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Coherent extreme ultraviolet (EUV) radiation using high-
harmonic generation (HHG) in a—quartz is demonstrated
from 10 to 200 kHz, using 50 fs laser pulses at the center
wavelength of 1030 nm. The EUV radiation extends beyond
25 €V in the nondamaging regime. The number of photons
generated in a single harmonic order at 15.6 €V is measured
to be ~(3.5 £ 2.5) x 10'® per second which, to the best of
our knowledge, is a first and record value reported to date
using EUV HHG from solids. This Letter demonstrates one
of the first all-solid-state EUV sources based on industrial-
grade fiber lasers, enabling the possibility of bringing reli-
able EUV sources to the mass market. © 2018 Optical
Society of America

OCIS codes: (320.0320) Ultrafast optics; (140.0140) Lasers and laser
optics.
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Attosecond science [1,2], the study of electronic dynamics on
their natural time scales, stems from the development of mostly
extreme ultraviolet (EUV) sources through high-order har-
monic generation (HHG) in the gas phase [3,4]. Recently,
HHG in solids has been discovered [5], and it has quickly
become the topic of active research with reports covering many
different solid materials [6—13], solid structures [10,12,14],
and spectral ranges [5-7,11]. Although the main physical
mechanisms underlying HHG from solids are interband
and intraband excitations, the interplay between them is a
topic of active discussion at the moment [6,7,9,10,15-19].
Moreover, the emitted radiation [20] can be readily used for
applications such as to initiate charge dynamics in molecules
[21,22]. Being a promising source, EUV HHG from solids has
so far been limited to using either short laser pulses [7,13] or
low repetition rates (3 kHz) [7].

In this Letter, we explore the possibility of generating EUV
HHG from solids using less stringent laser pulse characteristics
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that are more broadly available, particularly from the extremely
reliable and increasingly popular fiber lasers. We demonstrate
that EUV HHG can still be generated using much longer laser
pulses. Furthermore, the frequency of the EUV HHG can be
scaled up by two orders of magnitude (200 kHz) with only a
slight drop of spectral intensity or photon flux per laser shot
and, therefore, a massive gain of photon flux per unit time.
Additionally, due to the nature of solid samples, which possess
negligible vacuum evaporation, HHG of solids eliminates the
need for turbo—molecular pumps that are required in HHG
from gases. Therefore, the experimental apparatus can be made
extremely compact: our HHG solids chamber has the footprint
of 5x5x30 cm.

The chosen laser system is a commercially available ultra-
short fiber amplifier (Active Fiber Systems). The amplifier
delivers laser pulses at the center wavelength of 1030 nm,
and the spectral bandwidth is 34 nm at full width at half-
maximum. The pulse energy can be up to 50 pJ, and the
collimated beam size is 2.9 mm measured at 1/¢*. Most
importantly, the repetition rate can be computer controlled in
the range 6 Hz -200 kHz. The pulse duration is measured and
optimized using a transient grating frequency resolved optical
gating [23] apparatus. For all the repetition rates used in this
Letter, the pulse duration does not change; it is maintained at
50 fs. Thanks to the low dispersion of air and glass in this spec-
tral range, the duration of the pulses arriving on the sample is
precisely the duration we measured outside vacuum.

In the experimental setup shown in Fig. 1(a), the laser pulses
are focused (f/50) on the z-cut a—quartz crystal with a thick-
ness of ~20 pm, which was chosen for two reasons. First,
knowing that thinner crystals lead to higher cutoff energy,
we chose crystalline a—quartz which is mechanically strong
and is the thinnest commercially available, compared to other
types of SiO,. Second, because it is noncentrosymmetric, crys-
talline a—quartz allows the generation of even harmonics which
offers more possibilities for applications. The resultant emission
is recorded downstream using a flac-field EUV spectrometer
consisting of a grating and a multichannel-plate (MCP)
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Fig. 1. High-harmonic generation from a—quartz using fiber ampli-
fier laser pulses at 1030 nm center wavelength. (a) Experimental setup,
including the solid target and the extreme-ultraviolet spectrometer.
(b) Measured spectrum generated from crystalline a—quartz at a
10 kHz repetition rate. The incident pulse energy is 30 pJ. Clear even
and odd harmonics can be seen up to 27 ¢V (23rd harmonic order).

coupled to a phosphor screen. The sample is placed on the des-
ignated object plane of the grating to achieve optimal spectral
resolution and maximal recorded spectral intensity. The crystal
rotation stage allows us to record the spectral intensity of the
HHG emission as a function of the crystal orientation.

Figure 1(b) shows the typical spectral intensity recorded
from the interaction of the linearly polarized laser pulses with
the a—quartz sample. Using the measured incident pulse
energy, the estimated peak electric field inside the sample is
~0.6 V/A (with an error of £10%). The measured spectrum
shows both the broadband EUV emission covering a total
bandwidth (the spectral extent over which there are photons)
of ~20 eV with the emission of both even and odd harmonics.
The even-harmonic emission is the manifestation of broken in-
version symmetry, which has also been observed in ZnO [5,24].
The broad bandwidth of this radiation will make HHG sources
such as the present one a great alternative, potentially replacing
EUV HHG from gases because of the considerably reduced
complexity of the laser source and HHG target.

In the next step, to further characterize our EUV HHG pro-
duced from laser pulses at 1030 nm, we record the spectral
intensity at different crystal orientations. The results are shown
in Fig. 2. While in ZnO the crystal orientation measurement
showed a 90° periodicity [5,24], our measurement shows a 60°
periodicity. For z-cut a—quartz, the Brillouin zone has six-fold
symmetry, similar to GaSe [19], which is a broken inversion
symmetry medium where even harmonics can also be gener-
ated. Thus, the six-fold symmetry is exactly what we have ob-
served in our measurement. Furthermore, since the emitted
EUV HHG spectral intensity depends on the crystal rotation,
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Fig. 2. Six-fold symmetry of a—quartz seen with a rotation measure-
ment. Integrated spectral intensity of HHG from a—quartz as a func-
tion of the rotation angle of the crystal with respect to the normal
incident laser pulses. The dashed black lines indicate the angles at
which the intensity of the radiation is maximized.

our results could help in understanding the crystal structure
and, ultimately, its electronic properties.

We additionally measure the spectral intensity of different
harmonics as a function of the peak electric field strength. In
this case, the spectral intensity at a given peak electric field
strength is the average of spectral intensities at all crystal
orientations normal to the incident laser pulses. Remarkably,
in the regime of 1.2 eV excitation corresponding to a 1030 nm
wavelength, all harmonics follow very similar scaling laws, as
shown in Fig. 3. First-order logarithmic fitting of the recorded
data results in first-order coefficients ranging from £ 10_g16
for all harmonics. The fits to two of the harmonic orders
are shown in Fig. 3. Taking into account the harmonics in
consideration (H9-H15), the fitted coefficients support the
highly-nonperturbative picture of HHG from solids, as
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Fig. 3. Scaling of spectral intensity of a—quartz, depending on the
peak electric field strength. Integrated spectral intensities of different
harmonic orders are illustrated as circles. The dashed lines are guides to
the eye. The straight solid lines are first-order logarithmic fits to the
intensity scaling data of harmonic 9 (H9) and harmonic 15 (H15).
The resultant first-order coefficients are noted next to the lines.
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the perturbative scaling would correspond to E'8-E3.
Nonperturbative scaling has also been reported in previous
works [5,7,10,11].

Moreover, we note that the scaling of all the above harmon-
ics does not reach saturation at the highest applied field
strength of 0.6 V/A. Saturation in intensity scaling of
HHG from solids is often reported [5,7,8,24]. If the main con-
tribution to the generated EUV harmonics is from intraband
excitations, the saturation can be understood from the charac-
teristics of the associated Bessel functions at a high peak electric
field [7]. If interband polarization is the main contributor to
the EUV harmonics, the saturation can be understood to be
a result of significant depletion of electron (hole) populations
due to the strong incident electric field. In our case, experimen-
tal probing of spectral intensity at electric field strengths higher
than 0.6 V/A is not possible because of crystal damage.
Considering that we are using a longer laser pulse and lower
photon energy compared to [7], this fact might be attributed
to scattering processes and/or electrical breakdown [25]. These
might be the same reasons underlying the similarly observed
intensity scaling in MoS, [10], although more thorough inves-
tigations would be needed to clarify this.

In the next step of our experiment, we proceed to quantify
how the repetition rate of our laser system affects the generated
photon flux per laser shot. An extremely large number of
experiments would benefit from the ability to generate EUV
HHG at very high repetition rates. Our laser system allows
us to change the repetition rate without changing the pulse en-
ergy and pulse duration, as verified by our observations. The
results of our measurements are shown in Fig. 4. We observe
that while the spectra do not change as a function of the rep-
etition rate, Fig. 4(a), there is a slight drop of spectral intensity
per laser shot with an increasing repetition rate, Fig. 4(b).
However, taking the repetition rate into account, the increase
of the total photon flux per second is ~7 times when the rep-
etition rate is changed from 10 to 200 kHz.

To further investigate the slight drop of spectral intensity at
high repetition rates, we note that our MCP (double stack in
Chevron configuration) and phosphor screen (P-46) has a re-
sponse time of ~1 ns and ~0.3 ps, respectively. Thus, even
when we operate at the highest repetition rate of 200 kHz,
the interval between the laser shots, 5 ps, is sufficiently long
for the phosphor screen signal to decay back to zero, ready
for the next laser shot. Therefore, the flat—field EUV spectrom-
eter did not operate in the saturation regime. Additionally, the
time interval between the laser shots, even at 200 kHz, is six
orders of magnitude longer than the longest decay time of
acoustic phonon modes of quartz [26], which is on the order
of a few picoseconds. Therefore, the drop of spectral intensity
cannot be explained by microscopic effects, but it could
possibly be attributed to macroscopic effects such as thermal
heating or relaxation.

Finally, we conclude our experiment by measuring the ab-
solute photon flux generated in our EUV HHG. The MCP and
phosphor screen stack is replaced by the aluminum-coated
EUV photodiode (OptoDiode AXUVAIL100). The photodiode
signal is amplified by a custom-built charge amplifier, and its
output signal is measured using an oscilloscope. Due to the
coated aluminum layer, the photodiode only senses the
EUV signal above 15 eV. The slow response time of the photo-
diode and charge amplifier (~100 ps) enable the measurement
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Fig. 4. EUV HHG from solids at high repetition rates. (a) Spectra

measured at identical experimental conditions for different repetition
rates. (b) Recorded spectral intensity per laser shot as a function of the
repetition rate, shown as circles. The dashed lines are guides to the eye.

of the photon flux at 10 kHz or lower repetition rates. In careful
calibration of the photon flux taking into account the spectral
response of the photodiode, the measured spectrum, the effi-
ciency of the grating, and the response of the MCP, we arrived
at a photon flux of ~5 x 10° photon per laser shot at 15.6 eV or
13th harmonic. The estimated absolute error is ~70%. Thus,
the current experimental apparatus generates ~5 x 10? photons
at 15.6 eV per second at 10 kHz and ~3.5 x 10'* photons per
second at the maximum repetition rate of 200 kHz. Compared
to optimized gas sources [27,28] our measured photon flux per
laser shot is of the same order of magnitude, but our result sur-
passes them in the number of photons generated per second.

In conclusion, we have demonstrated the creation of EUV
radiation through HHG in a—quartz pumped by laser pulses
with a duration of 50 fs, pulse energy of 30 pJ, and carrier
wavelength of 1030 nm. We have shown that the generated
spectral intensity is maintained (same order of magnitude)
when we increased the repetition rate from 10 to 200 kHz.
At a photon energy of 15.6 eV, our experimental apparatus
generates ~3.5 x 10! photons per second which, to the best
of our knowledge, is a record photon flux generated from
EUV HHG of solids to date. Future developments may include
a fiber amplifier using longer pulse duration [29] and a higher
repetition rate [30]. We anticipate that EUV HHG from
a—quartz could replace HHG from gases at low photon ener-
gies (10-25 eV) in attosecond experiments [31-33].
Furthermore, the high repetition rate of our laser system would
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be an ideal candidate for COLTRIMS/coincidence measure-
ments [34,35]. Additionally, following previous work [36]
and extending our current work to linearly polarized pulses,
the generation of a compact circularly polarized EUV source
would be straightforward. Finally, it was suggested in Ref. [19]
that, for excitation with ultrashort laser pulses, one can now
shape the carrier envelope phase of the generated EUV HHG
employing the symmetry of crystals.
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