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Extreme Ultraviolet Frequency Comb with More than 100 µW Average Power
below 100 nm
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Extreme ultraviolet (XUV) frequency comb is a powerful tool in precision measurement. It also brings many new
opportunities to the field of strong field physics since high harmonic generation related phenomena can be studied
with high repetition rate. We demonstrate the generation of an XUV frequency comb with the aid of intra-cavity
high harmonic generation process. The setup is driven by a high power infrared frequency comb, and an average
power of 4.5 kW is reached in the femtosecond enhancement cavity. With Xe gas as the working media, harmonics
up to the 19th order are observed. Power measurement indicates that as much as 115.9𝜇W (1.3mW) are generated
at ∼94 nm (∼148 nm). The shortest wavelength we can reach is ∼55 nm. The coherence of the generated light is
tested with an optical-heterodyne-based measurement of the third harmonic. The resulted line width is ∼3Hz. In
addition, with this system, we also observe a strong suppression of below threshold harmonics from O2 compared
to that from Xe. These results suggest that the current system is ready for precision spectroscopic measurements
with few-electron atomic and molecular systems in XUV region as well as the study of strong field physics with
an unprecedented 100 MHz repetition rate.
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As a new tool invented around 2005,[1,2] extreme
ultraviolet (XUV) frequency comb has advanced
impressively[3−17] and brought many new opportuni-
ties to the field of precision measurement[8,12,17] as
well as strong field physics.[4,13,18] One typical exam-
ple is the precision spectroscopic measurement of few-
electron atomic and molecular systems, such as the
1𝑆–2𝑆 transitions in He, He+, Li+, etc.,[19−25] with
the aim of testing bound state quantum electrody-
namics (QED) theory with high precision. Since these
transitions lie in the XUV spectral region, for quite a
long time, they are not accessible due to the lack of
appropriate narrow bandwidth lasers. As an initial
step towards the precision spectroscopic measurement
of these transitions with an XUV frequency comb, an
estimation was made by Herrman et al. using He+
as a prototype system.[23] It was found that with an
average power of 𝑃 = 10µW in a single harmonic,
focused down to 𝜔0 = 0.5µm, the 1𝑆–2𝑆 excitation
is accessible and a detection rate of a few Hz can be
reached. Thus, building an XUV frequency comb with
more than 10µW average power is an important step
towards the bound state QED test experiment with
improved precision.

In this work, we demonstrate the generation of
an XUV frequency comb based on intracavity high
harmonic generation (HHG) processes and the system

can generate as much as 115.9µW average power at
∼94 nm. The shortest wavelength of ∼55 nm has been
reached with this system. The coherence of the gener-
ated light is tested with an optical-heterodyne-based
measurement of the third harmonic. We also demon-
strate that this setup can be used to study strong field
physics with below threshold harmonics in molecular
systems. These results suggest that the current system
is ready for measuring narrow transitions in few-body
systems, and ultimately, to improve the precision of
QED test experiments as well as studying of strong
field physics.

Figure 1 schematically shows our experimental
setup. In our system, an Yb-doped fiber comb (Ac-
tivefiber systems) is utilized for the driving laser. It
delivers pulses with a repetition rate of 100 MHz, a
central wavelength of 1038 nm, and a maximum out-
put pulse energy of 1µJ. Obviously, this pulse energy
is too low to drive HHG process. Thus, we use a pas-
sive optical cavity to enhance the pulse energy of the
pump laser. The detail of our femtosecond enhance-
ment cavity (fsEC) has been described in Ref. [26].
Here, only a brief summary is given. The fsEC is a
seven-mirror bowtie cavity, which is composed of an
input coupler (IC) with 𝑅 = 99.2%, five high reflection
mirrors with 𝑅 = 99.95% and a diffraction nanograt-
ing which is etched directly on the top layer of a square
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high reflection mirror. The nanograting is designed to
have an incidence angle of 70∘, a grating period of
420 nm, a step height of 40 nm, and a duty cycle of
40%. With this design, the nanograting acts as a mir-
ror with high reflectivity in the infrared (IR) region,
thus it induces negligible reduction of the cavity fi-
nesse and power enhancement. While in XUV region,
it acts as a grating and couples the generated HHG out
of the cavity. The theoretical finesse and buildup of
the cavity is about 600 and 290, respectively. By the
aid of the Pound–Drever–Hall (PDH) technique,[27]
the cavity length is locked to maintain the maximum
intra-cavity power.[26] With a pump power of 24 W, we
have achieved an intra-cavity power of 4.5 kW, and the
corresponding buildup is about 188. The pulse dura-
tion is measured to be ∼330 fs by a frequency-resolved
optical gating (FROG). The focus radius inside the
cavity is estimated to be 8µm (vertical) ×16µm (hor-
izontal) from an ABCD matrix analysis of the cavity.
The peak intensity in the focus region is evaluated to
be 3.3× 1013 W/cm2.

Xenon gas is delivered to the focus of the cavity
by a quartz gas nozzle with a 1-bar backing pressure.
The nozzle has a 150µm wide opening and is installed
on a 3-D translation stage, so that it can be precisely
optimized to maximize the harmonic signal. A gas
dump, connected to a dry pump, is installed right be-
low the nozzle. It is beneficial to decrease the back-
ground pressure and to mitigate the absorption of the
XUV light inside the chamber. A gas flow meter is
utilized to control the gas pressure in the nozzle and
the gas flow rate is typically 35 standard cubic cen-
timeter per minute (sccm). The background pressure
of the vacuum chamber is ∼0.54 Pa.

Fig. 1. Schematic view of the intracavity high harmonic
generation. In the setup, the generated HHGs at the focus
are out coupled by a nanograting, and thereafter imaged
onto the NaS plate. The power of a specific harmonic is
measured by an XUV diode which is mounted behind the
NaS plate. PZT: piezo transducer, CCD: charge coupled
device, PM: powermeter, PD: photodiode, OSA: optical
spectrum analyzer, NaS plate: sodium salicylate plate,
IC: input coupler, HWP: half wave plate, MA–MF: mirror
A–mirror F.

We have measured the spectra and power of the
high order harmonics that out coupled from the en-
hancement cavity. The harmonics are imaged onto
a sodium salicylate fluorescent plate. Sodium salicy-
late generates fluorescent emission centered at 420 nm

when excited by XUV light. It has a high fluores-
cent quantum yield and its response is independent of
wavelength over the range from 30 nm to 100 nm.[28]
Figure 2(a) shows the typical recorded image of pro-
duced HHGs on the fluorescent plate. The discrete
harmonics produce individual spots on the fluores-
cent screen. The obtained two-dimensional images
were integrated over the vertical direction to yield one-
dimensional spectra of the out coupled harmonic ra-
diation. The assignment of each measured harmonic
order is shown in Fig. 2(b), and it is verified by the
grating diffraction equation.
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Fig. 2. (a) Image of the experimentally observed high or-
der harmonics fluorescing on a plate coated with sodium
salicylate. (b) The spectra of the out coupled high har-
monic radiation obtained from the images of the fluores-
cent plate. The black dots and their drop-down lines in-
dicate the wavelengths of the first order diffraction. Some
peaks around 120 nm and 190 nm, which are not assigned
in the figure, are the second/third order diffraction of the
generated harmonics.

The power of the harmonics is measured with an
XUV-sensitive silicon photodiode (AXUV100Al from
Opto Diode Corp.). The photodiode has a 150-nm-
thick aluminum filter in front of it to suppress the
fundamental light at 1038 nm by more than 5 orders
of magnitude. It can be used to directly measure
the average power of the generated harmonics below
80 nm. A 1-mm-thick sodium salicylate plate with a
2-mm-width slit in the middle is pasted in front of
the photodiode to make sure the target harmonic il-
luminates on the photodiode while the adjacent har-
monic orders are still observable on the sodium sali-
cylate plate. Both of the photodiode and the sodium
salicylate plate are placed on a translation stage to en-
sure the specific harmonic order under measurement is
at the optimized position. The average power of the
17th harmonic (∼61 nm) is measured to be 2.5µW.
The remaining harmonics is calculated based on the
relative integrated power levels from the spectra, as
shown in Fig. 2(b). In the XUV region, the 11th har-
monic (∼94 nm) has the highest average power, i.e.,
10.2µW. The efficiency of the grating at this wave-
length is calculated to be about 8.8% by the aid of
rigorous coupled wave analysis (RCWA).[29,30] Thus,
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the generated average power of the 11th harmonic is
estimated to be 115.9µW. The intracavity conversion
efficiency is ∼2.5×10−8. The efficiency of the grating
at 7th harmonic (∼148 nm) is calculated to be 4.0%,
corresponding to 1.3 mW average power generated for
the 7th harmonic. A relative higher conversion effi-
ciency, i.e., ∼2.9×10−7, is reached at this wavelength.
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Fig. 3. (a) Schematic diagram for the optical hetero-
dyne beat measurement. PBS: polarization beam splitter,
DM: dichromatic mirror, HWP: half wave plate, BS: beam
splitter, SHG: second harmonic generation, SF: sum fre-
quency. (b) The beat signal before locking the phase of
the interferometer. Inset: spectra of the third harmonic
from the fsEC and the sum frequency generation process.
(c) The linewidth of the beat signal decreases to ∼3Hz
(1Hz resolution bandwidth) after locking the phase of the
interferometer.

Next, we proceed to investigate the temporal co-
herence properties of the harmonic generated inside
the fsEC by an optical heterodyne beating experiment.
The infrared optical comb is split into two beams by
a polarization beam splitter. One beam is injected
into the fsEC for intra-cavity HHG process, while the
other is used for sum frequency generation using its
second harmonic and its fundamental radiation. Two
generated third harmonics (H3) are then combined to-
gether to detect the heterodyne beat between them.
The schematic of the experimental setup is shown in
Fig. 3(a). A 185MHz acousto-optic modulator (AOM)
is inserted into one of the interferometer arm so that
the beat detection is shifted to a convenient nonzero
frequency. By optimizing the temporal and spatial
overlap of the two H3 beams, the beat signal can be
obtained. We note that the spectra of the H3 gen-
erated by the sum frequency generation process are
sensitive to the orientation of the nonlinear crystals,
and the spectra of H3 generated inside the fsEC are
sensitive to the fundamental comb spectra that are

enhanced in the cavity. Thus, it is important to opti-
mize the spectral overlap of the two H3 beams [shown
in the upper right of Fig. 3(b)] to maximize the inten-
sity of the beat signal. The full width of half maximum
(FWHM) of the beat signal is about 200Hz, as shown
in Fig. 3(b). This linewidth is affected largely by the
path length fluctuations of the two arms of the inter-
ferometer. To lock the path length, i.e., the phase of
the interferometer, the AOM is modulated with a rate
of 10 kHz/V in one arm. The beat signal is filtered
and mixed with an 84.9992-MHz local signal. The
output is then processed by the proportional-integral-
derivative (PID) circuit and fed back to the modu-
lation of the AOM. After locking the path length,
the linewidth is reduced to ∼3 Hz with 1 Hz resolu-
tion bandwidth (RBW) of our fast Fourier transform
(FFT) spectrometer, as shown in Fig. 3(c). This indi-
cates that the coherence time of our XUV frequency
comb has the potential to reach a few milliseconds
once the driving IR comb can be ultimately controlled.
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Fig. 4. (a) The spectra of the outcoupled high harmonic
radiation for xenon and oxygen. (b) The intracavity trans-
mitted IR spectra for no gas, xenon and oxygen.

Lastly, we demonstrate that the current setup also
provides a powerful platform to study the strong field
physics with the aid of intra-cavity HHG at an un-
precedented high repetition rate of 100 MHz. Com-
pared to typical strong field physics experiments with
Ti:sapphire amplifier at 1 kHz, this represents an in-
crease of about 5 orders of magnitude in the repeti-
tion rate, thus providing an improved precision and a
more comprehensive understanding of the interaction
of the strong field with atoms and molecules.[13] Under
identical laser condition, we have measured and com-
pared the HHG spectra both from Xe and O2. Both
species have similar ionization potentials (∼12.1 eV),
but with different ground state electronic structure.
A strong suppression of the HHG is observed in the
case of O2, as shown in Fig. 4(a). The average power
of the 5th and the 7th harmonics are measured to
be only 0.4µW and 2.3µW, respectively. Note that
a strong suppression of the harmonics generation in
O2 in the plateau region has been studied before[31,32]
and can be well understood by the two-atomic-center
interference effect on strong field tunnel ionization of
molecular O2.[33] The current study reveals that the
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suppression also exists for below threshold harmonics,
where multiphoton processes are believed to dominate,
especially in the case of the 5th harmonics.[4] More-
over, an obvious spectral broadening of the driving
IR comb is observed in the case of O2, as shown in
Fig. 4(b). This spectral broadening is due to the im-
pulsive stimulated Raman excitation of the rotational
states of the O2 molecules, as in the case of N2O.[13]
A dip around 1037 nm is also observed, and it is likely
due to the phase shift that is induced by the impulsive
stimulated Raman excitation process. This phase shift
modulates the enhancement factors of different comb
modes. One should note that this spectra change has
not been observed and been ignored under the case of
1 kHz driving laser with a thin gas jet. However, in
the current system which works at 100 MHz, the fsEC
increases the interaction length between the laser and
the molecules by a factor proportional to the cavity
finesse, thus providing an improved precision of mea-
suring the interaction of the strong field with atoms
and molecules.

In conclusion, we have built an XUV frequency
comb system that provides as much as 115.9µW
(1.3 mW) average power at ∼94 nm (∼148 nm)
through high harmonic generation. The shortest
wavelength we can reach is ∼55 nm. The beat sig-
nal of the third harmonic shows a linewidth of ∼3 Hz,
indicating that the coherence time of our XUV fre-
quency comb has the potential to reach a few mil-
liseconds once the driving IR comb can be ultimately
controlled. With this system, we also observe a sup-
pression of the harmonics yield in O2 compared to
that of Xe under the same laser condition, revealing
that the suppression of harmonics generation also ex-
ists in below threshold harmonics, where multipho-
ton processes are believed to play an important role.
This newly established XUV frequency comb system
in our lab provides a versatile platform for the stud-
ies in precision spectroscopy measurements and strong
field physics with an unprecedented repetition rate of
100 MHz.
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