the THz radiation emitted by plasma segments that are more than 0.75 mm
away from the aperture can be totally blocked. The THz radiation emitted by
plasma segments that are less than 0.75 mm away from the aperture partially
passes through the aperture. Moreover, the aperture diameter is set at
0.5 mm, which is attributed to the plasma diameter of ~0.45 mm, as illu-
strated in Fig. 4d. A 0.5 mm aperture is chosen to ensure that the propa-
gation of the plasma filament is not disturbed. A smaller aperture will cut the
plasma filament. In Fig. 4, the plasma filament generated by the bi-
chromatic fields is fixed in both spatial and temporal dimensions at
d=2mm and 7=0fs. The plasma fluorescence image is presented
in Fig. 4d.

The THz intensity Ity,(]) as a function of iris position /is illustrated in
Fig. 4b, where [ = 0 mm is defined as the starting position of measurement.
When the iris is positioned at the location of the plasma filament generated
by the w pulse, the detected THz intensity remains constant vs . However, a
sudden decrease in THz intensity is observed when blocking the THz
emission from the 2w plasma filament, implying that the majority of THz
pulses are generated from the 2w plasma filament rather than the w plasma
filament. Generally, the photocurrent model indicates that the w plasma
filament is more likely to emit THz due to its higher intensity compared to
the 2w pulse. However, the surprising experimental finding indicates that
THz generation is actually from the 2w plasma filament with lower electron
density. This difference between theory and experimental observations
highlights the necessity for a deeper investigation into the mechanisms
underlying THz generation in w and 2w plasma filaments. Here, we consider
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that the w pulse plays an assisting role in the THz radiation process, and the
propagation of the 2w pulse is altered at the 2w focus due to certain non-
linear effects, which in turn radiates THz pulses at the 2w plasma
position’**, Meanwhile, the THz spectra as a function of ! are measured
using a Fourier transform spectrometer while translating the iris position /,
and the results are illustrated in Fig. 4c. Employing the differential approach,
the spectral distribution radiated from different segments of the plasma
filament is presented in Supplementary Note 4. The high-frequency com-
ponents of THz waves predominantly originate from the 2w plasma fila-
ment, particularly the end of the 2w plasma filament.

Intensity-dependent calibration
Since our experimental arrangement permits us to adjust the energy of w
and 2w beams individually, direct measurements of the emitted THz
intensity Iy, vs I, at d =0 mm and d = 2 mm, respectively, as depicted in
Fig. 5a. We also demonstrate the dependency of Iy, on I, at d = 0 mm and
d =2 mm, respectively, as shown in Fig. 5b. During the measurement, the
energy of one beam is fixed while the energy of the other beam is changed.
Typically, in the case of bifocal overlap (d=0mm) was reported
previously”™": Eqy, o E, E, 2. Since the THz intensity is proportional to
the square of the THz electric field, i.e. Iy, & Eqy,?, Etyg, o Ea,E,> can
be rewritten as:

ITHZ O(IZwIwZ' (1)
The red solid line in Fig. 5a, b represents the fitted results of Ity, vs I, and
L, respectively. These results are obtained from Eq. (1) combined with
experimental data. This analysis corresponds to the case where d =0 mm.
As predicted by the theory, the emitted Ity is proportional to the square of
I, (as observed in Fig. 5a) and to I, above the ionization threshold (as
observed in Fig. 5b). The observed dependence of Iy, on I, and L, at
d=0mm is consistent with the conventional results.

Simultaneously, we measured the Ity, vs I, and I, at d=2mm,
respectively. The results demonstrate that Ity is proportional to the square
of the I, at d=2mm, which is consistent with the trend observed at
d =0 mm. However, the relationship between Ity, and L, shows a rapid
increase followed by a slow increase, deviating from the trend at d = 0 mm.
To confirm that this phenomenon is not exclusive to high laser intensities,
we decreased the w and 2w laser intensity to explore the relationship
between THz intensity and laser intensity. The observation reveals that the
phenomenon persists under lower laser intensity (for more details, see
Supplementary Note 5). Thus, another solid piece of evidence is provided
here that the increase in THz intensity at d = 2 mm is due to the influence of
the 2w pulse.

Based on the aforementioned observations, it can be concluded that 2w
pulse plays a crucial role in both the enhancement and broadening of THz
waves. An attempt was made to simulate the experiment using 3D propa-
gation equations””’; however, a comprehensive elucidation of the experi-
mental results cannot be achieved at present. We hypothesize that the four-
wave mixing of w and 2w frequency components in both air and plasma is
not accurately reproduced in the simulation. The presence of numerous
nonlinear channels generating new frequency components, corresponding
to nonlinear coefficients such as y (2w: 2w, —w, w), y 2w: 2w, —2w, 2w), etc.,
in the air and plasma mixture complicates the precise determination of these
nonlinear coefficients. As a result, a more thorough theoretical explanation
is needed.

Conclusion

In conclusion, our measurements reveal that THz generation is significantly
optimized through the temporal-spatial manipulation of bi-chromatic
fields. This optimization occurs when the two cascading foci are displaced,
and temporal separation of the bi-chromatic pulses is introduced. By
employing temporal and spatial modulation of the bi-focal bi-chromatic
fields, the Iy, is amplified by a factor of 13 compared to the conventional bi-
chromatic THz generation, while the bandwidth of THz extends 6 times

beyond the pump light bandwidth. Meanwhile, detailed experiments have
revealed counterintuitive phenomena: (1) photon energy transfer from the
2w beam to the THz beam is elucidated through 2w and THz spectral
correlation measurements; (2) the measurements of the location of THz
emission from the plasma filament have revealed that the THz pulse ori-
ginates from the 2w plasma filament rather than the higher-electron-density
w plasma filament; and (3) the investigation of the THz intensity depen-
dence on the laser intensity reveals that when the two foci are pulled apart
(d =2 mm), the dependence between Iy, and I, clearly goes beyond the
conventional scaling relationship. These multi-perspective observations,
which cannot be solely explained by the conventional photocurrent model,
call for further theoretical investigations to offer comprehensive explana-
tions and demonstrate potential applications in spectroscopic research.

Data availability
Data underlying the results presented in this paper are not publicly available
at this time but can be obtained from the authors upon reasonable request.
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