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We report on the generation of high-power narrow-bandwidth terahertz (THz) pulses by
cryogenic cooling of hand-made periodically-poled lithium niobate (PPLN) wafer stacks.
As a proof-of-concept, we cool stacks with up to 48 wafers down to 97 K and achieve few-
percent bandwidths at a center frequency of 0.39 THz, with pulse energy up to 0.42 mJ and
average power of 21 mW. Supported by modelling, we observe effective cooling of PPLN
wafer stacks that not only reduces THz absorption but critically maintains the micron-
scale inter-wafer gaps for optimal THz transmission. Our results unlock the potential for
scaling these large-area sources to greater numbers of wafers to push both the energy and
bandwidth beyond current capability, opening up possibilities in areas such as THz-driven

particle acceleration, THz imaging, and control over material properties.
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There is a need to develop laser-generated sources of high-energy narrowband terahertz (THz)
radiation for application in a broad range of research areas including selective excitation of res-
onant modes in materials,! non-linear microscopy” and compact particle accelerators’. Recent
progress in producing such a source has been based on stacking lithium niobate wafers to mimic
periodically-poled bulk crystals, achieved through rotating the ferroelectric z-axis of each con-
sective wafer by 180°. The technique introduced by Lemery et al.* offers the advantage of con-
structing large-area sources by exploiting the well-established commercial manufacture of optical-
quality wafers. To date, these hand-made periodically-poled lithium niobate (PPLN) wafer stacks,
constructed from 50 mm diameter wafers, have demonstrated 1.3 mJ THz pulses at a frequency of
0.16 THz when pumped by a Joule-class laser (a conversion efficiency of 0.14%)* and THz con-
version efficiencies up to 0.17% at a frequency of 0.39 THz>. To increase the THz output further
and achieve narrower bandwidths requires increasing the number of wafers in the stack beyond
the 12 used by Lemery et al.* and the 20 used by Mosley ef al.’. However increasing the total
thickness of lithium niobate is a challenge due to the large material absorption at THz frequencies

resulting in the re-absorption of the generated THz radiation as it propagates through the wafer

stack.

It is well-known that cryogenic cooling of lithium niobate can reduce the large material ab-
sorption at THz frequencies, due to low-frequency phonon modes,® and increase the THz output
power.”™ It is also known that cryogenic cooling of bulk PPLN crystals can reduce the bandwidth
of the THz emission.!? Lee er al.'” were able to suppress the strong temporal decay of the THz
waveform, due to THz absorption, which was observed at room temperature and obtain an 18 GHz
bandwidth at 1.8 THz. Carbajo et al.!' reported a fivefold increase in extracted THz energy when
cooling a PPLN crystal that emitted at a frequency of 0.52-0.56 THz from 295 K to 100 K. Further-
more, a THz pulse with an energy of 0.458 mJ at 0.36 THz has been reported from the cryogenic
cooling of a custom 10x 15 mm? PPLN crystal to less than 100 K,!2, but a chirped-pulse-beating
scheme was required to reduce the laser intensity below the damage threshold due to the bulk
crystal aperture limitations.

While wafer stacks offer the advantage of scaling to large area and laser pump spot sizes, the
key difference in comparison to bulk crystals is the existence of small inter-wafer gaps on the
order of the total thickness variation (TTV) specification of the wafers (typically on the order of
10 um). These air gaps have been shown to act as THz Fabry-Pérot etalons’, where increasing gap

size reduces THz transmission between wafers and adds a phase-shift which can alter the PPLN
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phase matching condition and the generated THz frequency. Whether hand-made PPLN wafer
stacks can benefit similarly from cryogenic cooling, and what role thermal expansion plays on the
inter-wafer gaps, remain open questions.

In this Letter, we explore cryogenic cooling of hand-made PPLN wafer stacks to <100 K for
high-energy narrowband THz generation. The multi-cycle waveforms were directly measured
using electro-optic sampling and shown to maintain a flat-top electric field profile for stacks up
to 48 wafers when cooled to 97 K. A comparison to a 1-dimensional model of THz generation in
PPLN wafer stacks revealed that both the inter-wafer gaps and the THz absorption are sufficiently
small at a temperature of <100 K not to have a significant detrimental effect on the emission, and
that these sources have significant potential for further increasing the output THz pulse energy and
reducing the bandwidth.

The lithium niobate wafers used in this experiment were 5 mol.% magnesium oxide-doped,
congruent, x-cut, with a diameter of 50.8 mm, a nominal thickness of 135 um, and had a TTV
of less than 10 um. They were anti-reflection coated on both sides for 1030 nm +/- 60 nm. The
wafer thickness corresponded to a poling period of 270 um, and a THz output frequency around
0.4 THz in the forward propagation direction. The wafer stacks were assembled by hand and
placed between two uncoated optical windows; a 6 mm thick CaF, window at the entrance and a
12 mm thick ultraviolet fused silica (UVFS) window at the exit of the stack. The two windows
provided uniform compression to the wafer stacks, while the UVFS window at the exit acted to
minimise the Fresnel loss and maximise THz extraction.

The experiment was carried out using the THz pump laser system at the ELI-ALPS research
facility in Szeged, Hungary.' The system consists of a fiber oscillator, a fiber stretcher, a regener-
ative amplifier, several thin disk multipass amplifiers and a grating compressor. It was capable of
outputting 500 mJ pulses at a repetition rate of 50 Hz, with a central wavelength of 1030 nm, and
a pulse duration compressible down to 500 fs. The experimental setup is shown schematically in
Figure 1. The laser output was split into a pump and probe beam, with the pump polarized along

the z-axis of the wafers. A maximum excitation fluence of 216 mJ cm—2

was obtained by focusing
the pump beam using a dielectic focusing mirror with a 3 m focal length. The focal point had to
be positioned after the PPLN wafer stack in order to limit the fluence and prevent damage caused
by structure in the pump beam profile; recorded using a laser beam profiler.

The PPLN wafer stack assembly was mounted on the cold finger of an ultra-low vibration

closed-cycle cryostat (K100 CryoCooler, Cryospectra) using spring loaded clips. The cryostat
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FIG. 1. (a) Schematic diagram of the experimental setup for THz generation and detection. (b) Cutaway
drawing of the oxygen-free copper mount that holds the PPLN wafer stack assembly on the cryostat cold

finger. QWP = quarter waveplate, WP = Wollaston prism, PD = photodiodes, FM = focusing mirror.

was fitted with a 3 mm thick CaF, entrance window (anti-reflection coated for 750-1550nm), a
6 mm thick CaF, or MgF; exit window, evacuated to 10~° mbar, and cooled to a base temperature
of 97 K. At the exit of the cryostat a 45° high-reflecting 1030 nm dielectric mirror was used to
direct the laser pump beam into a beam dump, with a polytetrafluoroethylene (PTFE) plate used
to block any residual laser light. The transmitted THz radiation was then focused using either a
gold coated 4-inch focal length 90° off-axis parabolic mirror onto a pyroelectric detector (THz-30,
Sensor und Lasertechnik GmbH) or an uncooled microbolometric detector array (Microxcam-
3841, INO), or by using a gold coated 6-inch focal length 90° off-axis parabolic mirror onto a
(110)-cut 4 mm thick ZnTe crystal for electro-optic detection using a boxcar integrator (GIA100,
Artifex Engineering GmbH) with an integration time of approximately 10us. The pyroelectric

detector was connected to a voltage preamplifier and was supplied with a calibration from PTB
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Berlin (the German National Metrological Institute).

Figure 2 shows the THz waveforms recorded at room temperature (RT) for the PPLN wafer
stacks built up from 10, 30 and 48 wafers. All waveforms were recorded using a positively chirped
laser pulse duration of 1.2 ps, as Mosley er al.> had previously found this close to the optimum

conversion efficiency. The waveforms reveal two distinct frequency components corresponding to
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FIG. 2. Normalized THz waveforms recorded for PPLN wafer stacks consisting of 10, 30 and 48 wafers
at room temperature using an excitation fluence of 50 mJ cm~2 and a positively chirped pulse duration
of 1.2ps. Note, for the 10 wafer PPLN stack a higher excitation fluence of 111 mJ cm™2 was used. The
waveforms are vertically offset for clarity. Inset shows a schematic diagram depicting the origin of the
forward and backward THz generation within the PPLN wafer stack and its relationship with the measured

THz waveforms.



0.14 THz and 0.37 THz (see supplementary material for power spectrum). The higher frequency
0.37 THz component starts at a time delay of O ps and originates from the forward generated THz
pulse exiting from the last wafer within the stack (see inset of Figure 2). The lower frequency
0.14 THz component starts at the end of the high frequency waveform (at approximately 14, 42
and 66 ps for the PPLN wafer assemblies with 10, 30 and 48 wafers, respectively). The 0.14 THz
component is due to the backward generated THz pulse which is reflected into the forward direc-
tion at the lithium niobate/CaF, interface at the entrance of the wafer stack and exits at the same
time as the forward generated THz from the first wafer in the stack. The windows sandwiching
the PPLN wafer stack, the cryostat exit window and the ZnTe electro-optic crystal thickness were
all carefully chosen to move all the reflections outside of the time delay range of the 0.37 THz
frequency part of the waveforms in order to prevent distortions. For the 0.37 THz waveform gen-
erated using 48 wafers the peak-to-peak amplitude of the last cycle of the waveform decreases to

40% of amplitude of the first cycle.

To explore the impact of cryogenic cooling on a PPLN wafer stack, the 48 wafer stack was
subsequently cooled to approximately 97 K, and the THz waveforms remeasured over the time
delay range of the 0.37 THz component. Figure 3 a) shows the THz waveform measured at room
temperature and two waveforms recorded at 97 K, the first two using a positively chirped pulse
duration of 1.2 ps and the third a positively chirped pulse duration of 0.6 ps. The longer duration
pulse was used in the majority of the experiments out of caution to avoid optical damage, with
a limited number of shorter pulse duration experiments carried out at the end of the ELI-ALPS
user time. As can be seen, the decay in amplitude of the waveform is reduced as the temperature
decreases. The difference in the amplitude of this decay between the two 97 K waveforms (labelled
IT and I in Fig. 3) is attributed to the first cold measurement (II) being performed before the
PPLN wafer stack had reached thermal equilibrium. This is also evident from the corresponding
power spectra in Figure 3 b), where a lower THz emission frequency (0.390 THz) was measured
in comparison to the second waveform measured at 97 K (0.394 THz). When the PPLN wafer
stack had reached thermal equilibrium (labelled III in Fig. 3), the peak-to-peak amplitude of the
last cycle of the waveform remained at 78% of the amplitude of the first cycle, highlighting a

significant reduction of the THz absorption/loss at low temperature.

Figures 3 a) and b) show the results of fitting the experimentally measured THz waveforms with
a one-dimensional model of THz generation in PPLN wafer stacks. The model considers optical

rectification in the PPLN wafer stacks using the wave equation in the crystal with a 2 non-linear
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FIG. 3. Normalized THz (a) waveforms and (b) power spectra recorded and modelled for a PPLN wafer
stack consisting of 48 wafers at room temperature (labelled I), and cooled to 97 K (labelled II and III). The
excitation fluence was 50 mJ cm~2 and a positively chirped pulse duration of 1.2 ps was used for I and II,
and 0.6 ps for III. The waveforms in (a) are vertically offset for clarity. See supplementary material for the

unnormalized waveforms.

source term, where the total electric field at the exit surface of the PPLN stack was calculated
from the sum of contributions from individual wafers, and the effects of the inter-wafer gaps were
included by considering the electric field amplitude transmission coefficient of the LN-vacuum-LN
gap to the contribution from each wafer (see ref. 5 for details). The model accounts for the pump
pulse chirp and propagation, the linear propagation and absorption of the locally generated THz
radiation in LN, and the THz amplitude and phase changes due to propagation through finite inter-
wafer gaps. The key parameters of the waveform fits are the THz refractive index of LN, the THz
absorption coefficient of LN (modelled using the imaginary part of the complex THz refractive
index), and the inter-wafer gap distance. While the THz refractive index governs the emission
frequency and the THz absorption coefficient the amplitude decay of the THz waveform, the inter-
wafer gap distance impacts both, controlling the THz amplitude loss and phase shift through the

inter-wafer gaps.

In Figures 3 a) and b) we obtain good agreement at RT using a THz refractive index of 5.07,
a THz absorption coefficient of 3.0cm™!, and an inter-wafer gap of 7um. While at 97 K, we
obtain good agreement using a THz refractive index of 4.955, a THz absorption coefficient of

0.3cm™!, and an inter-wafer gap of 1 um (see supplementary material for a summary of all the
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model parameters used). These values are broadly in-line with the literature values, where at
0.4 THz the refractive index and absorption coefficient for MgO-doped congruent lithium niobate
at 300K varies from 5.0 to 5.1 and 3.3 to 8.8 cm ™!, respectively.!*!3, and at around 100K in the
range of 0.35-0.4 THz, the refractive index and absorption coefficient vary from 4.8325 to 4.9 and
0.5 to 1.8 cm™!, respectively.'>!® While the wafer thickness also impacts the fits, in this simple

model the thickness has been kept fixed at the 135 um specified by the wafer supplier.
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FIG. 4. Peak-to-peak amplitude of each individual waveform cycle extracted from the measured and mod-
elled THz waveforms shown in Figure 3 for a PPLN wafer stack consisting of 48 wafers at room temperature

(labelled I) and cooled to 97 K (labelled II and III).

Figure 4 shows the peak-to-peak amplitude of each individual waveform cycle from Figure 3



for the 48-wafer stack. The amplitude of the last cycle, corresponding to the THz emission from
the first wafer in the stack, is clearly seen to increase as the temperature is reduced to 97 K. This
is attributed to two factors, the reduced absorption of the THz radiation as it propagates through
the lithium niobate wafers, and the observed reduction in the inter-wafer gap size as the stack
is cooled. Using the model fit to extrapolate to greater numbers of wafers reveals that for the
97K case, the peak-to-peak amplitude would only decay to 60% of the maximum for 80 wafers
(corresponding to a waveform with 40 cycles), demonstrating the potential to reach sub-percent
bandwidths.

The thickness and inter-wafer gap uniformity is evident from comparing the measured band-
width with that calculated for a model PPLN structure. Our one-dimensional model of THz gener-
ation in a 48 wafer PPLN stack produces a power spectrum bandwidth of 14.7 GHz at 0.394 THz
when the THz absorption and inter-wafer gap size are both set to zero and the wafer thickness
is fixed at 135 pm (see supplementary material for the THz waveform and power spectrum of an
idealised 48 wafer PPLN stack with no THz absorption or loss). This is in good agreement with
the 97 K power spectrum shown in Fig. 3 b) which has a full-width at half-maximum height of
14.4 GHz at a peak frequency of 0.394 THz.

The THz energy measurements, performed using the calibrated pyroelectric detector, revealed
a maximum generated THz pulse energy of 0.42 mJ exiting the UVFS window at the back of the
PPLN wafer stack when the cryo-cooled 48 wafer PPLN stack was excited using 0.6 ps pump
pulses with 500 mJ of energy. The THz energy was corrected for the transmission loss through
the cryostat exit window, high-reflecting 1030 nm mirror, the reflectivity of the off-axis parabolic
mirror, and the PTFE plate which were all positioned between the source and the detector (see
supplementary material for details of the terahertz beam propagation and transmission loss). While
the UVFS window aids the outcoupling, it also introduces Fresnel reflection loss. If we correct
for the Fresnel reflection loss the THz energy inside the PPLN wafer stack was 0.57 mJ which
corresponds to an internal conversion efficiency of 0.11%. The THz detector array was used to
confirm that all the generated THz radiation was collected and focused onto the 30 mm active area
of the pyroelectric detector. These measurements revealed an elliptically-shaped THz profile with
major radius of 2.87 mm, minor radius of 1.89 mm at the surface of the pyroelectric detector.

The 0.42 mJ of THz pulse energy was emitted from the UVFS window at the back of the PPLN
wafer stack at a repetition rate of 50 Hz equating to an average power of 21 mW. Millon er al.!”

provided an overview of the THz average power produced by optical rectification of materials suit-
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able for pumping with 1030 nm, namely lithium niobate, gallium phosphide and a range of organic
crystals. They reported average powers ranging from 9 to 34 mW depending on the source and rep-
etition rate employed. The average THz power produced here from a hand-made PPLN wafer stack
is therefore comparable to the record values produced from other materials. One particular advan-
tage of PPLN wafer stacks however is the scalability of the source, as the output energy will simply
scale with the total thickness of the stack in the absence of pump depletion and/or self-phase modu-
lation. Given the low THz losses determined for a cryo-cooled 48 wafer stack it should be possible
to increase the output energy by further increasing the number of wafers before the THz absorp-
tion and losses build to a detrimental level. Furthermore, with large-area >4"-diameter wafers of
lithium niobate commercially available, these sources are fully capable of exploiting >101J laser
drivers, providing a route to narrow-bandwidth THz sources beyond the 10 mJ level. Such sources
are crucial for THz-driven particle acceleration in dielectric-lined waveguides, where the aim is to
match the phase velocity of a travelling THz wave to a co-propagating particle bunch.!® The nar-
row bandwidth limits the deleterious THz pulse dispersion and also enables the energy contained
in the THz pulse to be used efficiently by the waveguide structures due to their limited acceptance

bandwidths.

In conclusion, we have demonstrated that cryogenic cooling of periodically-poled lithium nio-
bate wafer stacks is an effective method to improve the THz emission. We have achieved an output
pulse energy of 0.42 mJ, and a bandwidth of 14.4 GHz at 0.394 THz, from a PPLN wafer stack us-
ing 48 wafers cooled to 97 K. Our fitting of the experimentally measured THz waveforms with
a model of THz generation has revealed that the inter-wafer gaps are sufficiently small (on the
order of 1 um at 97 K) not to have a significant detrimental effect on the emission. Our approach
offers the prospect of scaling to even higher energies due to the low THz absorption and losses at

cryogenic temperatures and the readily available large-area lithium niobate wafers.

The supplementary material contains the power spectra corresponding to the THz waveforms
presented in Figure 2; the THz waveform and corresponding power spectrum calculated for an
idealized 48 wafer PPLN stack with no THz loss; the results of a terahertz beam propagation
calculation and the transmission of the THz beam path; a photograph of the edge of the PPLN

wafer stack; and the unnormalized THz waveforms and the model parameters used in Figure 3.
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