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Optical waveguides made from periodically poled materials provide high confinement of light and enable the gen-
eration of new wavelengths via quasi-phase-matching, making them a key platform for nonlinear optics and photonics.
However, such devices are not typically employed for high-harmonic generation. Here, using 200-fs, 10-nJ-level pulses
of 4100-nm light at 1 MHz, we generate high harmonics up to the 13th harmonic (315 nm) in a chirped, periodically
poled lithium niobate waveguide. Total conversion efficiencies into the visible—ultraviolet region are as high as 10%.
We find that the output spectrum depends on the waveguide poling period, indicating that quasi-phase-matching
plays a significant role. In the future, such periodically poled waveguides may enable compact sources of ultrashort
pulses at high repetition rates and provide new methods of probing the electronic structure of solid-state materials.

OCIS codes: (190.4160) Multiharmonic generation; (140.0140) Lasers and laser optics; (190.7110) Ultrafast nonlinear optics.

https://doi.org/10.1364/OPTICA.4.001538

1. INTRODUCTION

The process of high-harmonic generation (HHG) allows intense,
long-wavelength lasers to generate bursts of high-energy photons,
sometimes with pulse durations below 100 attoseconds [1]. Such
ultrashort pulses have found numerous applications, including
imaging nanometer-scale structures [2—4], observing the motions
of molecules on the sub-femtosecond timescale [5,6], and probing
ultrafast charge- and spin-dynamics in materials [7-9]. HHG is
typically accomplished in atomic gases, but the recent observation
of HHG in solids [10-18] has sparked interest that solid-state
materials could serve as a compact source of ultrashort pulses,
and that the harmonic generation process itself may provide a ver-
satile method for mapping the electronic structure of materials
[19-22]. Although initial experiments utilized mid-infrared lasers
to generate harmonics below the bandgap of the material, more
recent experiments have generated harmonics far above the
bandgap and into the extreme ultraviolet (EUV) region, with
photon energies higher than 30 eV [14-16].

While phase-matching has been extensively studied for HHG
in gases [23—27], phase-matching of HHG in solids is relatively
unexplored. In general, HHG in solids is not phase-matched, and
this phase-mismatch limits the conversion efficiency of the proc-
ess [28]. Phase-matching of HHG is notoriously difficult, since
most materials exhibit a large difference in the refractive index
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between the long-wavelength fundamental light and the short-
wavelength high harmonics. For HHG in gases, the ionization
of the material enables phase-matching through the free-electron
contribution to the refractive index. In contrast, solid materials
cannot tolerate significant ionization without permanent damage,
so any ionization-based phase-matching scheme would not be
practical. Fortunately, a key advantage of solid-state materials
is that well-established techniques are available for periodically
modifying the structure on the micrometer scale in order to
achieve quasi-phase-matching (QPM), which can allow for high
conversion efficiencies, even in the absence of true phase-
matching. For example, the domain-reversal periodic poling of
ferroelectric materials, such as lithium niobate, enables high-
efficiency QPM for y® nonlinear processes such as second
harmonic generation (SHG) [29]. Additionally, solid materials
can exhibit large nonlinear susceptibilities, and they can be
fabricated into waveguides with micrometer-scale cross sections,
tremendously enhancing frequency-conversion efficiencies in
nonlinear processes.

Here we demonstrate that a high-confinement waveguide of
chirped periodically poled lithium niobate (PPLN) can allow
for the phase-matched generation of harmonics up to the 13th
order when pumped with 10-n] pulses at 4100 nm. By using
waveguides with different poling periods, we can control the
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output spectrum, indicating that QPM is playing an important
role in the harmonic generation process. The total conversion ef-
ficiency of the harmonics (from the mid-infrared to the visible/
ultraviolet region) is as high as 10%, or about 1% per harmonic in
some cases. The high conversion efficiencies, low threshold pulse
energies, and strong influence of quasi-phase-matching suggest
that periodically poled waveguides are a promising platform
for HHG at high repetition rates.

2. EXPERIMENT
Ultrashort (~200 fs) pulses of 4100-nm light at a 1 MHz

repetition rate are generated with a commercial laser system
(KMLabs Y-Fi OPA) [30]. Since the 4100-nm light is generated
via a white-light-seeded difference frequency generation process,
the pulses (and any generated harmonics) should have stable
carrier-envelope phase [31]. The pulse energy delivered to the
waveguide input is varied between 0.01 and 50 n] and input-
coupled using a chalcogenide aspheric lens. When the light is
output-coupled using an identical lens, the total transmission
through the PPLN is approximately 20%. We make the
assumption that the propagation loss through the waveguide is
negligible and that the coupling loss can be evenly divided
between the input and output facets, providing an estimated in-
put/output coupling efficiency of approximately 40% per facet.
Thus, we scale the measured incident laser power by 0.4 and dis-
cuss the results in terms of the pulse energy propagating in the
waveguide. We note that the coupling loss experienced in this
study is likely a result of un-optimized coupling optics, and cou-
pling to PPLN waveguides with >80% efficiency (per facet) has
been experimentally demonstrated [32,33].

For broadband characterization of the output spectrum, the
light emerging from the waveguide is collected with an InF;
multimode fiber and recorded using two optical spectrum analyz-
ers (OSAs); a scanning-grating-based OSA (Ando AQG6315) is
used to record the spectrum from 350 to 1700 nm, while a
Fourier-transform OSA (Thorlabs OSA205) measures from
1000 to 5500 nm. In order to confirm the generation of
short-wavelength light, we use a different output-coupling con-
figuration, where a UV-fused silica lens is used to collimate
the light, which is then coarsely dispersed with a calcium fluoride
prism (to select only the ultraviolet wavelengths) and directed to a
grating spectrometer (Ocean Optics Flame UV-Vis). While the
infrared and visible spectrum analyzers provide measurements
of the absolute power density, the UV spectrometer provides a
spectrtum with no power calibration, and we have rescaled it
to match the visible OSA in the 800-THz region [Fig. 1(c)].
The power density recorded by the spectrum analyzers has been
scaled by 1/0.4 to account for the estimated output-coupling loss.
The Fourier-transform OSA was operated with a resolution of
30 GHz (1.7 nm at 4100 nm), the grating-based OSA was set
to a resolution of 5 nm, and the UV spectrometer has a resolution
of 1.5 nm.

The PPLN waveguides have a cross section of 15 x 16 pm and
a length of 25 mm [Fig. 2(a)], and were fabricated by NTT
Electronics America. These “direct-bonded” ZnO-doped ridge-
waveguides have a high resistance to photorefractive damage
[34]. Each waveguide has a different function that determines
the chirp of the poling period, which monotonically decreases
along the length of the waveguide [Fig. 2(b)]. The input laser

polarization is set to vertical, which is the direction where the
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Fig. 1. (a) When pumped with mid-infrared light, the periodically
poled lithium niobate (PPLN) waveguide glows with visible light.
(b) The generated light, as dispersed with a prism and observed on white
paper, reveals harmonic peaks across the visible and ultraviolet regions.
(c) When pumped with 20-nJ, ~200 fs pulses of 4100-nm light, the out-
put spectrum consists of harmonics up to the 13th order (H13 at 315 nm).

PPLN waveguides exhibit high ). Harmonics are generated
by propagating the pump laser through each waveguide in
both the “increasing-poling-period” and the “decreasing-
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Fig. 2. (a) An illustration of the chip containing the lithium niobate
(LN) waveguides on a lithium tantalate (LT) substrate. The pitch of the
domain inversion periodic poling (shown as red and blue regions)
changes along the length of the waveguide. The poling period is exag-
gerated for clarity; the waveguides contain several hundred poling peri-
ods. (b) Each waveguide has a different rate of chirp for the poling period.
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3. RESULTS

Using 20 nJ of pump pulse energy, we see light generated across
the visible and ultraviolet regions (Fig. 1). This light is easily
observable by eye, and discrete harmonics can be seen when
the light is dispersed with a prism and visualized on a piece of
white paper [Fig. 1(b)]. The ultraviolet harmonics can be seen
as a faint blue glow on the right side of Fig. 1(b) due to the fluo-
rescence of the paper. Using a spectrometer to record the output
light, harmonics can be seen across the entire visible region and
into the ultraviolet region, up to 13th harmonic [H13, Fig. 1(c)]
at 315 nm. Because the bandgap of lithium niobate is near
310 nm, harmonics higher than H13 will only propagate through
the lithium niobate for a short distance due to material absorp-
tion. It is possible that these shorter wavelengths are emitted,
but with much lower flux than the below-bandgap harmonics,
making detection challenging. When 20 mW of light is coupled
into the waveguide, over 2 mW of light in the 350-1700 nm
region is emitted, corresponding to a conversion efficiency from
the mid-infrared to the visible of more than 10%.

The conversion efficiency to each harmonic order increases
with increasing pump power [Fig. 3(a)]. At low incident powers,
the conversion efficiency drops sharply with increasing harmonic
order in a perturbative fashion. However, at higher pump powers,
a non-perturbative behavior is seen, and the harmonics form a
plateau where the conversion efficiencies for H5 though H9
are roughly constant at approximately 1% per harmonic. This
behavior is similar to what is typically seen for HHG in gases
and solids [10,35,36]. The spectral shape of the generated har-
monics also undergoes a dramatic change with increasing pump
power. At low pump powers, the spectrum consists of well-
separated harmonics, while at higher pump powers of more than
about 10 mW, the harmonics significantly broaden and begin to
merge together [Fig. 3(b)]. It is possible that this coincides with a
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Fig. 3. Conversion efficiency of the harmonics (a) and the output spec-
trum (b) at various pump power levels. For these results, Waveguide #2
was pumped in the increasing-poling-period direction. (Note: Below
170 THz, the spectra were collected using a mid-infrared optical spec-
trum analyzer, which has a higher noise-floor.)
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Fig. 4. Integrated power of each harmonic order as a function of the
pump power. At lower powers, the harmonics show a perturbative behav-
ior, scaling roughly with p” (dashed lines), where p is the pump power
and 7 is the harmonic order. At higher powers, a non-perturbative scaling
is observed. For H9, H10, and H11, a step is seen at approximately
10 mW, which corresponds to the situation where the discrete harmonics
spectrally broaden and begin to merge together.

temporal compression of the pump pulse, as is typical of the
soliton fission process that occurs in nonlinear media with
anomalous dispersion [37].

The power in each harmonic order scales nonlinearly with
pump power (Fig. 4), and each harmonic order exhibits a different
power scaling. At low pump powers, the power scaling is close to
2", where p is the pump power and 7 is the harmonic order. As the
pump power increases, the exponent becomes smaller, which is also
typical of HHG in both gases and solids as the power is increased
beyond the perturbative regime [28,35,36,38]. Interestingly,
for H7, H9, H10, and H11, a “step” is seen at around 10 mW
of pump power. This sudden increase in conversion efficiency
coincides with the spectral transition where the well-separated
harmonics spectrally broaden and begin to merge together, and
provides further evidence that the peak intensity of the pump pulse
may have been increased through temporal compression.

In order to identify the role of the periodic poling on harmonic
generation process, we test three different waveguides, each with a
different function determining the chirp of the poling period.
Additionally, we pump each waveguide in both the increasing-
and deceasing-poling-period directions. At low pump power
(5 nJ, Fig. 5), we sce an interesting effect: when pumping in
the decreasing-poling-period direction, the harmonic spectra look
similar for all of the waveguides [Fig. 5(a)]. However, when
pumped in the increasing-poling-period direction, each wave-
guide produces a different spectral shape [Fig. 5(b)]. This large
difference in the spectra generated by waveguides with different
poling periods [Fig. 5(b)] is a clear indication that the periodic
poling of the PPLN is providing QPM for the harmonic
generation process. At higher powers (Fig. 6), the harmonic
peaks broaden, and a supercontinuum-like spectrum is seen.
Additionally, when the waveguides are pumped in the increasing
poling period direction, the even-order harmonics are brighter
than the odd-order harmonics.
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Fig. 5. PPLN waveguides pumped with 5-n] pulses. (a) When
pumped in the decreasing-poling-period direction, a smooth spectrum
of even and odd harmonics is seen, with minimal changes between
the waveguides. (b) When pumped in the increasing-poling-period direc-
tion, significant differences are seen between the different waveguides.

20 T T T T T T T T
ol (a) Decreasing poling period __  \aveguide #1 |
— Waveguide #2

_Waeguide #3

\J

-100H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H11]

100 200 300 400 500 600 700 800
Frequency (THz)

Relative intensity (dBm/THz)
|
S
o

20 T T ‘ T T ‘ T
(b) Increasing poling period  __  \ayeguide #1
Waveguide #2
Waveguide #3 |

=20

—40}

—60 |

“100/H1 H2 H3 H4 H5 H6 H7 H8 H9 H10 H1l 1

100 200 300 400 500 600 700 800
Frequency (THz)

Relative intensity (dBm/THz)

Fig. 6. PPLN waveguides pumped with 25-n] pulses exhibit broader
harmonic peaks. (a) When pumped in the decreasing-poling-period
direction, small differences are seen between the various waveguides,
mainly in the regions between the harmonic peaks. (b) When pumped
in the increasing-poling-period direction, large differences are seen in the
spectra produced from the various waveguides.

4. DISCUSSION

Having observed high conversion efficiency of mid-infrared light
into visible and ultraviolet harmonics, and having experimentally

confirmed that QPM is playing a significant role, the primary
question is: By what mechanism is the light generated? While
the spectral shape that we observe resembles that which is seen
from direct-HHG in gases and solids, the high conversion effi-
ciency and the exceptional y) properties of PPLN could mean
that ¥ processes play a dominant role in this case. The currently
available data do not unambiguously specify the mechanisms
leading to the harmonic generation, but they do suggest three
possibilities:

Mechanism 1: Cascaded SHG and SFG: In this mechanism,
the light is generated through the y? processes of SHG and sum-
frequency generation (SFG). Recently, harmonics up to the eighth
order were observed in a bulk chirped PPLN crystal [39] and were
attributed to cascaded y®) processes, where each step of the proc-
ess was separately quasi-phase-matched through the first- and
higher-order grating effects. However, in this case, this mecha-
nism fails to explain the relatively smooth harmonic spectrum
generated in our experiment. In particular, while most of the
SFG processes experience QPM, SFG processes for H5 cannot
be quasi-phase-matched in Waveguide #1, and SFG processes
for H6 cannot be quasi-phase-matched in any of the waveguides
[Figs. 7(a)-7(c)]. This conflicts with our experimental data,
which shows reasonable conversion to H5 and H6 for all of
the waveguides (Figs. 5 and 6). (We note that, after submission
of this paper, Park er al. [40] proposed that additional pathways
based on difference-frequency generation could better explain the
shape of HHG spectra from cascaded-y® processes in lithium
niobate).

Mechanism 2: Direct HHG: In this mechanism, the nth har-
monic is generated from the one-step absorption of 7 photons.
Since high harmonics are most commonly generated via this di-
rect mechanism, the term “HHG” often implies a direct- HHG
mechanism. In contrast, we use HHG to refer to the macroscopic
effect of generating high-order harmonics from a medium,
regardless of the mechanism, and use “direct HHG” to refer spe-
cifically to the one-step mechanism discussed, for example, in
Refs. [10-22].

The direcc HHG mechanism is consistent with the smooth
spectrum of even and odd harmonics that results from pumping
in the decreasing-poling-period direction, which appears very
similar to the spectrum generated from phase-mismatched
HHG in non-centrosymmetric solids, such as ZnO [10,12]
and ZnSe [20]. The domain-reversal QPM in PPLN only allows
phase-matching of even harmonics, since the odd-order nonli-
nearities (y®), ), etc.) are symmetric and are consequently
not affected by flipping the crystal axis. Thus, the presence of
odd harmonics suggests that the light generated in the decreasing-
poling-period direction is phase-mismatched, while the light
generated in the increasing-poling-period direction has an en-
hancement of the even harmonics (Fig. 6) due to QPM. Since
the phase-mismatch between the short-wavelength harmonics
and the long-wavelength fundamental is quite large, very short
poling periods would be required to achieve phase-matching
via the first order of the grating. However, in this case, QPM
can be achieved for all even harmonic orders via higher-order
grating effects [Figs. 7(d)-7(f)], albeit with somewhat reduced
efficiency. It is interesting to note that QPM for HHG in gases
has been achieved using various schemes, including counter-
propagating laser light [26,27,41] and width-modulated gas-
filled waveguides [42], but has not seen widespread adoption,
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Fig. 7. (a)-(c) The top black curve shows the poling period of the
chirped PPLN waveguides, while lower curves indicate the effective po-
ling period achieved via 3rd-, 5th-, 7th-, 9th-, and 11th-order QPM. The
horizontal lines indicate the poling period required for QPM of various
sum-frequency generation (SFG) processes (Mechanism 1). The labels
indicate the harmonic order produced, and (in parentheses) the harmonic
order of the two photons consumed in the SFG process. If the line crosses
a curve, QPM is achieved at this location. While many of the SFG proc-
esses experience QPM, none of the pathways for H6 are quasi-phase-
matched for any of the waveguides. (d)—(f) The required poling period
for QPM the direct-HHG processes are shown with horizontal lines.
Odd grating orders (thick black curves) can provide QPM for even
harmonics (thick lines), while even grating orders (thin gray curves)
can provide QPM for odd-order harmonics (thin lines). In direct
HHG (Mechanism 2) only odd grating orders (thick curves) are allowed,
providing QPM only for even harmonics. In Mechanism 3 both odd and
even grating orders are allowed, providing QPM for all harmonic orders
in all of the waveguides.

because other phase-matching techniques are available. To our
knowledge, QPM of direct HHG using periodic poling has
not been previously observed.

The peak intensities used in this study are consistent with a
mechanism of direct HHG. For a 20-nJ, 200-fs (full width at
half-maximum) pulse, the peak intensity in the waveguide will
be approximately 1.3 x 10'" W /cm? This is significantly less in-
tense than the 10" W /cm? typically used for gas-phase HHG
[25], or the 10" W /cm? used for generating HHG in relatively
low-refractive-index solids like MgO [43], ZnO [10], and solid

argon [16]. However, it is comparable to the peak intensities used

to generate HHG in ZnSe [20], a material with a higher refractive
index. Previous work [44] has predicted that higher-order
nonlinear susceptibilities should tend to increase with increasing
refractive index, suggesting that higher index materials (like
lithium niobate) may allow for efficient HHG with lower peak
intensities.

While the direct-HHG mechanism explains many of the exper-
imental observations, some things are left unexplained. First, it is
not clear from the phase-matching analysis in Fig. 7 why QPM
should change significantly based on the propagation direction.
Also, this mechanism implies that the generation of both even
and odd harmonics when pumping in the decreasing-poling-period
direction corresponds to phase-mismatched HHG, which conflicts
with the excellent conversion efficiency seen in the experiment.

Mechanism 3: Cascaded y® with phase-mismatched steps:
This mechanism is similar to Mechanism 1 in that it relies on
cascaded SHG and SFG processes. The difference is that gener-
ation of intermediate harmonic orders is allowed to be phase-mis-
matched, and the QPM conditions are calculated using the same
equation as for direct HHG. Indeed, several groups [45-47] have
studied third harmonic generation via cascaded SHG and SFG in
situations where both the SHG and SFG processes are, by them-
selves, phase-mismatched, but the third harmonic process is
phase-matched, and they reported high conversion efficiencies
(up to 25% in the case of Ref. [45]). Importantly, since the proc-
ess is fundamentally based on cascaded ¥ processes, both even
and odd harmonic orders can be quasi-phase-matched by the
domain-reversal periodic poling in a PPLN waveguide. While
the even harmonics experience typical QPM via the odd order
grating effects, QPM for the odd harmonics is achieved via the
even order grating effects [Figs. 7(d)-7(f)]. Thus, the smooth
spectrum of both even- and odd-order harmonics observed
during pumping in the decreasing-poling-period direction
[Fig. 5(b)] could be phase-matched according to this mechanism.
Additionally, since the conversion efficiency to each harmonic
order is still influenced by the population of lower-order harmon-
ics [45,46], the direction of light propagation can affect the yield
of all harmonic orders. However, this mechanism does not explain
the preference for even-order harmonics in the case of pumping in
the increasing-poling-period direction.

A. Summary

While each of the proposed mechanisms provides a reasonable ex-
planation for some aspects of the results, none of the proposed
mechanisms by itself provides a perfect explanation for all of
the experimental observations, suggesting that some combination
of these mechanisms or other nonlinear effects are at play. For ex-
ample, at higher pump powers, the pump spectrum broadens, and
it is likely that significant self-phase-modulation and pulse com-
pression are occurring, which could increase the peak intensity
of the pulse as it propagates along the waveguide. This effect could
explain some of the propagation-direction dependence we see in
the harmonic spectrum. Additionally, phase-mismatched cascaded
7? processes in PPLN waveguides are known to provide an alter-
native pathway for processes such as self-phase modulation and
soliton fission [48,49]. Finally, light could be generated into
higher-order spatial modes of the waveguide [50-53], further com-
plicating the analysis. More sophisticated modeling will be required
in order to definitively explain how these harmonics are generated
and predict how they can be optimized in future experiments.
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B. Outlook

While the results here focus on the high-efficiency generation of
visible and ultraviolet light using nJ-level pulses at a 1-MHz
repetition rate, the technique of HHG in periodically poled
waveguides can likely be scaled into other regimes. For example,
waveguides with smaller cross sections would enable even lower
pulse energies and higher repetition rates. Additionally, shorter
poling periods would allow for the compensation of higher
phase-mismatch, and could enable the QPM of HHG in the ex-
treme ultraviolet or x-ray regions. Lastly, more careful control over
the waveguide dispersion and pump propagation could provide
temporal compression of pump pulses to the few-cycle scale
[37]. All together, periodically poled waveguides could provide
an ideal combination of temporal confinement, spatial confine-
ment, high nonlinearity, and flexible phase-matching, which
could support HHG at high repetition rates with ultracompact
lasers.

5. CONCLUSION

In summary, we have demonstrated broadband HHG (up to the
13th harmonic order) using nJ-level pulses at 1 MHz, with total
conversion efficiencies as high as 10%. The high conversion effi-
ciency and high repetition rate are enabled through the use of
periodically poled waveguides. The waveguide geometry provides
high spatial confinement of the light over a long interaction re-
gion, while the periodic poling provides quasi-phase-matching,
greatly enhancing the efficiency. The harmonic spectrum and
power scaling exhibit the non-perturbative behavior typical of
the direct y HHG process, while the apparent phase-matching
of both odd- and even-order harmonics, as well as the dependence
of the spectrum on the direction of the poling-period chirp, sug-
gest a mechanism based on cascaded y@ effects. Regardless of the
precise mechanism, this ability to generate high-order harmonics
with excellent conversion efficiency using low pulse energies
could enable compact, solid-state, high-repetition-rate sources
of ultrashort pulses [54] and provide new methods of probing
the electronic structure of solid-state materials.
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