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Enhancing the efficiency of high-order
harmonicswith two-color non-collinearwave
mixing in silica

Sylvianne D. C. Roscam Abbing1, Nataliia Kuzkova 1,2, Roy van der Linden1,
Filippo Campi1, Brian de Keijzer 1, Corentin Morice3, Zhuang-Yan Zhang 1,
Maarten L. S. van der Geest1 & Peter M. Kraus 1,2

The emission of high-order harmonics from solids under intense laser-pulse
irradiation is revolutionizing our understanding of strong-field solid-light
interactions, while simultaneously opening avenues towards novel, all-solid,
coherent, short-wavelength table-top sources with tailored emission profiles
and nanoscale light-field control. To date, broadband spectra in solids have
been generated well into the extreme-ultraviolet (XUV), but the comparatively
low conversion efficiency in the XUV range achieved under optimal conditions
still lags behind gas-based high-harmonic generation (HHG) sources. Here, we
demonstrate that two-color high-order harmonic wave mixing in a fused silica
solid is more efficient than solid HHG driven by a single color. This finding has
significant implications for compact XUV sources where gas-based HHG is not
feasible, as solid XUV wave mixing surpasses solid-HHG in performance.
Moreover, our results enable utilizing solid high-order harmonic wave mixing
as a probe of structure ormaterial dynamics of the generating solid, which will
enable reducing measurement times compared to the less efficient regular
solid HHG. The emission intensity scaling that follows perturbative optical
wave mixing, combined with the angular separation of the emitted fre-
quencies, makes our approach a decisive step for all-solid coherent XUV
sources and for studying light-engineered materials.

High-harmonic generation (HHG) from gases has revolutionized
ultrafast spectroscopy1,2, imaging science3,4, and is finding its way into
first industrial applications5–7, but is still limited by the low conversion
efficiency from infrared (IR) to extreme-ultraviolet (XUV) photons. A
thorough understanding of the mechanism of gas-based HHG spurred
the use of sculpted multi-color drivers that favorably modify the
ionization rate, and thus increase the conversion efficiency6,8–11. High-
harmonic generation from solids has emerged as a compelling area of
research12–17, providing new possibilities for producing coherent XUV
radiation18–26 while enabling the nanoscale engineering of solid-state

materials to optimize their electronic properties and boost HHG
efficiency27,28. Themechanisms of HHG in solids are still being debated.
Different generation regimes exist and are characterized by the choice
of the driving field and generation material. Proposed mechanisms
include nonlinear intraband currents12,14, arising from carrier accel-
eration by the strong field after band-gap excitation, electron-hole
recollisions after carrier excursion13,19 creating an interband polariza-
tion, ionization-induced injection currents22 for low-order harmonics,
or treating emission as originating fromdressed eigenstates in a strong
static field, which under high excitation intensities drives Bloch
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oscillations29. The importance of carrier-injection dynamics in solid
HHG22,30, combined with the observation of enhanced gas-based HHG
for short-wavelength drivers, which favorably modifies the ionization
step31 and thus enhances the conversion efficiency, points toward a
new strategy: two-color noncollinear XUV generation, for both
enhancing the efficiency of solid HHG, as well as shedding light on the
generation mechanism.

Results
Observation of high-order wave mixing in silica
Similar to non-collinear HHG in gases32,33, the angle between funda-
mental near-infrared (NIR, 800 nm) and second harmonic (SH,
400nm) driving pulses in amorphous fused silica solid (SiO2) (Fig. 1a)
provides an angular separation of the photon channels and prevents
their overlap and interference, unlike in collinear two-color HHG34.
Noncollinear HHG leads to an emission pattern (Fig. 1b) of harmonic
wave mixing orders (WMOs) labeled (n, m), which follow momentum
conservation and can thus be understood by wave vector addition of
the underlying combination of n fundamental andm second harmonic
photons. Only combinations of an odd total number of photons are
dipole-allowed, due to the centrosymmetry of amorphous silica. More
details are given in the supplementary information (SI), section I. The
emission patterns in Fig. 1a, b show strongly enhanced WMOs com-
pared to the angularly separated emission from the respective fun-
damental beams, which are indicated by horizontal dashed black lines
in Fig. 1b. The separation of fundamental and SH photon channels in
each WMO allows for identifying the effect of intensity scaling of the
pulses on the harmonic emission, as shown in Fig. 1c for the scaling of
the 400-nm pulse intensity (I400)—a first step in investigating and
optimizing the photon-yield enhancement apparent in theWMOs. The
yield of all WMOs faithfully follows a power-law trend over a large
intensity range. The exponents of these power-law scalings (i.e., the
slopes in a double logarithmic plot) are close to the numberm of 400-
nm photons involved, which would be the exponent for the scaling

of the yield as a function of intensity in perturbative optical wave
mixing.

Simulations of wave mixing
In order to understand the origin of the enhanced WMOs (Fig. 1b) and
the perturbative intensity scalings (Fig. 1c), we solve the semi-
conductor Bloch equations (SBE)35–37 to simulate solid-state harmonic
generation. The field-driven carrier population exchange between the
bands leads to the generation of an interband polarization and an
intraband current (SI, section II A). This model was solved for a grid of
points, which was spanned by the crossed 800-nm and 400-nm pulses
that form a spatial interference grating. The resulting spatially modu-
lated XUV emission was then propagated to the far field by Fraunhofer
diffraction (Fig. 2b), resulting in an excellent reproduction of the
experimental wave mixing pattern (Fig. 2a). Zooming into the attose-
cond electron dynamics in k-space that driveHHG, we observe that the
intense two-color laser field excites carriers from the valence band to
the first conduction band not just at the Γ-point but all across k-space.
Simultaneously, the field accelerates the carriers along the energy
bands, resulting in carrier trajectories in k-space that trace out the
vector potential of the field (Fig. 2c). Due to the high ponderomotive
energy the carriers are accelerated beyond the first edge of the Bril-
louin zone and undergo Bloch oscillations. The concentration of car-
riers at a given k-point undergoes rapid changes in time, inducing a
high-frequency interband polarization that radiates light at high pho-
ton energies, as shown in Fig. 2d. The radiation due to the carrier
acceleration inside the bands, the intraband current, is significantly
lower than the radiation from interband polarization for the harmonic
energies measured in this manuscript. Both the interband and intra-
bandmechanisms have in common that they are induced by the laser-
driven motion of carriers inside the bands. To identify if this laser-
driven carrier motion gives rise to the perturbative intensity scalings,
we model the harmonic emission originating only from the electron
group velocity, which we describe semi-classically14,38 using a time-

Fig. 1 | High-orderwavemixing in fused silica. a Experimental arrangement.b Far-
field spectrum of XUV wave mixing in silica. WMOs are spectrally dispersed hor-
izontally and propagate vertically. WMOs generated only from 800nm or 400 nm
propagate at 0mrad or 30mrad, respectively. Harmonic orders refer to multiples

of the 800-nm fundamental. cYieldof differentWMOsas a functionof the intensity
of the 400-nmpulse. The solid lines are power laws, whose exponent is indicated in
the plot. The different WMOs are vertically offset for clarity. The intensity of the
800-nm pulse was 10.5 TW/cm2.
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dependent crystal momentum which traces out the shape of the band
during acceleration (SI, section II E). We use this numerical approach
for simulating perturbative wavemixing and show the results in Fig. 3.

Intensity scaling
A detailed investigation of the experimental (circles) and semi-
classically simulated (dashed lines) yields of the WMOs as a function
of the intensity of the driving fields is shown in Fig. 3 for selected
representative wave mixing orders and in section III of the SI for the
remaining wave mixing orders. Figure 3a shows an intensity scaling of
the 400-nm pulses, I400, from 0.1 TW/cm2 to 4.2 TW/cm2 wherein the
intensity of the fundamental 800-nm field is kept constant,
I800 = 10.5 TW/cm2. The dashed lines in Fig. 3a show that the simulated
trend of a specific harmonic order (n, m) reproduces the highly non-
linear dependence of the scaled driving field.We observe saturation of
the XUV yield at high intensities before approaching the damage
threshold of the sample. Next, experiments and simulations were
performed for the constant intensity of the 400-nm pulse,
I400 = 1.6 TW/cm2, while the intensity of the 800-nm pulse, I800, was
increased in steps from 0.85 TW/cm2 to 16.4 TW/cm2, as shown in
Fig. 3b. The behavior in both the experiment and simulations resem-
bles that of a perturbative process. WMOs that contain a higher por-
tion of 800-nm photons deviate from a pure power law and rise less
steeply, as observed for WMO (3,2), therefore deviating from a pure
perturbative scaling and the (perturbative) simulation. Figure 3c shows
a scaling of the total intensity, I400+800, where the energy of the two
pulses is increased independently in steps, to keep the ratio of inten-
sities I800/I400 = 3.3:1 constant across the entire intensity range. Most
wave mixing orders follow a power law of below 5 for these 5th-order
processes, whereas the simulations catch the perturbative behavior. As
expected, a total power intensity scaling is less clearly described as a
perturbative process. Overall, the generally good agreement between
experiments and simulations for the 400-nm intensity scans in Fig. 3a
and the fair (but more deviating) scalings for 800-nm and total
intensity in Fig. 3b, c confirm that the laser-driven carriermotiondrives

the XUV generation of solid-state HHG, resulting in a perturbative
scaling for large intensity ranges. This has implications for XUV sour-
ces based on solid HHG. The perturbative response causes the yield of
solid HHG as a function of driving intensity to rise with an exponent
determined by the number of photons (n, m) involved in HHG. This
enables a selective enhancement of an individual or a selection of
WMOs, depending on the relative strength of the two driving fields.
Together with the natural angular separation of WMOs, this illustrates
that XUV wave mixing in solids can help to realize an all-solid single-
element XUV generator and multi-wavelength beamsplitter, where
different energy emissions aremappedonto different emission angles.
Further separation of the remaining energies in a beam could be rea-
lized by the simple addition of a hard aperture, without the need for
lossy metal filters, or reducing the number or thickness of filters. In
addition, we can infer from the experimental wave mixing patterns
that there is a significant increase in harmonic yield for WMOs com-
pared to single-color harmonics.

Enhancing the efficiency of XUV generation via wave mixing
In Fig. 2a, WMO (3,2) exhibits the strongest emission, whileWMO (5,2)
is the most intense at 14 eV photon energy, and the most intense
emission at 17 eV is from WMO (7,2). Through a comparison of the
yields of on-axis and WM harmonic orders at the same photon energy
using single or two-color drivers, it was observed that the XUV wave
mixing yield of WMOs (3,2) and (5,2) was enhanced by almost two
orders ofmagnitude compared to harmonic orders (7,0) and (9,0) that
occur at the same photon energy when driven solely by an 800-nm
pulse (SI, section III B). Toquantify the increase inWMyield in silica, we
conducted separate measurements implementing photon flux detec-
tion using xenon gas and compared the spectral amplitude of recor-
ded far-fieldWMpatterns in silicawith thoseof xenon (see details in SI,
section IV). Therein, the total conversion efficiency forWM in silicawas
determined to be 5.60 ± 1.16 × 10−10 (2.77 ± 0.59 × 107 photons/second
at 1 kHz repetition rate), while the efficiency for 800-nm single-color
solid HHG over the same 10–13 eV photon energy range was found to

Fig. 2 | Simulation of solid-state high-harmonic generation. a Recorded far-field
XUV wave mixing spectrum in silica. b Simulated far-field wave mixing spectrum
using SBE calculations. c Simulated electron population f e1 ðk,tÞ of the first con-
duction band along the Γ-M crystal direction, in momentum and time-space. The

respective vector potential of the laser pulse is shown by the blue line. The cycle
duration of the 800-nm pulse (2.7 fs) is denoted as T0. d Comparison between the
contributions of the interband polarization (blue line) and intraband current
(red line).
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be one to two orders of magnitude lower, depending on the harmonic
order. Hence, our results validate that the two-color WM conversion
efficiency in silica surpasses that of NIR single-color solid HHG by a
factor of at least ten. Previously reported single-color solid HHG
photon flux values were 109–1010 photons/second39, which, to the best
of our knowledge, represents the only reported measurement of XUV
HHG from solids. Luu and Wörner39 operated at a higher average
power (due to a higher repetition rate of the driver) and used different
(quartz) and thinner (20μm) materials, whereas our sample was a
100μm-thick (amorphous) fused silica. Moreover, the shorter wave-
length and lower repetition rate of the NIR driver laser system used in
this work, which differs from those in previous research39, can have a
considerable impact on the efficiency of high-harmonic emissions.
Importantly, our findings clearly demonstrate that the XUV yield
increases significantly—by nearly two orders ofmagnitude—in the two-
color wave mixing scenario.

Discussion
We now delve deeper into the investigation of what enhances the
efficiency of WMOs, we first experimentally verify the relative
importance of both driving wavelengths. When we generate with
both the fundamental and SH field at equal intensities (each 1.6 TW/
cm2), we observe that the predominant harmonic emission occurs
within WMOs that are along the 400-nm divergence direction as
depicted in Fig. 4a, indicating a primary contribution of the 400-nm
field to the WM pattern. Simulations involving equal intensities of
800-nm, 400-nm, or two-color pulses in Fig. 4b indeed confirm that
enhancing HHG by aiding a shorter wavelength leads to the highest
harmonic emission. Both in experiment and theory, the appropriate
delay between the two-color pulses was chosen such that the
envelopes of the pulses overlapped to generate the most efficient
wave mixing signal. When comparing the momentum and time-
resolved photocarrier excitation for 800-nm and 400-nm pulses in

Fig. 4c, d, two key observations are made: First, the use of a short
driving wavelength increases the ionization probability and thus the
number of excited carriers. Second, the shorter driving wavelength
accelerates carriers across k with a higher frequency, leading to an
enhanced carrier concentration around the Γ-point, where the band
curvature facilitates both large carrier velocity and acceleration. This
combination of increased photoexcitation and high-frequency light-
induced carrier motion results in a larger polarization for shorter
driving wavelengths. This effect ultimately enhances high-order
harmonic emission in the XUV, as evident from the amplitude for the
energy- and momentum-resolved time-integrated polarization
(Fig. 4e, f), which is higher for a 400-nm driver (Fig. 4f) than for an
800-nm driver (Fig. 4e). Mixing the two driving fields of 800nm and
400nm additionally results in the advantageous combination of high
yield and broad spectral coverage. The driving force of enhanced
carrier concentration is most prominently seen through the k-
resolved and energy-resolved polarizations in Fig. 4e, f. When driving
HHG with 400nm (Fig. 4f), replicas of the conduction band (curved,
weaker signals) at multiples of the driving photon energy are clearly
visible. These laser-dressed states—the Floquet–Bloch states40,41 -
have recently received a lot of attention as they are directly obser-
vable in photoelectron spectroscopy. Here, we interpret the
enhanced emission efficiency in high-order wave mixing as transi-
tions between such efficiently formed Floquet–Bloch states that give
rise to the polarization signals at energies corresponding to multi-
ples of the k-dependent band energies, as visible by the straight and
intense emission signals in Fig. 4f. This illustrates that the shorter
driving field operates further in the multiphoton regime providing
assistance to more efficient carrier excitation and thus overall
boosting HHG emission intensity. We note that the curved signal in
Fig. 4f, which directly follows the population of Floquet–Bloch states,
in principle indicates weak emission at wavelengths that correspond
to dressing of the bandgap. We did not observe such emission, and

Fig. 3 | Experimental (circles) and semi-classically simulated (dashed lines)
intensity scalingofdifferentharmonicorders. aOnly the intensity of the 400-nm
pulse is scaled (the ratio I400/I800 varies between 0.01:1 and 0.4:1 from left to right
on the horizontal intensity axis, I800 = 10.5 TW/cm2).bOnly the intensity of the 800-
nmpulse is scaled (the ratio I800/I400 varies between0.5:1 to 10.3:1 from left to right

on the horizontal intensity axis, I400 = 1.6 TW/cm2). c The total intensity of two
colors is scaled (the ratio I800/I400 is 3.3:1). For better visualization of theWMOs, the
curves are vertically shifted. Harmonic orders (H7-11) refer to multiples of the 800-
nm fundamental. The color coding is consistent across the panels.
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we would not expect it, as the dephasing of such states is too fast41 to
lead to any sufficiently narrow emission that we could observe.

In conclusion, we have demonstrated that the efficiency of high-
order harmonics can be enhanced by utilizing two-color non-collinear
wave mixing in silica. Our theory based on semiconductor Bloch
equations revealed that both Floquet–Bloch dressing followed by
interband and intraband dynamics compete during intense laser-
irradiation promoting high-efficiency carrier excitation and thus
boosting the HHG emission intensity. The resulting brightness
enhancement turns solid HHG into a competitive source, especially in
combination with the recently pioneered wavefront shaping of solid
HHG through nanostructures28. Moreover, our simulations show that
harmonics can be understood as signatures of laser dressing and Flo-
quet engineering of materials42,43, a topic that has recently gathered
much attention due to the opportunity tomodify electronic structures
of solids at will purely through light-matter interaction44,45. In addition,
the multiband dynamics that drive wave mixing in this study corre-
spond to a field-driven attosecond electron wave packet motion in
the crystal lattice. The simultaneous recording of multiple experi-
mental observables from solid HHG may thus allow for the recon-
struction of this attosecond electron motion as previously achieved in
molecules46, and become a valuable tool for investigating laser-driven
phase transitions and strongly correlated electron dynamics through

high-harmonic spectroscopy47, with the possibility to add picometer
spatial resolution as demonstrated for solid HHG recently48.

Methods
Sample preparation
The double-side polished, 100μm-thick amorphous fused silica sam-
ple (purchased from UQG Optics) was utilized, which was pre-cleaned
with a standard cleaning procedure (H2O/30% HCl/30% H2O2 in a 5:1:1
ratio) at 70 °C for 15min, followed by isopropanol cleaning, prior to
the experiments.

Experimental setup
The part of the output of a Ti: sapphire laser amplifier (Coherent
Astrella, 800 nm, 4mJ, 50 fs, 1 kHz) was split into two arms. In one arm,
400-nm pulses were generated via second harmonic generation in a
200μm-thick β-barium borate (BBO) crystal. In the second arm, with
800-nm pulses, a delay line was implemented to control the temporal
overlap of the two pulses onto the sample. Half-wave plates were
placed in both arms to ensure parallel polarization of the two beams.
The 400 and 800-nm beam intensities were further attenuated by
neutral density filters placed in two arms before focusing on the
sample to control the peak intensities and to prevent solid damage.
Focusing was achieved using a spherical mirror with a focal length of

Fig. 4 | Comparison of 800-nm and 400-nm driven solid-state high-harmonic
generation. a Experimentally measured far-field wave mixing spectrum in silica
with equal 400-nm and 800-nm intensities of 1.6 TW/cm2. b Simulated spectra,
comparing 400-nm, 800-nm, and two-color driving pulses with equal intensity.
c Electrons in the first conduction band as a function of time and crystal momen-
tum for an 800-nmpulse (vector potential representedby the blue line), andd for a

400-nm pulse. e Energy- and momentum-resolved polarization for 800nm, and
f for 400nm, both for an intensity of 1.6 TW/cm2. The color bar represents har-
monic yield on a logarithmic scale. Harmonic orders refer to multiples of the 800-
nm fundamental, with even orders of the driving frequencies canceling out in the
emission spectrum due to symmetry.
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750mm. The crossing angle of 30mrad in focus was implemented by
impinging onto the spherical mirror with the two beams parallel and
displaced in height by 9mm. For a better spatial overlap, the focal spot
sizes of the 400 and 800-nm beams were chosen to be approximately
the same (83μm and 108μm (1/e2), respectively). The peak intensity
for each driving pulse with a Gaussian envelope was determined in
vacuumas I = 1.88 × (E/(τ ⋅ (π ⋅ω2

0)), where E is the pulse energy, τ is the
pulse duration, and ω0 is the focal spot size diameter defined at 1/e2.
Considering also the reflection loss from the boundary between the
silica sample and vacuum, the experimental peak intensity was calcu-
lated as Iλ = I × 4nλ/(nλ + 1)2, where λ is the driving 400 or 800nm
wavelength, and n is the wavelength-dependent refractive index of
SiO2 material (n400 = 1.4701 and n800 = 1.4533). After the sample, the
generated harmonics were spectrally dispersed along the horizontal
direction with an aberration-corrected, concave, flat-field grating
(1200 lines/mm) and detected by a double-stack micro-channel plate
(MCP) assembly, backed with a phosphor screen, which was imaged
with a CMOS camera from outside the vacuum chamber.

Simulations
We model HHG from fused silica as a strongly driven system of one
valenceband and two conduction bands for a 40-fs pulse along the Γ-M
crystal direction. The energies and the strength of the dipole coupling
are calculated within density functional theory, using pseudopoten-
tials and a plane-wave basis set as implemented in Quantum Espresso.
The high-harmonic emission is calculated by solving the semi-
conductor Bloch equations. The far-field pattern is obtained by pro-
pagating the emissionpattern to the far field by Fraunhofer diffraction.
Details are given in the SI, section II.

Data availability
The data that support the plots within this paper and other findings of
this study are available from P.M.K. upon request.

Code availability
The codes that support the findings of this study are available from
P.M.K. upon request.
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