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Abstract: A new type of THz source, working in reflection geometry, is proposed, where the
pulse-front-tilt is introduced by a periodically micro-structured metal profile. For optical coupling,
high refractive index nanocomposite fluid is used between the nonlinear optical material and the
structured metal surface. Numerical simulations predict ~87 and ~85% optimized diffraction
efficiencies for lithium niobate and lithium tantalate at 1030 and 800 nm pump wavelengths. The
largest diffraction efficiencies can be achieved for a larger refractive index of the nanocomposite
fluid than the index of the nonlinear material, for both cases. THz generation efficiencies of ~3
and ~1% are predicted for lithium niobate and lithium tantalate, respectively.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Among several applications, acceleration of electrons [1,2] and protons [3,4] is a potential use of
THz pulses with extremely high pulse energy and peak electric field strength in the low-frequency
part of the THz spectrum. Optical rectification of near-IR ultrashort laser pulses in nonlinear
materials can be appropriate for the efficient generation of such THz pulses. Disadvantageously,
for several excellent nonlinear optical materials, the significant difference between the near-IR
and THz refractive indices hinders the fulfillment of the necessary velocity matching by standard
ways. The tilted-pulse-front pumping (TPFP) [5] became a popular technique to overcome this
problem. In the TPFP geometry, the velocity matching reads as:

Vp,gr COS (7) = VTHzph» (1)

where v, ¢, is the group velocity of the pump pulse, vz pi, is the phase velocity of the THz pulse,
and v is the pulse-front-tilt (PFT) angle.

In the past two-decade lithium niobate (LN) became a compelling material in TPFP sources.
Several applications, such as particle acceleration and manipulation, require extremely high
THz peak electric field strength, which makes necessary the focusing of the THz beam. So,
besides upscaling the pulse energy, good focusability is also essential, which requires uniform
THz pulse shape along the beam cross-section. The conventional LN THz sources, containing
optical grating and imaging elements, have substantial limitations. These are the following: (i)
Limited interaction length due to angular dispersion. (ii) Prism shape of the LN crystal with a
large (y =~ 63°) wedge angle. (iii) Imaging errors. Energy scalability is limited by (i-iii), while
the availability of uniform THz beam is limited mainly by (ii) and (iii) [6,7]. In the past few years,
extensive effort has been made to investigate and reduce these limitations as much as possible
[6-13].

In 2017, a plane-parallel nonlinear echelon slab (NLES) was suggested [14], which solves (ii)
and significantly reduces (i) and (iii) allowing the extension of the useful pump diameter [15].
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For example, at 200 fs pump pulse duration, the useful pump diameter can be extended to ~1 cm.
Working principle and single-cycle THz waveform generation possibility have been demonstrated
for such setup [16].

A more compact setup can be obtained by omitting imaging optics [17]. This wedged NLES
setup solves (iii) and significantly reduces (i), and (ii), only a small (<10°) wedge angle must be
used. In this case, a homogeneous THz beam is predicted for as large as ~2.5 cm pump beam
diameter.

An even more compact THz pulse generation source has been proposed, which is absent of
external optical grating as well as of imaging element. This source (reflective nonlinear slab,
RNLS) contains only one single element: a plane parallel nonlinear material having a periodic
structure created in its back surface [18]. RNLS eliminates (ii) and (iii), so in this case, there is
no limitation for the pump spot size. However, manufacturing the necessary structure on the LN
surface is challenging and expensive.

In the present paper, we recommend a new concept that has all the advantages of the earlier
presented RNLS setup. However, the tilted pulse front is created by diffraction from an external
surface reflector (ESR) in order to avoid the manufacturing of the expensive and brittle LN
crystal. Advantageously, the micromachining of the less expensive and more ductile metals can
result in even better surface roughness and form accuracy compared to LN [19,20]. Furthermore,
using ESR, the LN crystal can be reused under modified experimental circumstances as well. By
microstructuring metals, molds can be produced, making possible the cheap serial production of
ESRs.

The setup is investigated at 800 nm and 1030 nm central pump wavelengths. Since for 800 nm
pump wavelength, the disadvantageous three-photon absorption appears in LN, lithium tantalate
(LT), which has similar linear and nonlinear optical properties as LN but has a larger band gap is
also considered [21,22].

2. RNLS with ESR

The concept introduced in Ref. [18] proposes THz generation by pump beams diffracted in the
+m™ orders from the periodically micro-structured back surface of the nonlinear material (NM),
as shown in Fig. 1(a). The periodic structure introduces an angular dispersion of the pump beam
and creates (on a large scale) a tilted-pulse-front, which is parallel with the NM surfaces (see
the red horizontal band in Figs. 1(a) and (b)) implementing a noncollinear velocity matched
configuration according to Eq. (1). The generated THz beam and the pump pulse leave the crystal
in the same direction with some time difference (the pump beam first suffers a total internal
reflection on the exit surface of the crystal and backpropagates towards the microstructured
surface of the crystal. The pump beam can exit from the crystal only after this second diffraction).
Separation of the generated THz pulse and the reflected pump pulse can be achieved by using a
dichroic beam splitter e.g. an indium-tin-oxide coated glass substrate [23,24].

Naturally, to fulfill the velocity matching condition (Eq. (1)), the necessary spatial period
d of the microstructure has to be proportional to the diffraction order m . By increasing m
the structure gets to be more rough, for large m values it starts to behave rather as a reflector.
However, creating this structure with optical surface quality and the d falling into the micrometer
or a few-micrometer regime is challenging since dielectric materials are brittle. So, here we
suggest an alternative (see Fig. 1(b)) of the original RNLS setup, the reflective nonlinear slab
with external structured reflector (RNLS-ESR). In this setup, contrary to the RNLS, the backside
of the NM is unstructured (flat), and an external metal grating facing to the back surface of the
NM slab is applied in order to create the +m™ diffraction orders of the pump beam. Gold coating
evaporated on a copper or aluminum structured substrate can ensure high reflectance because of
the low absorption of gold in the near-IR range [25]. For successful optical coupling, a high
refractive index liquid (HRIL) is used between the NM and the ESR.
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Fig. 1. Schematic views of the RNLS and RNLS-ESR setups. The pump beam enters the
NM perpendicular to its surface. It is diffracted into the +m™® orders of the periodic structure
situated on the backside on NM, generating the tilted-pulse front (red band parallel with the
NM surfaces) of the pump pulse. The THz is generated perpendicular to the tilted-pulse
front and leaves the NM perpendicular to the NM surface. a) Simple RNLS setup, where
the periodic structure is created on the back surface of the NM b) RNLS-ESR, where the
periodic structure is created on a metallic surface (ESR). For optical coupling, an HRIL is
used between NM and ESR.

3. Diffraction efficiency of the ESR

The diffraction efficiency (DE) (the Fresnel-losses at the HRIL - NM interface, and the absorption
loss of the gold was taken into account) as a function of the HRIL s refractive index (nggy) was
determined by COMSOL simulations for a few diffraction orders. The results are shown in Fig. 2
for LN (a and b) and LT (c and d) NMs, respectively. In all cases, the DEs increases with the
diffraction order over the investigated HRIL refraction index range. Increasing the diffraction
order, the nygy; value corresponding to the DE maxima first decreases, then asymptotically
approaches a value (indicated by dashed lines), which is significantly larger than the LN or
LT index of refraction of the NM (indicated by the dotted line). Please notice that the Fresnel
losses at the HRIL-NM interface disappears for the nyg;. = nyy index-matched case, and this
is equivalent to the case of the original simple RNLS (with integrated, non-external structured
reflector).

At both wavelengths, the maximally available DEs are ~ 87% and ~ 85% for LN and LT,
respectively (Fig. 2). According to Fig. 2 for both NMs and wavelengths, the maximal DE
predicted for the RNLS-ESR setup is larger than the DE predicted for the simple RNLS (vertical
dotted lines). This DE enhancement is more remarkable for the LT than for the LN at all examined
diffraction orders. At m = 30, the DE enhancement is 2 — 3% for LN, while it is ~ 20% for LT.

Both this DE enhancement and the situation of the DE maxima at a larger index of refraction
value than the index-matched case can be explained by simple geometrical reasoning as follows:
Velocity matched THz generation requires the diffraction angle to be equal with the y velocity
matching angle. In the case of the RNLS and RNLS-ESR setup, where the pump beam has a
normal incidence to the periodic structure, the blazing condition is fulfilled if the inclination
angle of the symmetric sawtooth profile is y /2. However, for materials with y>60° requirement,
a part of the diffracted pump beam is blocked (reflected in unwanted direction) by the neighboring
grid due to simple geometrical reason, resulting in decreased DE. This effect just appears for LN
(y = 63°), but it is more remarkable for LT with ¥y ~ 69°. For the RNLS-ESR setup, it is possible
to eliminate this negative effect by using y; < 60° diffraction angle in the HRIL region (see
Fig. 1(b)) and increasing the vy diffraction angle in the NM by using HRIL with a larger index of
refraction than the refractive index of the NM. The Fresnel loss at the HRIL-NM boundary is
also a responsible factor in the DE. This loss is, however zero for the ngyg;, = nyy case (indicated
by the dotted vertical lines in Fig. 2). Increasing ngg;, the Fresnel loss develops. However, due
to the small difference between the refractive indices of the materials, this effect is significantly
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Fig. 2. Diffraction efficiencies for diffraction orders from 1 to 30 in case of LN (a,b) and LT
(c,d)) RNLS-ESR for (a,c) 800 nm and (b,d) 1030 nm wavelengths. The dotted vertical lines

represent the nyg;; = nyy index-matched case and the dashed one represents the y; = 60°
geometry.

smaller than the above mentioned geometrical loss, which dominantly determines the DE for
large m values and shifts the maximum practically to the dashed vertical lines in Fig. 2.
Because of the above discussed DE enhancement, the RNLS-ESR, shown in Fig. 1(b) is

especially promising when NM with a large necessary pulse front tilt angle (for example, LT) is
applied.

4. Nanocomposite fluid as HRIL

To achieve the highest DE, as discussed above, the angle of diffraction (and the PFT) should be
60° in the HRIL. For this, the refractive index of the HRIL has to be higher than that of the NM.
The necessary refractive index of the HRIL is determined by the simple equation:

nyy sin (y) = npgp sin (yr) . 2

This means that applying LN or LT as NM, the refractive index of the HRIL should be around

2.2-2.3. To the best of our knowledge, there is no liquid with such a high refractive index.
Therefore, we suggest using nanocomposite fluid, where nanopowder is dispersed in liquid

in order to achieve the appropriately high refractive index. The index of refraction of the

nanocomposite fluid can be calculated according to the Lorentz-Lorenz model [26] by using the
following equation:

2 2 2 _
HRIL 1 Vnano Maano — 1 meo nliquid 1

2 2TV 2 TV )2 2 )
Nyari, Maano + Wiquia *
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where, Vyuno/V is the volume ratio of the nanopowder in the liquid, and njiguid, pano are the
liquid and the nanopowder refractive indices, respectively.

We consider carbon disulfide (CS;) as a solvent because it is a stable liquid for optical
applications and has a relatively high refractive index [27]. The nanopowder should have small
absorption and high refractive index at the pump wavelength (1y) and (in order to minimize
light scattering) its size should be smaller than 0.11y/ngyg;.. Nowadays, such nanopowders
are commercially available with spherical shape [28]. In Table 1 we gave the refractive index
values for the selected materials at 800 and 1030 nm wavelengths and a few possible mixtures
for the different applications. Since the optical properties (such as the refractive index) of
the nanoparticles are size-dependent [29-31], and there is an uncertainty in the size of the
nanoparticles, the V,,4,,,/V ratios calculated from Eq. (3) can only serve as a starting point for the
preparation of the mixtures. Before usage, all mixtures should be measured and characterized
individually.

Table 1. Refractive index of the selected materials and mixtures for the different NMs

NM Ao (nm) NHRIL Liquid Niiguid nanopowder Mnano Viano | V(%)
LN 800 2.23 CS, 1.61 GaP 3.18 55
LT 800 2.32 CS, 1.61 GaP 3.18 61
LN 1030 223 CS, 1.60 GaP 3.11 57
LT 1030 2.31 CS, 1.60 GaP 3.11 62

5. THz generation efficiencies for RNLS-ESR

In order to get information on the optical-to-THz generation efficiency, numerical simulations
were performed based on the model described in Ref. [18]. The model takes into account the
pump pulse length variation during the propagation due to the material and angular dispersion,
the Fresnel losses of the pump and the THz pulse on the interfaces of the structure and the surface
of the crystal, as well as the THz absorption of the crystal. The depletion of the pump pulse and
the effects due to the feedback of the THz pulse to the pump pulse were not considered, therefore
our calculations can be considered reliable only up to approximately 2% efficeincy [6].

LN and LT have similar effective nonlinear optical coefficient for THz generation [32], but the
THz absorption coefficient is more significant for LT [21] than for LN [33]. However, at 800
nm pump wavelength for typical pump intensities, the free-carrier-absorption introduced by the
three-photon-absorption in LN [34] is one order of magnitude higher than the THz absorption of
LT [21]. Therefore, at 800 nm, pump wavelength LT is the better choice, while at 1030 nm, LN
is preferred. Similarly, as in Ref. [18] a square root dependence of the damage threshold on the
pump duration was supposed, and accordingly, the peak pump intensity for the different pump

pulse duration was given by
. |100fs
lo = Iy / , “
70

where 7 is the pump pulse duration and IS is the peak pump intensity at 100 fs with values of
Ij = 100GW /cm? and I = 200GW /cm? for LN and LT, respectively [35,36].

The simulation results are plotted in Fig. 3 for LN (a) and LT (b). As it is seen, the useful
crystal length is substantially shorter for LT, because of its higher THz absorption coefficient.
Despite the two times higher pump intensity, at room temperature, the maximum THz generation
efficiency at the investigated pulse duration range is significantly smaller in LT (0.71%) than in
LN (3.75%). We would like to note that high energy laser systems typically work at 100 fs and
200 fs pulse duration at 800 nm and 1030 nm central wavelengths, and for these, the maximum
predicted conversion efficiency is 0.3% and 2.2% for LT and LN, respectively.
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Fig. 3. THz generation efficiency at room temperature in a) LN at a pump wavelength of
1030 nm and b) LT at a pump wavelength of 800 nm keeping the pump intensity about two
times below the damage threshold for varying pulse duration and both crystals (see text for
details).

Using CS; as a solvent in the nanocomposite fluid enables cryogenic cooling to its freezing
point, which is 163 K. In the absence of cryogenic THz absorption coefficient literature value for
LT, no simulations were made for the low-temperature cases. We expect that LT THz absorption
will decrease similarly as LN [37]; therefore, the THz-generation efficiency could be higher than
1% in the case of LT at low temperature.

6. Conclusion

We introduced an imaging free, plane-parallel, easy-to-manufacture THz pulse source, which
is especially advantageous for those NMs where the necessary PFT is greater than 60°. This
setup is a further developed version of the RNLS and, like that one, allows the upscaling of
the THz pulse energy without principal limitations. A periodically micro-structured external
metal profile introduces the PFT for velocity matching. For optical coupling between the NM
and the metal surface, an HRIL is used. We gave examples for making nanocomposite fluids
with the appropriate refractive index to be used for HRIL. Numerical simulations predict that
outstanding diffraction efficiencies can be achieved for LN (~ 87%) and LT (~ 85%) NMs for
800 nm and 1030 nm wavelengths. Numerical simulations were also carried out to show the
achievable THz generation efficiency by the most common high-energy lasers. Simulations
predict a few percent conversion efficiency for LN at 1030 nm pump wavelength. At 800 nm pump
wavelength LT is recommended for THz generation since free-carrier-absorption introduced by
the three-photon-absorption can be excluded. In this case, the maximal conversion efficiency is
somewhat below 1% on the examined parameter range. With cryogenic cooling, we expect THz
generation with significantly larger than 1% efficiency.

We performed simulations for metallic ESR, which is technically probably the simplest solution.
However, more cost-effective production of the ESR could be the creation of a master periodic
structure by micromachining of metal, then creating replicas from glass by molding, finally,
creation of dielectric mirror structure on the surface of the glass replicas. Such replica ESR
would have similar diffraction efficiency than metallic ESR but would allow using of larger pump
intensities due to its larger damage threshold.
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