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Abstract— This work is intended to take the first step to study 

the effect of input laser wavelength on the efficiency of liquid-

based THz radiation sources. The numerical simulation data 

indicate a real opportunity to improve the existing sources. 

However, the resulting gain is not as significant as in the case of 

the two-color air filament, which points out at the need for further 

optimization.  

I. INTRODUCTION 

 N recent years, so-called terahertz (THz) aqueous 

photonics [1] has established itself as a self-sustained field of 

scientific research, combining the development of liquid-

based THz components and new methods on investigating 

nonlinear properties of liquids [2]. In particular, a plasma-based 

liquid source of THz waves is both an interesting object of 

fundamental research, and of a great potential for a highly 

efficient optical-to-THz conversion.  

Previously reported data on the THz liquid-based sources 

reveal the dependences of the generated emission on various 

pump parameters, however, limiting the analysis to the central 

wavelength of Ti:Sa laser system (800 nm). The maximum 

optical-to-THz conversion efficiency of 0.1% was achieved for 

a double-pulse excitation of a non-polar liquid, which has a 

negligibly small absorption coefficient in the THz frequency 

range [3]. Further development of liquid-based sources is aimed 

at increasing the efficiency using existing experimental 

facilities as well as continue the search for the most proper 

liquid target. The interest in shifting the pump wavelength to 

mid-infrared (mid-IR) range is supported by recent paper on 

few percent optical-to-THz conversion efficiency obtained in 

two-color air filament [4]. Authors claimed the few dominant 

reasons for this enhancement are larger ponderomotive forces 

and additional field symmetry breaking by generated high 

harmonics. 

Besides, several older works were dedicated to the features 

of generated THz energy scaling with laser wavelength. The 

pioneering work on this topic [5] provided experimental 

dependence with rather fast THz energy scaling as λ4.6, while 

the photocurrent mechanism, which is dominant in case of two-

color air filamentation, predicts quadratic dependence. This 

difference was attributed to experimental conditions such as 

intensity drop for longer wavelength as well as fluctuations in 

the relative phase between the two harmonics [6].  

In this work, the approach of shifting the central wavelength 

will be applied to liquid-based sources. To begin with, we 

address this task by the means of particle-in-cell numerical 

simulation using the open-source code EPOCH2D [7]. The 

simulation box size is 300 μm × 100 μm which is sampled by 

5500×1750 cells. The target thickness was set to be 100 μm, 

corresponding to the usually used plane-parallel liquid jet. The 

two-color pump laser had a Gaussian spatial and temporal 

profiles, all the parameters were fixed  =  10  ,⁄   =

 2 ∙ 10  ⁄ , , = 70 , except for the fundamental 

laser wavelength, which was varied from 0.8 μm to 3 μm. Laser 

pulse was -polarized and propagated in -direction through 

the slab of neutral particles representing first an ambient air and 

then liquid water for comparison. Ambient air was simulated 

through using the nitrogen and oxygen macroparticles in 

physically realistic proportions. For water, accordingly, 

hydrogen and oxygen macroparticles were used. The ionization 

was held by the field ionization module included in the code.

    

II. RESULTS 

Fig.1 depicts the numerical simulation results for two cases. 

The first is THz energy enhancement via wavelength tuning for 

two-color air excitation. Interestingly, the results obtained 

correlate with experimentally obtained dots in [6], where the 

same dips for several wavelength values were revealed. 

However, they were interpreted through the experimental 

conditions, which were not considered in present simulation. 

Thereby, those features could have more physical insight, for 

instance, they might be a result of the interplay of wavelength-

dependent ionization and variations in the group delay of two 

lasers. In the range from 0.8 to 1.8 μm the THz energy growth 

is proportional to λ5.8, resulting in almost 2 magnitudes 

enhancement. Numerical data for the case of water is not that 

promising and indicates a need for further optimization. Large 
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Fig. 1. THz pulse spectral power via the fundamental laser central wavelength 
in case of air and water two-color excitation. Green and blue markers indicate 

THz energy variation in case of backward and forward THz emission from 
water, respectively. Red solid lines are used to demonstrate the power fitting of 

the wavelength dependence.  



part of the pump radiation is reflected since the medium surface 

is strongly ionized reaching almost the overdense plasma 

conditions. In Fig.1 the data was analyzed for both possible 

backward and forward emitted THz waves. For both cases THz 

energy is almost 10-fold larger than in the ambient air for low-

wavelength region. However, the further increase was not 

obtained for forward emission. For backward THz radiation the 

maximum 5-fold enhancement is achieved at 2.6 μm. Thus, the 

next step will be to fix this value and study the intensity scaling 

for the liquid-based THz source. As it was for previous 

numerical experiment, the SH energy value is set to be 20% of 

the fundamental harmonic.  

Fig.2 presents the logarithmic plot of the THz radiation 

spectral power via the pump intensity. The intensity range is 

rather vast, covering the values from plasma optical breakdown 

thresholds up to the pre-relativistic conditions. In values of 

normalized vector potential  ≈ 0.86 ∙ λ ∙
10/, this range for fundamental harmonic 

spreads from  ≈ 0.02 to  ≈ 0.7, which is already close to 

nonlinear limit. The liquid surface transforms into an efficient 

plasma mirror already at  = 10/, thereby almost 

90% of the input radiation is reflected. Interestingly, despite this 

strong reflection, forward THz waves do not loose in the 

efficiency gain to the backward-propagating emission. After the 

point of  = 5 ∙ 10/, there is a clear advantage of 

forward radiation, indicating the importance of the optical 

pump interaction with the medium bulk.  

It is worth noting that the resulting dependence does not 

resemble one obtained for the case of the liquid-base source 

operating at 800 nm wavelength. For instance, in [8] the scaling 

was reported to be quasi-quadratic, while the data in Fig.2 

grows linearly for forward THz radiation and increases even 

more slowly for backward waves. This observation points out 

the differences in the gain that could be reached for different 

types of optical sources. In this particular study the maximum 

THz energy for the liquid-based source is on the sub-mJ scale.  

The results are expected to be verified by the experimental 

measurements exploiting the TOPAS femtosecond laser system 

with a parametric amplifier. Additional numerical study is to be 

done on the comparison with the case of including particle 

collisions in the simulation. Further optimization is still 

desirable such as phase delay adjustment and target geometry 

change. 
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Fig. 2. THz pulse spectral power via the pump energy for a fixed wavelength 

λ=2.6 μm. The blue dots indicate the data obtained for forward-propagating 
THz waves, and the green dots are for the backward radiation. The dashed 

line indicates the intensity value when the advantage of waves in the backward 

direction changes to the gain of the forward THz radiation. 


