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Liquid water excited by intense two-color laser pulses radiates electromagnetic waves at terahertz

frequencies. Compared with one-color excitation, two-orders of magnitude enhanced terahertz

energy are observed by using asymmetric optical excitation with the same total excitation pulse

energy and focusing geometry. Modulation of the terahertz field is achieved via the coherent con-

trol approach. We find that modulated and unmodulated terahertz energies have, respectively, qua-

dratic and linear dependence on the laser pulse energy. This work, as part of terahertz aqueous

photonics, paves an alternative way of studying laser-liquid interactions and developing intense ter-

ahertz sources. Published by AIP Publishing. https://doi.org/10.1063/1.5064644

Terahertz (THz) wave generation through the tunnel

ionization process in gases induced by two-color (fundamen-

tal frequency x and its second-harmonic 2x) femtosecond

laser pulses1 is a significant milestone in the THz community

due to its impressive intensity, remarkably broad bandwidth,

and applications in nonlinear interactions and THz spectros-

copy.2–5 The THz wave generation process and coherent

control in the two-color case have been explained by a four-

wave mixing model,1,6 a transient photocurrent model,7–9 or

a full quantum model.10 The transient photocurrent model

will be used in this paper for the following discussions. In

this model, a net photocurrent produced by asymmetric opti-

cal fields through the photoionization radiates THz waves.

Compared with THz wave generation from gas plasmas

induced by one-color (x) laser pulses, the asymmetric elec-

tron motion introduced by the two-color laser fields leads to

a net dipole moment and hence much stronger THz emission.

By changing the relative phase u between x and 2x pulses,

modulation of THz electric fields generated from air plasmas

has been achieved.6,11–13 The dependence of THz yield upon

the relative phase u in the case of gas plasma has already

been investigated in Refs. 7–13.

Recently, liquids have been demonstrated as sources for

THz waves by focusing sub-picosecond one-color (800 nm)

laser pulses into a thin water film14 or femtosecond laser

pulses into a cuvette filled with target liquids.15 The THz

wave generation from liquids offers an opportunity for

detailed investigations into laser-liquid interactions and THz

spectroscopy. These works also indicate that the laser-

induced breakdown and plasma behaviors in liquid materials

play a critical role in the THz wave generation process.

Thus, stronger THz emission and its modulation are expected

by using the asymmetric excitation scheme in liquid water.

Manipulation of strong THz emission would have widespread

applications in different research fields, such as THz nonlinear

optics16,17 and electron acceleration.18,19

In this work, THz wave generation from a thin water

film under two-color laser excitation is investigated. The

schematic diagram of the experimental setup is shown in

Fig. 1. A femtosecond amplified laser with a central wave-

length of 800 nm and a repetition rate of 1 kHz is used.

Unless otherwise stated, the laser pulse duration used in the

experiment is 50 fs. A type-I Beta Barium Borate (b-BBO)

crystal is used for the generation of 2x pulses through

frequency-doubling, and an in-line phase compensator (PC)

is applied to accurately control the relative phase between

x and 2x pulses by changing the mechanical insertion of

one of the fused silica wedges.11 The energy of 2x pulses is

about 10% of the entire excitation laser energy. Both x and

2x pulses are vertically polarized after they pass through the

PC. Subsequently, x and 2x laser pulses are co-focused into

FIG. 1. Schematic diagram of the experimental setup. A phase compensator

(PC) is applied to control the relative phase between x and 2x pulses.

DWP, dual-wavelength wave plate. PM, parabolic mirror with an effective

focal length of 1-in.
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a 120-lm thick water film by a 1-in. effective focal length

parabolic mirror to generate THz waves. The focal point of

the laser beam is set to be close to the center of the water

film. A liquid jet is employed to obtain the water film. A

high-resistivity silicon wafer is used as the filter to block the

residual laser beams while allowing the THz waves to pass

through. The THz electric field is detected by a 3-mm thick,

h110i-cut ZnTe crystal through electro-optical sampling

(EOS).20 Also, the corresponding THz energy is measured

by a commercially available Golay cell with a combination

of different filters that eventually blocked all the high-

frequency components. The angle of incidence on the water

film is optimized to be 61�.
Remarkably, the THz electric field generated from the

two-color excitation scheme is about 10-times stronger than

that from the one-color excitation scheme at the laser pulse

duration of 50 fs, as shown in Fig. 2(a). The one-order of

magnitude increased THz field indicates that two-orders of

magnitude enhanced THz energy are achieved. The corre-

sponding spectra are shown in Fig. 2(b). It is noteworthy that

the enhancement of the THz electric field with the asymmet-

ric excitation scheme in water may not be as high as that in

air. This could arise from the fact that a short laser pulse

duration works well for the case in air, but a longer pulse

duration is favored in the ionization process in liquid water,

where cascade ionization dominates.14,21,22

Comparatively, experimental results in the case of a lon-

ger laser pulse duration (300 fs), which is obtained by chirp-

ing the original 50 fs pulse, are shown in Figs. 2(c) and 2(d).

The scales of the vertical axis in Figs. 2(a) and 2(c) are the

same. Compared to the one-color case, the two-color excita-

tion scheme provides 11% enhanced THz electric field when

the pulse duration is 300 fs. Such a reduced enhancement

rate may be caused by multiple effects. For example, the x
and 2x pulses may have uneven chirps, which reduces the

asymmetry of the ionized electron motion and finally

decreases the overall generation efficiency of THz waves.

The lower enhancement with a longer pulse duration can

also result from the significant drop in second-harmonic gen-

eration efficiency as the pulse duration increases. In the

experiment, the energy of 2x pulse decreases by more than

60% when the pulse duration increases from 50 fs to 300 fs.

The enhancement of THz wave radiation with an asym-

metric excitation scheme has previously been observed when

air plasmas act as the THz source.6 The electrons ionized

from water molecules are regarded as quasi-free electrons,22

and therefore the THz wave generation process in water

resembles this process in air. Phenomenologically, the tran-

sient photocurrent model can be used to explain the genera-

tion process in water and would predict the modulation of

THz fields generated from a water film as well, which is

experimentally confirmed, as shown in Fig. 3. Specifically,

Fig. 3(a) shows that the polarity of the THz electric field

is completely flipped over by changing the relative phase u
by p. The THz waveforms are measured by EOS. The inset

of Fig. 3(a) plots the THz field as a function of optical phase

delay between x and 2x pulses, which indicates that the

FIG. 2. Comparison of THz waves generated from a 120-lm thick water

film with one-color and two-color excitation schemes. (a) and (b)

Comparison in the case of a short optical pulse duration (50 fs) in the time

domain and frequency domain, respectively. (c) and (d) Comparison in the

case of a long optical pulse duration (300 fs) in the time domain and fre-

quency domain, respectively. Unified normalization ratios are labeled.

FIG. 3. Modulation of THz wave generation from a water film. (a)

Comparison of THz waveforms obtained when the relative phase between x
and 2x pulses is changed by p through the change of the insertion of one of

the wedges in the phase compensator. Inset: THz electric field as a function

of the phase delay between x and 2x pulses. (b) An overall phase scan for

THz wave radiation from the water film obtained by gradually changing the

phase between x and 2x pulses while monitoring the THz energy by using a

Golay cell. The range of the phase delay is limited by the full length of the

wedge.
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polarity of the THz electric field is gradually changed with

the optical phase delay. Moreover, an overall phase scan for

THz wave emission from the water film is obtained by grad-

ually adjusting the phase between x and 2x pulses at an

attosecond-level accuracy while monitoring the THz energy

with a Golay cell, as shown in Fig. 3(b). The noise floor is

also shown in the figure. The modulated portion shows the

phase modulation while the unmodulated portion remains

blank at the bottom of the figure. By comparing the energy

levels in the figure, the modulated and unmodulated compo-

nents are estimated to be 70% and 30%, respectively. It is

notable that similar modulation can be achieved with a lon-

ger optical pulse duration (300 fs) as well.

The modulated and unmodulated THz waves relate to

different generation processes in the plasma. For further

study, we measured the corresponding THz energy as a func-

tion of the excitation laser pulse energy. Figure 4 plots the

THz energy as a function of the total excitation pulse (x and

2x) energy. The unmodulated THz energy (red circles)

shows a linear dependence on the laser pulse energy. For the

modulated THz energy (blue dots), the modulation does not

appear until the excitation pulse energy is beyond 200 lJ.

Subsequently, the measurement matches a quadratic fitting

above the threshold. In addition, the energy dependence

measured from EOS (blue squares) is coincident with the

modulated result from the Golay cell.

Similar to the case in air, the modulated THz energy

mainly comes from electron acceleration7–9 in the transient

photocurrent model, while in the full quantum model, the

modulated THz radiation may also result from the buildup of

bremsstrahlung from electron-atom collisions.10 In contrast,

the unmodulated THz energy may arise from multiple physi-

cal processes. For instance, a spatial net charge distribution

created by the ponderomotive force radiates THz waves.23

Since no threshold is observed for the unmodulated portion,

the THz wave emission can be attributed to part of the broad-

band radiation from the combination of thermal bremsstrahlung

from electrons and electron-ion recombination.24 Moreover,

the energy dependence in Fig. 4 indicates that the ratio of the

modulated THz energy to unmodulated THz energy

increases with the laser pulse energy. The unmodulated com-

ponent is stronger with weak excitation pulses while the

modulated component will dominate if intense laser pulses

are used.

In consideration of the fact that the liquid source can

quickly replenish itself due to its fluidity, the THz wave

emission can be dramatically scaled up by increasing the

excitation laser energy, which reveals liquid water’s potenti-

ality to emit intense THz waves. Although no saturation

occurs in Fig. 4 when the laser pulse energy is up to 450 lJ,

it is worth mentioning that the saturation should be observed

when the excitation energy is sufficiently high. The mea-

sured THz electric field strength is estimated as 1.1 kV/cm

when the excitation laser pulse energy is 450 lJ. Realistically,

the measured value is much weaker than the generated THz

radiation due to the absorption of the water film itself and total

internal reflection on the water-air boundary, etc.

When the optical beam is focused into the water film, it

will also possibly create air plasmas located close to the air-

water interface and water-air interface. Thus, discussions are

necessary to address the contributions from those air plas-

mas. Actually, an experiment in Ref. 14 has already been

carried out to ensure that THz waves generated with this

focusing geometry are primarily from the plasmas located

inside the water film. In this experiment, the focusing geom-

etry is the same as that used in Ref. 14. The maximum exci-

tation laser pulse energy 450 lJ is similar to that (400 lJ)

used in Ref. 14. Moreover, the larger angle of incidence onto

the water film increases the laser path length within the water

film, which also helps to hold the majority of the plasmas

inside the water film.

To further compare the THz wave emission from the

water film (at the focus) and that from the air plasma (at the

interface) in the experiment, we can estimate the ratios of

the corresponding THz electric field strength Ea(zi)/Ew(z0)

and THz power Pa(zi)/Pw(z0). The subscript w represents

water and a represents air. z0 and zi are the locations at the

focus and the interface, respectively. It is assumed that no

water is present when we estimate the values of Ea and Pa.

The influence of the water film will be discussed later. We

also assume that both the laser beam and the generated THz

beam have a Gaussian profile for this approximation.

Under our experimental condition, the laser intensity

in the air at the focus is assumed to be I(z0) ¼ 1� 1015 W/

cm2.25,26 The laser intensity I(zi) at the interface is calculated

through I(zi) ¼ I(z0)[w(z0)/w(zi)]
2, where w(z0) and w(zi) are

the radii of the laser beam at the focus and the interface,

respectively. Thus, the ratio of generated THz electric field

strength from the air at the focus to that at the interface

Ea(zi)/Ea(z0) is calculated by the transient photocurrent

model.7–9 By experimentally measuring Ea(z0) and

Ew(z0), the ratio Ea(zi)/Ew(z0)¼Ea(zi)/Ea(z0)�Ea(z0)/Ew(z0)

¼ 0.05% is obtained. Then, the ratio of the THz intensity

Ia(zi)/Iw(z0) is calculated from Ea(zi)/Ew(z0). Finally, the ratio

of the THz power Pa(zi)/Pw(z0) ¼ 0.02% can be obtained

by integrating the corresponding THz intensity over its

cross-section.

FIG. 4. Normalized THz energy from liquid water as a function of the total

excitation laser pulse (x and 2x) energy. Blue squares, THz energy calcu-

lated from the temporal integral of the THz waveform measured by EOS.

Blue dots, modulated THz energy measured by the Golay cell. Red circles,

unmodulated THz energy measured by the Golay cell. The maximum pulse

energy is limited by the available laser pulse energy in the experiment.
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Consequently, the THz wave radiation from the air at

the interface is negligible, in comparison to the contribu-

tion from the water film. In fact, the measurable THz field

from the air plasmas at the interfaces should be even

smaller. Specifically, the water film will either absorb 83%

of the THz energy from the plasma located close to the

first interface (air-water) or decrease the laser intensity by

affecting the focusing geometry for the plasma near the

second interface (water-air). Based on the above discus-

sion, THz waves generated in the experiment are mainly

attributed to the plasma within the water film rather than

the air plasma.

In summary, the modulation of THz waves generated

from liquid water with an asymmetric excitation scheme is

achieved by adjusting the relative phase between x and 2x
pulses. The method also enables us to observe modulated

and unmodulated THz waves with a Golay cell. By increas-

ing the excitation laser pulse energy, the modulated compo-

nent is quadratically enhanced above the threshold while the

unmodulated component is linearly raised. Additionally, the

generated THz energy is about two-orders of magnitude

stronger than that with the one-color excitation scheme when

short laser pulses are used. Besides providing an approach to

reveal more information about plasma behaviors in liquids,

this work offers an insight into developing a liquid THz

source that may have applications in THz nonlinear optics

and THz-driven electron acceleration.
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