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Abstract: A novel THz source, based on optical rectification in LiNbO3 using the tilted-
pulse-front technique, is proposed and experimentally demonstrated. The pulse-front tilt is
introduced by a volume phase holographic grating, efficiently used at perpendicular incidence in
transmission, and the THz pulses are produced in a LiNbO3 plane-parallel nonlinear echelon
slab, arranged parallel to the grating. As a unique feature, the entire setup has a plane-parallel,
transmission-type configuration, which straightforwardly enables distortion-free scaling to large
sizes, high pulse energies and high THz field strengths. The possibility of operating the setup at
cryogenic temperature for increased THz generation efficiency is also investigated. Calculations
predict efficiencies of 95% for diffraction and 2% for THz generation at room temperature with a
refractive-index-matching liquid between the grating and the echelon slab.

© 2022 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Intense terahertz (THz) pulses can trigger nonlinear responses of materials by actively driving
phonons, magnons, and other low-frequency modes to unprecedentedly large amplitudes. For
example, the switching of magnetic order [1], novel insights into spin-lattice coupling [2], control
and detection of spin order in antiferromagnets [3], introducing nonlinear effects on gases [4] and
liquids [5,6], and acceleration of free electrons [7] were achieved. All these exciting applications
depend on THz source technology delivering intense pulses. The highest so far peak field
strengths have been achieved by optical rectification of ultrashort laser pulses in DSTMS (40
MV/cm [8]), GaSe (100 MV/cm [9]), and LiNbO3 (LN, 6.3 MV/cm) [10] crystals. Among these,
LN THz sources have found most widespread use due to the possibility of efficient pumping
directly by Ti:sapphire and Yb lasers. This is in contrast to organic and semiconductor crystals,
which require longer infrared pump wavelengths. Using conventional tilted-pulse-front technique,
as high as 1.4 mJ pulse energy has been recently demonstrated from a cryogenically cooled
LN source [10]. Despite such progress, up to now, the peak electric field strength produced in
LN remained nearly one order of magnitude lower than that in the other two types of materials
(DSTMS, GaSe), due to lower frequencies and other limitations.

The longest-standing problem with LN THz sources has been the strongly nonuniform
interaction length across the beam in the prism-shaped nonlinear optical crystal. An early
suggestion to solve this problem was to use a contact grating on the entrance surface of a
LN plane-parallel slab [11]. However, the realization in LN turned out to be impossible [12],
whereas the contact-grating concept was successfully demonstrated in a semiconductor nonlinear
material [13–15]. Recently, new concepts have been proposed to reduce or solve the problem of
nonuniform interaction length in LN tilted-pulse-front sources. In a conventional grating-lens-LN
setup, it was proposed to replace the LN prism by a plane-parallel LN slab with an echelon
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structure on its input surface [16]. In this case, a segmented tilted pulse front is produced, rather
than a continuous one. THz generation was demonstrated from such an echelon-based source
and the possibility of omitting the imaging was also mentioned [17]. An imaging-free LN wedge
was also suggested, in which the wedged shape can compensate the spatially varying group delay
dispersion. A wedge angle <10° can be used in this configuration, which is significantly smaller
than the LN prism angle (∼63°) in a conventional tilted-pulse-front setup [18]. Plane-parallel LN
slabs with a reflection grating on the backside [19], or with an external reflection grating [20] were
also investigated, which work in double higher (∼±20) diffraction orders. These advances hold
promise for a substantial increase of the achievable electric field strength to the multi-10-MV/cm
level. However, to use a LN wedge, rather than a plane-parallel slab, still limits the lateral size of
the source. Reflection-type approaches can be disadvantageous for some applications and the
interference of the two overlapping diffracted beams can lead to reduced effective pump intensity
[21].

In the present work, the nonlinear echelon slab (NLES) concept [16,17] is combined with
an imaging-free approach in a way to maintain an ideal, laterally uniform pulse-front-tilting
and THz-generation scheme in a transmission-type setup with a single diffraction order. This
approach enables distortion-free, uniform scalability to large sizes, pump energies, and extreme
focused THz field strengths. Specifically, the grating is used at perpendicular incidence, rather
than in the conventional Littrow geometry. High diffraction efficiency (DE) can be achieved by
using a volume phase holographic grating (VPHG) [22–24], rather than a binary one. This allows
a completely plane-parallel grating-NLES configuration of transmission type, and is scalable
without any principal limitation.

2. Setup

The proposed simple and compact THz pulse source setup is shown in Fig. 1. It is based on
optical rectification in LN using the tilted-pulse-front technique [25]. The setup contains only
two optical elements: a VPHG, which introduces the necessary pulse-front tilt (PFT), and the
LN NLES, where the optical rectification takes place. The pump beam has normal incidence at
the VPHG. Consequently, the diffraction angle and the PFT angle (γ) in the diffracted output
beam will be equal and can be easily calculated in any material after the VPHG from the grating
equation:

sin(γ) =
λ0
nd

. (1)

Here, λ0 is the pump wavelength in vacuum, d is the period of the grating and n is the refractive
index of the material between the VPHG and the NLES. The grating period d is measured along
the plane of the VPHG. More details on the VPHG are given in Section 3. In the diffracted output
beam, the pulse front is parallel to the plane of the VPHG. This is essential for the parallelism,
and hence, for the uniform scalability of the entire setup. This is in contrast to usual Littrow-type
configurations, where the group delay dispersion, and consequently the pulse duration, is spatially
varying across the beam.

The pump beam enters the NLES at normal incidence to the input facets of the echelon steps
(Fig. 1), whereby its propagation direction and average PFT angle remain unchanged. Inside
the LN nonlinear material, the pulse front becomes segmented [16], due to the discrete nature
of the echelon steps. Thus, the local (γLN) and the average (γ) PFT angles will be different.
Consequently, the pump pulse-front segmentation (more exactly, the γLN< γ relation) results
in dephasing between the elementary THz waves generated from different transversal positions
inside the segments, causing a drop of the THz generation efficiency [16,18]. The local tilt angle
of the individual pulse-front segments (Fig. 1) is determined by the following simple equation
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Fig. 1. NLES-VPHG THz sources. (a) Air-spaced configuration with antireflection (AR)
coating at the VPHG backside. (b) RIML-filled configuration.

[26,27]:
tan(γLN) =

ng

ng,LN
tan(γ). (2)

Here, ng is the group refractive index of the material filling the space between VPHG and
NLES, and ng,LN is the group refractive index of LN. For efficient THz generation in LN, an
average PFT angle of γ = 63◦ is needed at room temperature. Figure 1(a) shows the simplest,
air-spaced configuration (ng ≈ 1). It is useful to apply antireflection coating on the back side of
the VPHG to reduce reflection losses at the grating window-air boundary (see also Section 3 for
more details on the structure of the VPHG).

Obviously, according to Eq. (2), the mismatch between the average and the local PFT angles can
be reduced by using refractive-index matching liquid (RIML) between the VPHG and the NLES.
In such a RIML-filled configuration (Fig. 1(b)), the THz generation efficiency and the bandwidth
can be increased by reducing the dephasing related to pulse-front segmentation. Furthermore,
the RIML also reduces the Fresnel losses at the VPHG-liquid and liquid-LN boundaries.

The THz pulse, generated by optical rectification inside the NLES, propagates perpendicularly
to the average PFT and leaves the NLES perpendicularly to its backside flat exit surface (Fig. 1).
The duration of an initially Fourier-limited pump pulse will rapidly increase, and its intensity
decrease behind the VPHG due to the angular dispersion and the associated group-velocity
dispersion [26,27]. Hence, the pump pulse needs to be prechirped to compensate for this. In
a conventional chirped-pulse laser amplifier, detuning the grating compressor can be used to
restore the short pulse duration within the NLES.

Numerical simulations were carried out for both the air-spaced and the RIML-filled setups
to optimize their parameters and to estimate and compare their performances in terms of pump
throughput into the NLES and THz generation characteristics. The pump throughput, including
especially the DE at the VPHG, was estimated by numerical simulations using the COMSOL
software. The results are described in Section 3. THz generation results, calculated by a model
introduced in Ref. [18], are presented in Section 4.
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3. VPHG designs

Diffraction in a VPHG arises from the periodic modulation of the refractive index [22–24].
This index modulation can be produced in photosensitive materials, such as photopolymers
or dichromated gelatin (DCG), by intensity-modulated illumination. DCG has a large index
modulation capability up to about ∆nDCG <

∼ 0.15 [28]. For such large index modulation, high DE
(which depends on the product of the thickness and ∆nDCG) can be achieved in a thin grating,
which enables a broad spectral bandwidth. It can have high laser-induced damage threshold of
about 2 J/cm2 for 800-fs pulses of 1053 nm wavelength [29]. The DCG is usually sealed between
two optical windows (e.g. fused silica or BK7) to support it and to protect it from humidity and
dust [30].

VPHGs have high DE when the Bragg condition is fulfilled. In order to achieve the Bragg
condition, the planes of constant refractive index can be tilted (slanted), as indicated in Fig. 1. It
is very advantageous for many applications that a high DE can be achieved in this way even for a
large difference between the angle of incidence and the angle of diffraction, i.e. far away from
the Littrow configuration preferred by many other grating types. To determine the necessary
slant angle ϕ (Fig. 1.) for high DE, it is essential to know the average refractive index of the
DCG, nDCG. This is ∼1.54 for the unprocessed DCG [31], ∼1.50 for ∆nDCG<0.1, and can be as
low as 1.25 for a highly processed (∆nDCG>0.1) DCG [23].

The efficiencies calculated by numerical simulations in COMSOL for the air-spaced and the
RIML-filled configurations are shown in Figs. 2(a) and 2(b), respectively, as functions of the
index-modulated layer thickness (T) and the slant angle (ϕ). The calculated values are the pump
diffraction efficiencies (pump DE), which include the VPHG DE and the Fresnel losses up to the
NLES input surface. In both cases, a pump laser wavelength of 1030 nm was used and the DCG
was assumed to be sealed between fused silica windows.

Fig. 2. Calculated pump DE up to the LN NLES as function of the index-modulated layer
thickness (T) and the slant angle (ϕ), in case of the air-spaced (a) and the RIML-filled
(b) NLES-VPHG setups. The horizontal and vertical lines indicate the T and ϕ values
corresponding to the highest efficiencies.

For the air-spaced setup (Fig. 1(a)), a highly processed grating was supposed with nDCG = 1.35
and ∆nDCG = 0.15. Antireflection (AR) coating was used only at the output side of the VPHG
backside fused silica window. The maximum efficiency is 92.8%, if we suppose a multilayer
AR coating with 2% loss. This efficiency can be achieved for T = 3.15 µm index-modulated
layer thickness and ϕ = 22.0◦ slant angle (Fig. 2(a)). (Without the AR coating at the backside,
the efficiency is 77.4% for similar parameters, because of the higher Fresnel loss at the output
surface.) Such efficiency is suitable to pump THz sources with a high conversion efficiency (see
Section 4).
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For the RIML-filled setup (Fig. 1(b)), a grating with nDCG = 1.5 and ∆nDCG = 0.1 was
supposed without AR coating at either side. A fused silica RIML was used with n = 1.45 and
with a group refractive index value of ng = 1.46. Because of the smaller Fresnel losses in the
RIML-filled setup, a higher efficiency of 95.7% (Fig. 2(b)) can be achieved than in the air-spaced
setup. Because of the smaller index modulation, the grating for the RIML-filled setup is thicker
(T = 3.8 µm) than in the air-spaced setup, which is required to achieve similarly high (>98%)
internal diffraction efficiencies. In order to provide the same diffraction angle of γ = 63◦, the
larger refractive index of the fused silica RIML requires a larger slant angle (ϕ = 34.5◦) than in
case of the air-spaced setup. We note that it is easier to manufacture a VPHG with parameters for
the air-spaced setup, but the RIML-filled setup has more favorable output result. The parameters
of the optimized air-spaced and RIML-filled setups are summarized in Table 1.

Table 1. VPHG parameters of the two optimized designs.

Setup Line density,
1/d, (1/mm)

Average
refractive

index, nDCG

Index
modulation,

∆nDCG

Thickness of
the index-
modulated

layer, T (µm)

Slant angle,
φ

DE (%)

Air-spaced 865 1.35 0.15 3.15 22.0° 92.8

fused silica
RIML-filled

1297.5 1.5 0.1 3.8 34.5° 95.7

It is of practical interest to investigate the possibility of cryogenic cooling the NLES-VPHG
setups. Cooling can significantly enhance the THz generation efficiency by reducing the THz
absorption in LN [32,33]. It was shown that the VPHG DE is not changing after several cooling
and heating cycles [34]. Furthermore, it is possible to find a liquid with a suitably low freezing
point and an appropriately high refractive index. One possible candidate is carbon disulfide
with a refractive index of 1.595 [35] and freezing point of 162.35 K. (The fused silica RIML
considered above enables cooling until about –40 °C and a moderate reduction of the THz
absorption coefficient of LN [32,33]).

4. THz generation characteristics

Numerical simulations, based on the model described in Refs. [16,18], were performed to
estimate the THz generation performance of the two NLES-VPHG setups and to compare them.
The model takes into account the absorption of the LN nonlinear crystal in the THz range, the
variation of the pump pulse duration along the propagation direction due to material and angular
dispersions, the effect of dephasing with the increase of the transversal size of the segments along
the propagation direction, and the Fresnel losses of the pump and the THz at the NLES front and
output surfaces, respectively. Nonlinear interactions other than the generation of the THz field by
optical rectification were not considered. Therefore, the calculations can be considered reliable
up to about 2% pump-to-THz energy conversion efficiency [36]. In the simulations, pump pulses
of 200 fs duration, 1030 nm central wavelength, and 70 GW/cm2 peak intensity were assumed.

The THz generation efficiency as function of the NLES thickness (L) is shown in Fig. 3(a).
The RIML-filled setup has up to about 1.8 times higher THz generation efficiency than the
air-spaced one. Figure 3(b) gives the corresponding echelon step width w (Fig. 1), optimized for
each NLES thickness to give the highest THz generation efficiency. The height of the echelon
steps (h) was calculated from the simple equation tan(γ) = h/w [16]. According to Fig. 3(b), the
optimal echelon step width increases with increasing NLES thickness.

Three main factors determine the optimal stair step width. The diffraction and the dephasing
effect of the tilted pulse front segments, and the material absorption at THz frequencies. With
increasing step sizes, the pump pulse front segments will expand (because of the diffraction) less
rapidly during propagation, the pump intensity can remain high for larger crystal thicknesses,
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Fig. 3. (a) Pump-to-THz energy conversion efficiency and (b) optimal echelon step size
(w) as functions of the NLES crystal thicknesses (L) of the air-spaced (red circles) and the
RIML-filled (black squares) NLES-VPHG setups. The lines in part (b) are linear fits to the
data points.

which can enable higher THz generation efficiency. On the other hand, with the increasing step
size the dephasing effect will be stronger, which limits the THz generation efficiency, especially
at higher frequencies. Furthermore, the material absorption also limits the THz frequencies that
can be efficiently generated. The optimal step width shown in Fig. 3(b) represents a practical
trade-off between these effects.

The calculated THz amplitude spectra and the temporal waveforms are plotted in Fig. 4 for
both the air-spaced and the RIML-filled setups, in each case for 1.5 mm and 4 mm NLES
thicknesses. In case of the air-spaced configuration, the peak of the amplitude spectrum is at
0.68 THz for 1.5 mm crystal thickness, and it is reduced to 0.43 THz for 4 mm. Similarly, in
case of the RIML-filled configuration, the corresponding amplitude peaks are at 0.8 THz and 0.5
THz, respectively. The shift of the THz spectrum to lower frequencies with increasing crystal
thickness is related to the increasing optimal echelon step width (Fig. 3(b)). By comparing the
air-spaced to the RIML-filled setup, it is found that the bandwidth is broader, and the frequency
of the amplitude peak is higher in the latter case. The reason for this is the smaller difference
between the local and the average PFT angles, and the corresponding reduced dephasing effect,

Fig. 4. Calculated amplitude spectra (a) and electric-field waveforms (b) of the air-spaced
(red lines) and RIML-filled (black lines) setups, at 1.5 mm (solid lines) and 4 mm (dashed
lines) NLES thicknesses.
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as mentioned in Section 2. Figure 4(b) shows that nearly-single-cycle THz pulse shapes can be
produced by both setups. The electric field values refer to the output side of the NLES in air,
without any focusing.

5. Experimental results

A proof-of-principle experiment was carried out with the air-spaced setup (Fig. 1(a)). A VPHG
(manufactured by Wasatch Photonics) with a grove density of 865 lines/mm was used, which
had no AR coating at either side. The measured DE was 76% at normal incident and 63° angle
of diffraction. This value is close to the simulated DE of 77.4%. The pump pulses had 1030
nm central wavelength, 200 fs transform-limited pulse duration, and up to 1 mJ energy. The
NLES was the same prototype as in Ref. [17], with 5 mm height (parallel to the echelon grooves),
8 mm width, and L = 3 mm thickness. The width of the stair steps was w = 50 µm. The
prechirp of the pump pulses was set by adjusting the separation of the compressor gratings after
the regenerative amplifier to maximize the THz output energy (see also Section 2). The THz
pulse energy was measured after the LN NLES by a calibrated pyroelectric detector from Sensor-
und Lasertechnik (THz 20) [37]. To get rid of any fundamental and second-harmonic beams, a
PTFE (Teflon) window and a black paper were used between the NLES and the detector. Their
THz transmissions were carefully calibrated and taken into account in the THz pulse energy
measurements.

The experimental results for the air-spaced NLES-VPHG setup are shown in Fig. 5 (full
symbols). The measured THz pulse energy was increasing nearly quadratically to about 0.2
µJ with increasing pump intensity to about 18 GW/cm2. The pump-to-THz energy conversion
efficiency was increasing up to about 3× 10−4. The reason for the relatively low efficiency can be
attributed to the nonoptimal geometry of the prototype NLES and imperfections of the echelon
surface, as discussed in more detail in Ref. [17]. The working of the NLES-VPHG principle with
a high VPHG DE are demonstrated by comparing the THz yield of this new, imaging-free setup
to the earlier demonstrated setup, which used a grating in Littrow configuration and imaging
[17]. As it can be seen in Fig. 5, the THz generation efficiency in the two setups are nearly the

Fig. 5. Measured THz generation efficiency (full square symbols and left black axis)
and THz pulse energy (full blue square symbols and right blue axis) as functions of the
pump pulse intensity (bottom axis) and pump pulse energy (top axis) for the air-spaced
NLES-VPHG setup. For comparison, the empty circles represent measured data for the
NLES setup with a grating in Littrow configuration and imaging [17].



Research Article Vol. 30, No. 3 / 31 Jan 2022 / Optics Express 4441

same. The empty symbols in Fig. 5 are for the earlier setup and show the same set of data as in
Ref. [17]. We note that in both cases, the pump pulse energy was measured before the grating
and its spot size was measured at the position of the NLES input surface. The predicted higher
efficiencies and energies with the NLES-VPHG compared to the NLES with imaging will be
accessible with larger VPHG-NLES sizes, where edge effects (imaging errors, and the longer
pump pulse duration at the sides of the pump spot) can be significantly mitigated [16,17].

6. Conclusion

A novel THz source, based on optical rectification in LiNbO3 using the tilted-pulse-front
technique, is proposed and experimentally demonstrated. The pulse-front tilt is introduced by a
volume phase holographic grating (VPHG). Such gratings can be used efficiently at perpendicular
incidence in transmission, in contrast to the conventional Littrow configuration. THz pulses are
produced in a LiNbO3 plane-parallel nonlinear echelon slab (NLES). The compact, imaging-free
setup has a plane-parallel, transmission-type geometry, which enables distortion-free scaling to
large sizes, high pulse energies and THz field strengths. The setup can be operated at cryogenic
temperatures for increased THz generation efficiency.

Two configurations were investigated: (i) a simple air-spaced one and (ii) one with refractive-
index matching liquid (RIML) between the VPHG and the NLES (RIML-filled setup). Calcu-
lations predict similar VPHG diffraction efficiencies of 92.8% and 95.7%, for the two setups
respectively. The RIML-filled setup is capable to deliver 1.8 times higher THz generation
efficiency than the air-spaced one. Up to about 2% THz generation efficiency can be expected.

In a proof-of-principle experiment, similar THz generation efficiency was demonstrated with
the air-spaced NLES-VPHG setup as achieved in our previous work in the same prototype NLES,
but using a grating in conventional Littrow configuration and imaging optics for tilting the pump
pulse front. This suggest that the NLES-VPHG setup can produce the same THz generation
efficiency as the NLES with imaging, without any principal limitations in the useful pump beam
diameter. The concept is adaptable to other materials, such as semiconductors. Because of
the compact, straight-through transmission geometry, the NLES-VPHG concept can be easily
adapted to various applications, pulse energies, and focusing conditions.
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