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In the last decade, intense research has been witnessed on developing compact, terahertz (THz) driven
electron accelerators, producing electrons with a sub-MeV—few tens of MeV energy. Such economical
devices could be used in scientific and material research and medical treatments. However, until now,
the extremely high-energy THz pulses needed by the THz counterparts of the microwave accelerators
were generated by optical rectification (OR) of ultrafast Ti:sapphire orYb laser pulses. These lasers,
however, are not very effective. Because of this, we use numerical simulations to investigate the
possibility of generating high-energy THz pulses by the OR of pulses produced by CO, lasers, which
can have high plug-in efficiency. The results obtained supposing optical rectification (OR) in GaAs
demonstrate that consideration of the self-phase-modulation (SPM) and the second-harmonic-
generation (SHG) processes is indispensable in the design of CO, laser-based THz sources. More
interestingly, although these two processes hinder achieving high laser-to-THz conversion efficiency,
they can still surpass the 1.5% value, ensuring high system efficiency and making the CO, laser OR
system a promising THz source. Our finding also has important implications for other middle-infrared
laser-pumped OR-based THz sources.

Optical rectification of pulse front tilted ultrashort laser pulse in lithium niobate (LN) crystal is one of the most
effective methods to generate THz pulses with either medium or high pulse energy and high peak electric field'->.
Medium energy THz pulses with yuJ level energy and hundreds of kV/cm field generated by this method are
suitable for and widely used in nonlinear THz spectroscopy and material control experiments*®. Furthermore,
they are used in electron acceleration®” and proposed for proton acceleration®. These later applications would
enormously benefit from higher available THz energy.

However, using LN crystal, the large (~ 63°) needed intensity front tilt means a strong hindrance to signifi-
cantly increase the THz energy further’'. Some new techniques'>"', based on micro-machined crystals, can
reduce the aforementioned limiting factors. However, manufacturing these crystals is immature and did not
provide significant breakthroughs today'>®.

Semiconductor crystals are also applicable for generating good quality THz pulses with high efficiency.
However, the smaller bandgap requires a long pumping wavelength to eliminate low-order multiphoton
absorption'’~*. With long wavelength pumping, the phase matching condition is no longer met in a co-linear
case, so pulse front tilting must be used” similarly to LN. The longer pumping wavelength and smaller (<30°)
needed tilt angle make it easier to adopt the new techniques, and by that, we can get a well-scaling THz source
that operates with excellent efficiency®’. However, generating the typically needed 1.7-4.0 pm wavelength?!
pump pulses is usually done in an optical parametric amplifier (OPA), which has a decreasing efficiency for
long wavelengths, resulting in low system efficiency. An efficient pump laser with the desired wavelength with-
out wavelength conversion would be a solution. Carbon dioxide (CO,) lasers are known for their large plug-in
efficiency?, and very recently, the production of only 2.0 ps long pulses with as large as 10 ] energy at around
10 pm has been demonstrated ». Furthermore, the numerical simulation predicts that in the presence of anoma-
lous dispersion caused by selecting an appropriate isotope of CO, gas, self-compression of a few ps duration
pulses shorter than 0.5 ps is possible in CO,-filled cells**. Besides this, conventional multipass cell***’ or hollow
core fiber?®-*" based techniques can be suitable to produce a modest, one-order of-magnitude shortening of CO,
laser pulses having less energy (<17).
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This manuscript will show that CO, lasers are potentially suitable for pumping semiconductor crystals to
generate THz pulses efficiently. The pump pulse length is assumed to be in the range of 0.5-2.5 ps.

As a typical nonlinear crystal in the middle-infrared range, we consider GaAs, an isotropic semiconductor
having a zinc-blende structure with a symmetry class of 43. It has a direct bandgap of 1.43 eV, a refractive index
of about 3.6 in the optical region, a large nonlinear coefficient, di4 = 134 pm/V, at 10.6 um®', and a broad
transmission range from 0.97 to 17 um®'. The damage threshold of 2 GW/cm? was observed in GaAs at a pulse
length of 250 ps* and wavelength of 10 um. According to the scaling law®, the damage threshold in the case of
2.5 ps could be 100 GW/cm? and higher for a shorter pulse duration.

Since it is known that second harmonic generation (SHG) of CO, laser pulses in GaAs wafer-stack is possible
with as high as 2% conversion efficiency, and the SHG coherence length is larger than 100 pm*, in the numeric
calculations, besides of the OR, the SHG was also taken into account. The numeric model also considers the
absorption of the THz signal, and dispersion of both the pump and the THz signal, as well as the self-phase
modulation of the pump.

Methods

Figure 1 shows schematically the propagation directions of the pump and THz pulses, as well as the pump inten-
sity front in the nonlinear optical crystal of a conventional® (a) and a new generation® (b) THz pulse source
using the tilted-pulse-front-pumping (TPFP) technique to achieve velocity matching between the pump and
THz pulses. The red lines represent the phase fronts of the pump beam propagating along the z’ direction. The
pulse front of the pump beam (illustrated by shaded area) is tilted compared to the phase front by an angle of y.
The THz beam is generated perpendicularly to the pulse front and propagates in the z-direction.

Besides the OR, the following effects are taken into account in the numerical calculation of the THz generation
process: pump pulse changes due to the linear dispersion, angular dispersion caused by the pulse front tilting,
cascaded up- and down-conversion, self-phase modulation (SPM), and second harmonic generation (SHG).
These effects dramatically influence the pump pulse and, consequently, the THz generation process. A 1+ 1D
THz generation model is used in the calculations®?’.

The following differential-equation system was used to describe the processes mentioned above and solved
numerically with the 4th-order Runge-Cutta method:
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Figure 1. (a) Schematic drawing of a conventional TPFP: The pump pulse with a tilted intensity front enters
the crystal from the left and propagates in the z’ direction. During its propagation, THz radiation is generated
along the tilted intensity front and propagates in the z-direction. (b): New generation THz source: A non-tilted
pulse front pump enters the crystal from the left and propagates towards the structured back surface of the
plane-parallel crystal. Diffraction on the structured back surface causes tilting of the pulse intensity front of the
backward propagating pump pulse. The generated THz pulse propagates opposite to the original propagation
direction of the pump pulse.
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Here, A1y, (2, 2), Ap(w, 2), and Asy (a)’ s z) are the spectral electric field envelopes of the THz, the pump, and
the second harmonic of the pump, respectively. These envelopes are defined by Ej(w, z) = Aje*’kf @2, where
j = THz,p,SH, and kj (w) -s are the respective wave numbers. The variables 2, w, and @’ correspond to the
angular frequencies in the THz, pump, and second harmonic spectral ranges, respectively.

In the first equation, «(2) represents the THz absorption coeflicient of GaAs. The effective nonlinear sus-
ceptibility in the THz range is denoted by e(;) = % 86.5 pm/V, which is the mean of the measurement results

of Chang et al.*®. Additionally, c is the speed of the light, and n7y, (€2) is the refractive index in the THz range.
The two terms on the right-hand side of the first differential equation take into account the linear absorption of
the THz pulse and the THz generation by optical rectification of the pump pulse, respectively.

In the second differential equation, 1, (@) is the refractive index at w frequency, y = 22.5° is the tilting angle
of the pump pulse, &g is the vacuum dielectric constant, wy is the central angular frequency of the pump,
deﬁ = %83 pm/V is the effective nonlinear coefficient in the infrared range”, andny = 5.9 x 107° % is the

nonlinear refractive index of the GaAs at 10.6 pm wavelength. The value of the nonlinear refractive index was
determined based on the dispersion theory®’, where the reference nonlinear refractive index at a wavelength of
2 um is 1.25 x 107% €241 The individual terms on the right-hand side of the second differential equation
describe the cascaded up- and down-conversion - caused by the THz pulse -, the SHG, and the SFM effects.

In the last differential equation, ngy (') is the refractive index at o’ frequency. This differential equation
describes the SHG of the pump pulse. It is important to note that our model takes into account the effect of the
SH radiation on the pump pulse, and with it, indirectly on the THz generation, too, however for the sake of
simplicity, it does not take into account the optical rectification of the SH pulse. The latter expectedly is about
5-10 times smaller than the first one.

To understand cos(y) factors in the equations, see Fig. 2, where the purple lines represent the pump pulse
front at two different time moments. Remember that the pump properties are the same along the pulse front
at a given time. The pump pulse propagates in the z' direction, while the THz pulse propagates in the z direc-
tion. Therefore, while the THz pulse propagates Az length in the crystal, the pump pulse propagates Az’ length.
The relation between these lengths is given by Az’ = Az/cos(y). Hence, this factor must be considered when
calculating the phase mismatch between the pump and THz and between the pump and the second-harmonic
waves. Additionally, dz’ = dz/cos(y) is resulted in1/cos(y) in the part of the differential equation that describes
the second harmonic generation.

Except for the SHG, the nonlinear processes are described in the same way as was discussed in Ref.!!, and
the phase parts were calculated in the same way:

W y ©
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Figure 2. Schematic draw about the coordinate system basis of the calculation and the propagation lengths of
the individual pulses (pump (z', Az'), THz (z, Az), the second harmonic(z', Az')) during the same time duration.

Scientific Reports |

(2024) 14:999 | https://doi.org/10.1038/s41598-023-51139-4 nature portfolio



www.nature.com/scientificreports/

1 nww (w— a)o)2 ”;(CUO) 5
kpsi(@)z = cos(y) < c 2 wocn(wg) tan(y) 2

n(Q)Q

krH(RQ)z = z

Results and discussion

Figure 3 shows the dependence of THz generation efficiency on the GaAs crystal length for taking into account
different processes. Comparison of the different curves provides an opportunity to investigate the significance
of the individual physical processes. These calculations assumed pump pulses with 80 GW/cm? intensity and
2 ps pulse duration.

The black curve in Fig. 3 shows the result of the calculation considering only the OR, the cascaded up- and
down-conversion (CSC), and the absorption of the THz signal and dispersion of both the pump and THz pulses.
In this case, when neither SHG nor SPM were considered, the efficiency shows a square dependence on the
crystal length on the whole investigated (up to 7 mm) range. Note that according to the calculations, self-phase
modulation can broaden the spectrum of the pump so much that frequency components approach the 0 Hz
frequency, causing significant numerical error. In Fig. 3, the range where this numerical error is approached is
indicated by the dashed lines.

The coherent length of the SHG at 10.6 um pump wavelength is one order of magnitude larger than in the
near-IR range (see the inset of Fig. 3). Although even the about 100 pm coherence length at 10.6 pm is much
shorter than the typical investigated crystal length, yet according to Fig. 3 the presence of SHG process signifi-
cantly decreases the efficiency of the THz generation (compare the black and blue curves in Fig. 3). For the longest
investigated crystal length the efficiency reduces by close to 40% due to the SHG.

According to Fig. 3, the SPM significantly increases (even to above 1%) the THz generation efficiency, both
in the presence (green curve) and absence (red curve) of SHG. The reason for this behavior is the combined
effect of SPM and dispersion of the pump pulse, resulting in a strong temporal modulation of the pump intensity
and an increase of the maximum intensity during the propagation inside the GaAs crystal. (An example of the
SPM-caused modulation of the temporal shape of the pump intensity is shown in Fig. 6¢).

Showing the temporal shapes and spectra of the generated THz pulses at the crystal positions corresponding
to maximum THz generation efficiency for considering four different combinations of processes, Fig. 4a and
¢ demonstrate the dramatic effect of SPM for both the THz pulse shape and spectrum. In the absence of SPM,
the pulse shape and the spectrum are smooth, irrespective of the presence of SHG. SPM causes a pronounced
modulation of both the temporal shape and the spectrum. As mentioned above, the interplay of SPM (resulting in
new frequency components of the pump pulse) and the dispersion of the pump pulse results in a strong temporal
intensity modulation of the pump pulse. The strong oscillation in the THz pulse shape (and spectrum) results
from the modulated pump. (We notice that in Ref.*?, even an effect of the SPM of the THz pulse was observed,
but the investigation of this possibility is behind the scope of this short article.) The strength of SPM depends on
the pump intensity and the propagation length (crystal thickness). Decreasing any of them results in a smaller
SPM of the pump and a less oscillating THz pulse shape. This effect is illustrated in Fig. 4b and d, showing the
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Figure 3. THz generation efficiency as a function of the crystal length for considering four different
combinations of processes: The black curve shows the calculation result when the OR (THz generation), the
CSC, the absorption of the THz pulses, and the dispersion of both the pump and the generated THz pulses were
taken into account. In the case of the blue curve, besides these, the (SHG) second harmonic generation of the
pump is also considered. The green and red curves show the result when the self-phase modulation of the pump
pulse was also considered, for the green with and for red without taking into account the SHG. The temporal
shapes and spectra of the THz pulse belonging to the highlighted points of the efficiency curves are shown in
Fig. 4. The inset shows the coherence length of SHG as a function of the fundamental (pump) wavelength.
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Figure 4. Temporal shapes (a) and spectra (c) of the generated THz pulses, for taking into account four
different combinations of processes, at the crystal length where the efficiency achieves its first maximum (at

7 mm crystal length for CSC and CSC+ SHG). The temporal shape (b) and the spectrum (d) of the THz pulse at
crystal length, where the shape is still usable for most types of experiments.

THz pulse shape and spectrum for the case of all processes taken into account using the same (80 GW/cm?) pump
intensity as for Fig. 4a and ¢, but considering a thinner (3.5 mm, instead of 4.2 mm) GaAs crystal. For this case,
the oscillation in the THz pulses shape (Fig. 4b) is less pronounced, and the electric field of the THz signal has
only one zero crossing. However, the efficiency drops from 1.1% to 0.5% (see the green and purple dots in Fig. 3).

According to Fig. 3, larger than 1% THz generation efficiency can be achieved by ultrashort CO, laser pumped
GaAs THz source. However, the generated THz pulse shape is strongly oscillating. Since most of the applications
need smoother THz pulse shape, we investigated the efficiency of THz generation for different pulse lengths and
pump intensities, choosing the maximum GaAs thickness for which the electric field of the THz signal has only
one zero crossing, similar to the shape shown in Fig. 4b. Figure 5a shows the obtained conversion efficiencies,
and Fig. 5b shows the appropriate crystal lengths. According to these results, the highest conversion efficiency is
1.3% in the investigated range. This conversion efficiency can be achieved using 0.75 ps long pump pulses with
100 GW/cm? intensity and 1.8 mm long GaAs crystal. About 1.0% efficiency can be achieved if the pulse dura-
tion is on the broad 0.75-1.5 ps range. Longer pulse durations belong to smaller optimum pump intensities and
longer crystal lengths. Interestingly, for a 1.1 ps pump duration, our model predicts about the same efficiency,
independently of the pump intensity. In this case, from the point of view of SPM, the larger intensity probably
can be perfectly compensated by the shorter crystal length.

Figure 6a and b show the temporal shape and the amplitude spectrum of the THz pulses generated for the
parameter set of I, =100 GW/cm?, At,=0.75 ps, Lg,,,= 1.7 mm), resulting in the highest energy conversion
efficiency (1.3%). Although the wave shape consists of a weak oscillation, there is only one zero crossing of the
electric field, as has been demanded. The spectrum peaks at 0.6 THz and consists of a shoulder and two side peaks
with decreasing amplitudes. These later are caused by the small amplitude oscillation in the pulse shape. The
reason for this oscillation, as was mentioned above, is the development of a temporal modulation of the pump
pulse during its propagation in the crystal. Figure 6¢ and d display the temporal shape of the pump intensity
and the pump spectrum at the GaAs crystal’s entrance (black curve) and exit (red curve) surface, respectively.

The spectrum strongly broadens during the propagation in the GaAs (see Fig. 6d). This is caused mainly by
the SPM and the cascading frequency up- and downshifts caused by the feedback of the THz pulse on the pump
pulse. The SPM causes a symmetric modulation on the spectrum, while the feedback causes a redshift of the
spectrum. Because of these processes and the pump’s dispersion, the pump pulse’s intensity becomes temporally
modulated, and a significant increase in the peak intensity occurs. Although it is well known that the dispersion
on the THz range can cause oscillation on the trailing part of the generated THz pulse, in this case, the temporal
modulation of the pump pulse is probably detrimental.

The peak of the electric field of the THz pulse after exiting the GaAs crystal is as high as 1000 kV/cm.
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Figure 5. (a) THz generation efficiency as the function of the pump pulse duration for 20 GW/cm? (black),
40 GW/cm? (red), 60 GW/cm? (blue), 80 GW/cm? (green), and 100 GW/cm? (purple) pump intensities. The
crystal length was chosen for every pump intensity and pulse duration so that the generated THz pulse shape
consists of only one zero-crossing. (b) The corresponding crystal lengths.
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Figure 6. (a) Temporal shape of the THz pulse and its (b) spectrum supposing pump pulses with 0.75 ps
duration, 100 GW/cm? peak intensity, and 1.7 mm GaAs crystal length. (c) The initial (black) pump pulse and
the pulse shape at the end of the crystal (red) and (d) its spectrum in both cases.

Conclusion

The possibility of developing a CO, laser pumped high energy THz source was investigated, for the first time to
the best of our knowledge, using an advanced numerical code taking into account both the SPM and (for the
first time) the SHG of the pump. Supposing that the well-known GaAs crystal is used for OR of ps—sub-ps CO,
laser pulses, the results of the calculation clearly show the essential role of both SPM and SHG. The reason for
this is the absence of multiphoton absorption and the long SHG coherence length in the case of long wavelength
pumping, respectively. The SPM effect results in spectral broadening and increases the pump intensity during
propagation inside the GaAs, in this way fastening the increase of THz generation efficiency with propagation
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length or initial pump intensity. However, the SPM also causes strong modulation of the pump pulse shape, which
results in a distorted THz pulse shape. This strong modulation can be avoided—at the expense of—decreasing
efficiency—using shorter crystal lengths and/or smaller pump intensity. The presence of the SHG process also
results in an efficiency decrease, which becomes more severe at larger crystal thickness and/or pump intensity.

However, contrary to the negative effect of SPM and SHG, our simulations predict a significant near 0.8% con-
version efficiency by using the already available 2 ps duration pump pulses, and the optimal pump pulse length
of 0.75 ps results as high as 1.3% conversion efficiency. These values can be expected to be further improved
for example by using pre-chirp of the pump pulse®. In summary, the CO, laser pumped GaAs THz source can
be a high energy and extremely high plug-in efficiency device, which can be used, for example, for THz-driven
particle accelerators.

Our conclusions are applicable not only for CO, laser pumping but also for any pump laser or OPA work-
ing on the =~ 4-12 um wavelength range, where low order multiphoton absorption is not possible, and the SHG
coherence length is longer than a few tens of pm.

Data availability
Data associated with this research are available and can be obtained by contacting the corresponding author
upon reasonable request.
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