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Extreme-ultraviolet frequency combs for precision
metrology and attosecond science
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loachim Pupeza®©'?™, Chuankun Zhang3#, Maximilian Hogner®'and Jun Ye

Femtosecond mode-locked lasers producing visible/infrared frequency combs have steadily advanced our understanding of
fundamental processes in nature. For example, optical clocks employ frequency-comb techniques for the most precise measure-
ments of time, permitting the search for minuscule drifts of natural constants. Furthermore, the generation of extreme-ultraviolet
attosecond bursts synchronized to the electric field of visible/infrared femtosecond pulses affords real-time measurements
of electron dynamics in matter. Cavity-enhanced high-order harmonic generation sources uniquely combine broadband
vacuum- and extreme-ultraviolet spectral coverage with multimegahertz pulse repetition rates and coherence properties akin
to those of frequency combs. Here we review the coming of age of this technology and its recent applications and prospects,
including precision frequency-comb spectroscopy of electronic and potentially nuclear transitions, and low-space-charge

attosecond-temporal-resolution photoelectron spectroscopy with nearly 100% temporal detection duty cycle.

electromagnetic waves, such as uniquely enabled by laser

architectures employing mode-locked oscillators, lies at the
heart of most advanced optical metrologies. The temporal inter-
play between gain, loss, dispersion and nonlinear propagation in
a mode-locked oscillator' results in a train of equidistant output
pulses with highly reproducible pulse-to-pulse intensity envelopes,
and with durations as short as just several femtoseconds—orders of
magnitude shorter than the characteristic times of modern electron-
ics. This outstanding temporal confinement of optical intensity has,
for example, enabled time-resolved studies of molecular dynamics,
establishing the field of femtochemistry’.

The additional control of the phase of the optical carrier wave
with respect to its intensity envelope®™ brought about the next—
and so far highest—level of temporal resolution in optical experi-
ments. The amplification, nonlinear spectral broadening and
subsequent temporal compression of phase-coherent femtosecond
light pulses (reviewed in ref. ) led to the generation of reproduc-
ible optical waveforms comprising merely a few oscillations of the
VIS/NIR carrier electric field, which can be focused to reach peak
field strengths exceeding the binding Coulomb fields of atoms. The
extremely fast rise of the oscillating optical electric field to such high
strengths allows for strong-field-induced ionization® and recollision
dynamics in gas atoms, underlying coherent high-order harmonic
generation (HHG)’"". The HHG process itself, and the emerging
high-photon-energy attosecond bursts'?, represented the fastest
controlled dynamics, and the shortest generated events, respec-
tively. This marked the birth of attosecond metrology" around
the last turn of the century, opening the door to the study of elec-
tron motion in atoms''°, molecules'”", condensed matter'** and
nanostructures®>,

In the frequency domain, the train of temporally equidistant
pulses output by a (phase stabilized) mode-locked laser exhibits a
spectral structure consisting of a multitude of equidistant narrow
lines, forming an optical frequency comb”*. The optical (angular)
frequency wy of each such ‘comb mode’ can be parameterized as

| he control over broadband visible/near-infrared (VIS/NIR)

wy=wy+Nw,. Here w,=27/T, and w, are two frequencies in the
radiofrequency domain, corresponding to the inverse round-trip
time T, of the optical pulse inside the mode-locked oscillator and
to an overall comb-offset frequency, respectively, and N is an
integer. With N on the order of ~10°, precise control of the two
degrees of freedom for the comb provides a convenient, robust and
phase-coherent link between the optical frequency domain of wy,
lying in the few to hundreds of terahertz range, and the radiofre-
quency domain (~100 MHz). This affords a unique, high-precision
means of measuring and comparing optical frequencies. Nowadays,
frequency-comb technology is employed as the clockwork in mod-
ern optical atomic clocks, potentially permitting a more precise
definition of the second based on optical standards®>*’. At the same
time, frequency combs have emerged as a powerful tool for spec-
troscopy that simultaneously achieves broad spectral coverage and
high spectral resolution®-**.

The availability of broadband, table-top radiation sources, spec-
trally covering the vacuum-ultraviolet, extreme-ultraviolet and soft
X-ray ranges (henceforth abbreviated as XUV’), and exhibiting
optical phase coherence and high repetition rates akin to frequency
combs, promises a substantial impact on precision frequency
metrology, photoelectron spectroscopy (PES) and attosecond sci-
ence. In the absence of broadband laser gain media and optics
suitable for building mode-locked oscillators in the XUV range,
frequency upconversion of the pulse train emitted by a VIS/NIR
mode-locked laser via HHG represents the only viable route. To this
end, the individual VIS/NIR pulses, sequenced at a high repetition
rate, need to reach the high peak intensities necessary for HHG.
In turn, the precise control now mastered for VIS/NIR frequency
combs can be transferred via HHG to achieve high phase coherence
in the XUV domain* .

Among table-top coherent XUV radiation sources (Fig. 1),
femtosecond enhancement cavities (fsECs)** provide VIS/NIR
pulses driving HHG with a unique combination of high peak
intensities with high repetition rates. In an fsEC, the unconverted
portion of the energy of the VIS/NIR pulses is recycled after each

"Max-Planck-Institut fir Quantenoptik, Garching, Germany. 2Ludwig-Maximilians-Universitat Miinchen, Munich, Germany. 3JILA, National Institute of
Standards and Technology and University of Colorado, Boulder, CO, USA. “Department of Physics, University of Colorado, Boulder, CO, USA.

®e-mail: ioachim.pupeza@mpg.mpg.de; ye@jila.colorado.edu

NATURE PHOTONICS | VOL 15 | MARCH 2021 | 175-186 | www.nature.com/naturephotonics

175


mailto:ioachim.pupeza@mpq.mpg.de
mailto:ye@jila.colorado.edu
http://orcid.org/0000-0001-8422-667X
http://orcid.org/0000-0002-6243-802X
http://orcid.org/0000-0003-0076-2112
http://crossmark.crossref.org/dialog/?doi=10.1038/s41566-020-00741-3&domain=pdf
http://www.nature.com/naturephotonics

REVIEW ARTICLE NATURE PHOTONICS

Comparison of HHG sources
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Fig. 1| Representative selection of state-of-the-art HHG sources. The photon rate (available for experiments) is plotted as a function of the repetition
rate of the HHG driving pulses. The colour coding illustrates different wavelength ranges. For each range, the photon rate of the strongest harmonic

is shown. The circle and the bowtie symbols indicate single-pass (SP) and fsEC-based HHG sources, respectively. Cavity-enhanced sources uniquely
afford HHG at repetition rates of several tens of megahertz, with photon rates of up to 10° photons per pulse, and photon energies of several tens of

electronvolts. Data from refs, >3,

interaction with the HHG medium (typically a gas target). This
uniquely affords high peak intensities necessary for efficient HHG
despite the moderate energy of the individual pulses available from
multimegahertz-repetition-rate lasers. Since their first demonstra-
tion*>** in 2005, concentrated development efforts have advanced
these coherent XUV sources to a maturity that renders them suit-
able for time- and for frequency-domain precision metrology, as
well as for PES of condensed matter combining high energy resolu-
tion with high photon energies. In this Review, we survey the mile-
stones of these developments, emphasizing the progress since the
last comprehensive review on the topic*. We then summarize recent
applications of fsEC-based HHG sources to precision measure-
ments of quantum transitions***' and to low-space-charge PES of
solids***. We conclude with an outlook on experiments that prom-
ise a particularly high impact on science and technology in the near
future, namely the construction of nuclear-based optical clocks and
multidimensional attosecond PES of solids.
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Resonant enhancement of femtosecond pulses
The mode of operation of an fsEC is illustrated in Fig. 2. The
multimegahertz-repetition-rate VIS/NIR pulse train emitted by
a (phase stabilized) mode-locked-oscillator-based laser system
(Fig. 2a) is coupled to a free-space, passive optical resonator”, the
fsEC, by means of a partially transmitting input coupling mir-
ror. The resonator normally fulfils the stability criterion®, ensur-
ing low-diffraction-loss propagation of a coherent light beam
within well-defined transverse eigenmodes. Efficient coupling of
the seeding pulse train to the passive resonator necessitates con-
structive interference of the electric field of each input pulse with
the circulating pulse. Typically, a ring (that is, travelling wave)
resonator is employed to ensure unidirectional output of the
intracavity-generated radiation.

The input pulse train and the corresponding frequency comb
are illustrated in Fig. 2a,b, respectively. The resonance condition
for optimum power enhancement requires that both the repetition
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Fig. 2 | Mode of operation of cavity-enhanced HHG. a, A train of (infrared) pulses with the electric field E, a repetition period T,=2n/w, and a
pulse-to-pulse carrier-envelope offset slippage ¢, =2n®,/®, where @, and w, are the frequency-comb parameters (see text), is coupled to a passive
resonator containing a gas target at a focus. IC, partially transmitting input coupling mirror; HR, highly reflective mirror; FM, focusing HR. The choice of
small angles of incidence on the resonator mirrors (as typical for dielectric optics) together with beam folding aiming at a compact footprint, typically
result in a bowtie geometry. b,¢, Frequency-domain representation of the spectra |A| of the input pulse train, centred at w. (b) and of the resonator transfer
function (c), the latter assuming a linear cavity response. Unlike the frequency-comb modes, the cavity resonances are not equidistant in the frequency
domain, which is a consequence of residual dispersion of the round-trip phase ¢,,qi,(@) (dotted blue line, referring to the vertical axis for phase ¢). The
power enhancement |H|2 drops to half its peak value® if the round-trip phase ¢,,,aup(®) deviates from a linear phase by n/F (w) (orange corridor, see
also inset with zoom on second-from-right resonance). d, Illustration of XUV pulse train (represented by the squared magnitude of its temporal envelope,
|Exuv|2) emerging via HHG in the gas target: each half-cycle of the driving field emits an XUV pulse, rigidly locked to, and lagging the former by the
electron excursion time, and whose intensity depends on the field amplitude. The horizontal axis represents time t. e, Generated XUV spectrum Py, (top),
consisting of individual harmonics—which emerge via spectral interference of the XUV pulses within the attosecond pulse train (see panel d)—and the
substructure of a harmonic (bottom), consisting of an XUV frequency comb with the original repetition frequency w, and an offset frequency equal to qw,

modulo @, where g denotes the (odd) harmonic order.

period and the pulse-to-pulse phase slippage of the optical car-
rier wave underneath the field envelope travelling in the fsSEC be
matched to the corresponding parameters of the input pulse train,
that is, T,=2n/w, and ¢,=2nw,/w, respectively”. In the frequency
domain, this condition is equivalent to optimizing the overlap of the
input frequency comb (parameterized by w, and w,) with the reso-
nance spectrum of the fsSEC. Assuming a linear response of the reso-
nator to the excitation, the latter is given by the transfer function
H(w), which for an input coupler with reflectivity R(w) and trans-
mission T(w), for a round-trip attenuation A(w) and a round-trip
phase ¢, unauip(@) reads™*:

T(w)

H(w) = 4 ‘
@) R(@)A (@) ¢/ Prmin @)

(1)

1—

The frequency-dependent power enhancement |H(w)|* exhibits
a comb-like structure of sharp resonances (Fig. 2c). In contrast to
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the spectrum of the seeding frequency comb (Fig. 2b), the reso-
nances of a linear fsEC are in general not equidistant due to residual
chromatic dispersion® (Fig. 2c). This brings about a spectral filter-
ing effect, limiting the bandwidth that can be enhanced at once and,
therefore, the pulse duration achievable in the linear-response fsEC.
This effect increases for narrower resonances, that is, for higher
resonator finesse F (@) ~ 2n/[1 — R(w)A(w)] (Fig. 2¢).

The first fsEC for HHG were seeded by titanium:sapphire (Ti:Sa)
oscillators®*>*, emitting spectra centred at approximately 800 nm.
The average powers typical to these systems, on the order of 1'W,
required high-finesse cavities to provide intracavity focal regions
with peak intensities of 10> W cm™ or more, as necessary for HHG.
With (spectrally averaged) finesse values of up to 2,000, these
fsECs™ supported circulating average powers between a few tens*
and a few hundred™* watts.

The short pulse durations typical to Ti:Sa oscillators, together
with the aforementioned spectral filtering (particularly pronounced
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at high finesse) led to a roughly 1.5-fold temporal elongation of the
circulating pulses with respect to the seeding pulses, with the short-
est reported circulating pulse duration of 28 fs (ref. **). A Ti:Sa-based
laser system employing an injection-locked femtosecond amplifica-
tion cavity provided seeding pulses with higher average power (6 W)
and narrower spectrum (supporting 80 fs duration), which resulted
in 1-kW-level circulating pulses without temporal elongation®.

Shortly after the demonstration of the first Ti:Sa-based fsEC-
HHG systems, the advent of high-power ytterbium (Yb)-based
master-oscillator-power-amplifier lasers™' afforded seeding pulse
trains with average powers on the order of 100 W and pulse dura-
tions in the 100 to 250 fs range, spectrally centred around 1,030 nm.
With these seeding lasers, multikilowatt-range intracavity average
powers became a matter of course’>***>#4>52->__at moderate reso-
nator finesse. Decreasing the finesse brings about a number of prac-
tical advantages for HHG, such as an increased spectral bandwidth
and a reduced sensitivity to nonlinear effects (see next section).
The pulse repetition rates of fSEC-HHG systems reported so far
range from 10 MHz (refs. ***') to 250 MHz (ref. *°). Lower repeti-
tion rates are impeded by large resonator lengths. At high repetition
rates, the efficiency of HHG suffers from cumulative plasma effects
(see next section).

Some of the performance limits associated with fsSECs can be
tested in the absence of a nonlinear medium. The highest average
powers reported so far for an empty fsEC are 670kW and 400 kW
for a 250MHz train of 10ps and 250fs pulses, respectively™,
employing resonator designs with large illumination spots on all
optics”. Nonlinear spectral broadening and dispersive temporal
compression provides a convenient means of decreasing the pulse
duration of high-power Yb-based lasers to the few 10fs regime™.
In an empty fsEC, for 30fs pulses, 20kW of average power has been
demonstrated™ and the shortest pulse reported in a kilowatt-level
fsEC had a Fourier-transform limit of 17.5fs, corresponding to 5
oscillation cycles of the carrier electric field*®. Proper mirror and
cavity design®® reduces thermally induced distortions of the trans-
verse mode to a negligible level for a typical fsSEC operating at 10 kW
average power level.

The importance of precisely controlling the round-trip phase
triggered the development of cavity-comb locking™ and several sen-
sitive spectral-phase measurement techniques*>**-%, Furthermore,
while the round-trip period of a pulse circulating in the fsEC can in
good approximation be adjusted via the physical cavity length, for
a given spectral coverage of the input comb, there is a well-defined
value for w, that maximizes the power enhancement®”*’. This is due
to a number of processes that affect the carrier-envelope phase of
the pulse on propagation along the optic axis of the fsEC, including
reflections from multilayer mirrors, Gouy phase shifts or transmis-
sion through dispersive elements/media along the beam path. In
Fig. 2¢, the optimum comb-offset frequency w, is the intercept of
the linear fit to the round-trip phase (red line) with the abscissa. For
most applications, @, of the seeding comb can be adjusted to opti-
mize broadband enhancement. However, particular applications,
such as the enhancement of waveform-stable pulses (that is, w,=0)
for the generation of isolated attosecond pulses via intracavity gat-
ing mechanisms®, require careful control of the optimum offset
frequency. Apart from (slight) tuning by intracavity dispersion or
Gouy phase shifts, it has been shown that this can be achieved by
means of dispersion-engineered multilayer mirrors®.

Plasma dynamics and conversion efficiency

For cavity-enhanced HHG in gases, the ionizing medium must be
placed in a high-intensity (focal) region of the resonator. This causes
nonlinear effects at the wavelengths of the driving pulses, leading to
a considerable deviation from the linear-fsEC response discussed in
the previous section. As a general rule, this deviation increases with
cavity finesse. For finesse values in the range of several hundred to a
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few thousand, power enhancement factors of 35 to 500 are routinely
reached nowadays in the presence of intracavity high-pressure gas
targetsrl'1,'15,52,53,(1(1,(17'

Active control of the interference of the intracavity circulating
pulse with the seeding frequency comb (discussed later in the sec-
tion XUV frequency-comb stability and coherence’) enables the
formation of an intracavity frequency comb with nominally the
same comb parameters w, and @,—despite the nonlinear distor-
tions. HHG in the focal region produces a train of XUV attosecond
pulses (one per half-cycle), rigidly locked to the electric field of the
driving pulse'' (Fig. 2d). The spectrum of the generated XUV radia-
tion consists of high harmonics of the driving spectrum, of odd
order'' (Fig. 2e, top) and extending over several tens of electron-
volts. The substructure of each harmonic (Fig. 2e, bottom) is that
of a frequency comb with a repetition frequency equal to that of the
original comb, and an offset frequency equal to g, (modulo w,),
where g denotes the harmonic order****. The produced XUV power
equals the circulating power of the driving pulses times the conver-
sion efficiency in the medium.

At the high repetition rates afforded by fsECs, each atom of the
gas target is typically hit by multiple pulses before leaving the HHG
volume (Fig. 3a). This leads to the formation of a cumulative plasma
in (a part of) the interaction volume, impairing phase matching and,
thus, considerably reducing the conversion efficiency compared
with single-pass experiments, as well as complicating active stabili-
zation (Fig. 3b)**%°. Operating at comparatively low repetition rates
combined with tight focusing®, and gas acceleration via heating or
using mixtures with lower average molecular weight*>*, reduce/
circumvent the cumulative plasma effects and allow for conver-
sion efficiencies in the gas target comparable to those of single-pass
experiments, for repetition rates up to several tens of megahertz.

Evenintheabsence of cumulativeeffects, single-pulseself-induced
spatiotemporal pulse distortions (Fig. 3c,d) impede recycling the
driving pulses and limit the enhancement. Plasma-induced spectral
blueshift and, at higher intensities, spatial distortions, lead to the
phenomenon of intensity clamping*>>**>*7"° (Fig. 3e). Quantitative
modelling allows for the choice of experimental parameters that
mitigate this effect to an optimum®, at which the amount of ioniza-
tion in the gas target is limited. Intensity clamping can hinder driv-
ing HHG at optimum conversion efficiency. Nevertheless, recent
experiments show that the conversion efficiency in the nonlinear
medium can approach those of single-pass experiments at a power
enhancement of around two orders of magnitude’>.

So far, cavity-enhanced HHG has only been demonstrated with
the ‘standard approach’ of minimizing dispersion and losses of the
linear cavity over a large bandwidth, and treating the nonlinearity as a
disturbance in the operation of the linear fsSEC. However, it is known
that even with a strong nonlinearity that couples power to other
wavelengths, low-loss steady states of the resonator such as dissipative
cavity solitons exist’>’%. For a gas nonlinearity, it has been suggested
and theoretically shown that spectrally tailoring the cavity mirrors
can give rise to such steady states, allowing for higher enhancement
and considerably reduced intensity clamping®. Such new operating
regimes for fsECs, possibly in conjunction with redshifting nonlin-
earities (using, for example, the Raman effect or optical parametric
amplification) could provide routes towards considerably improved
XUV power, with interesting properties such as noise filtering, intra-
cavity pulse self-compression and broader bandwidths.

XUV output coupling

Even though the conversion efficiencies in the nonlinear medium
in state-of-the-art fSEC-HHG setups approach those of single-pass
experiments*>”, efficiently coupling out the XUV radiation with-
out obstructing cavity operation has been a major challenge®”*. The
first systems employed a thin plate, transparent in the VIS/NIR, and
placed under Brewster’s angle after the HHG focus. Via reflection at
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Fig. 3 | Nonlinearity-induced intensity limitations. a, The atoms of a (monatomic) gas mixture are accelerated from the nozzle exit and traverse the
interaction region o,,, given by the full-width at half-maximum of the single-pulse ionization-fraction profile n(x), asymptotically approaching the terminal
velocity™ v(x) = \/5RgTg/Mavg, Where R, is the gas constant, T, is the reservoir temperature and M., is the average molar mass, and the final ionization
fraction depends on the driving pulse intensity /(x). Neglecting plasma expansion, each atom is hit by N = "j—T pulses, where T, is the pulse repetition
period. b, When the detuning between the frequency-comb lines and the cavity resonances is scanned towards higher frequencies, for example, by
decreasing the cavity length, the intracavity power (blue) reaches its maximum at a different position than without plasma (grey), the dominant effect
being the build-up of a cumulative plasma. This maximum cannot be reached by scanning in the opposite direction, that is, for each detuning there are at
least two steady-state solutions, one with high power and one with low power®>®°, To avoid this optical bistability and achieve a stable lock, the lock point
must be set slightly before the maximum (green), after which the high- and low-power branches unite®. ¢, The electric field of an intense pulse before
(black) and after (blue) passing through an ionizing medium, leading to temporal compression due to the time-dependent plasma refractive index n(t).

d, In the frequency domain, this corresponds to a spectral blueshift™**, reducing the spectral overlap with the seeding pulses. PSD, (optical) power spectral
density. e, As a consequence, the intracavity power shows a saturation behaviour when the seeding power is increased (intensity clamping). Panels

adapted with permission from: b, ref. ©°, APS,; e, ref. ¢, APS.

the plate surface, a fraction of the XUV beam is coupled out from
the cavity**-¢#4549 (Fig. 4a). While excessive dispersion can (for
typical finesse values) be avoided by using adequately thin plates,
nonlinear effects in the plate material hamper the peak-power
scalability’, and thermal lensing can complicate operation. This
method has been applied for XUV photon energies up to 42eV
(ref. **) and typically provides 5-15% output coupling efficiency.

Another successful method for (frequency domain) applica-
tions where angular dispersion of the harmonics is acceptable
(or even desirable) is to use a reflective XUV diffraction grating
(Fig. 4b) etched into the top layer of an fSEC mirror with high
reflectivity for the fundamental beam******”’*. OQutput coupling
efficiencies up to 10% in the photon energy range below 20eV have
been demonstrated.

Geometric output coupling through an on-axis aperture in the
cavity mirror following the nonlinear medium and employing the
fundamental transverse mode of the cavity makes use of the gen-
erally much smaller divergence angle of the XUV compared with
the driving beam*>” (Fig. 4c). The XUV radiation exits the cav-
ity without spectral alterations, and output coupling efficiencies of
up to 40% and photon energies up to 100eV have been reported,
without severe reduction of the enhancement due to losses at the
aperture*>*>>7. Furthermore, the all-reflective geometry and the
large illuminated spot on the output coupler grant excellent average
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and peak-power scalability. Although in general there is a trade-off
between optimal generation efficiency and output coupling effi-
ciency”, this method has altogether enabled record photon rates for
attosecond PES without detectable space-charge distortions®.

By tailoring the transverse mode to obtain an intensity mini-
mum at the position of the output coupling aperture and an on-axis
intensity maximum at the position of the medium (Fig. 4d,e), the
acceptable diameter of the aperture can be substantially increased,
so that high output coupling efficiency is possible (in particular for
lower-order harmonics). This can be achieved by operating at a posi-
tion in the stability range where two (or more) degenerate transverse
modes combine to a resonant superposition’ or by using a noncol-
linear setup”. Noncollinear methods allow for output coupling effi-
ciencies beyond 50% and work well up to soft X-ray wavelengths®*.
Recently, with such a method, record power around 13 eV radiation
has been demonstrated”” (Fig. 4f). In addition, these schemes can
also facilitate the implementation of wavefront-rotation-based gen-
eration of isolated attosecond pulses®.

Several alternative concepts have been suggested; however, they
have so far not been demonstrated experimentally. These include
geometric output coupling using rotationally symmetric modes™”*
and methods using an antireflection-coated grazing-incidence
plate™ or angular separation by a highly reflective mirror covered
with a wedged layer®.
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Hydrocarbon contaminants in the vacuum chamber can be
deposited on the optics during HHG generation and harm the per-
formance®. Immersing the optics—in particular XUV output cou-
pling optics—in ozone during operation cleans the hydrocarbons
in situ and allows for stable fsEC operation for months of inten-
sive use*****. Occasionally, the optics can be cleaned in external
reactive-ion etchers to remove any residual contaminants™.

XUV frequency-comb stability and coherence

To ensure the resonant condition between the VIS/NIR comb and
the fsEC, active control is required for the two degrees of freedom of
the comb, w, and w, (refs. *****'). The reflected light from the fsEC,
dispersed by a grating, can be detected within a narrow (~1nm)
spectral window, to provide wavelength-selective, phase-sensitive
information on the interference of the seeding with the circulating
light. Typically, the Pound-Drever-Hall technique® is employed,
where frequency modulation is applied to generate symmetric side-
bands at each seeding comb mode, and the interference signal is
demodulated to generate the corresponding error signal for feed-
back stabilization. The linear combination of two such error sig-
nals from different spectral regions can be used for a two-point
lock***+**, Alternatively, the comb-offset frequency w, can be locked
to an external radiofrequency reference to match the optimum
value for cavity enhancement, while a single error signal is used to
stabilize w, or the geometrical fsEC length*. While the intrinsic sta-
bility of the comb or the fsEC is sufficient for many time-domain
applications*~**, additional stabilization of the VIS/NIR comb to
absolute frequency standards™ can be required for direct frequency
determination in precision spectroscopy experiments®>**!,

The excessive relative intensity noise (RIN) of the XUV comb
results mainly from amplitude fluctuations of the cavity-enhanced
driving comb. At low frequencies within the servo-loop bandwidth
for the cavity lock, typically a few tens of kilohertz, the intracavity
comb RIN is limited by the RIN of the seed laser™. Beyond the feed-
back loop bandwidth, residual relative frequency noise between the
comb and the fsEC is converted into RIN. Therefore, by minimiz-
ing the intensity and frequency noise of the seed laser and using a
high-bandwidth feedback lock, the intensity noise of the XUV comb
can effectively be reduced. Typically, an intensity noise on the order

>
>

Fig. 4 | XUV output coupling methods. Typical efficiencies (¢) and
maximum demonstrated photon energies E, ... a, A thin, transparent plate
placed at Brewster's angle in the fundamental beam reflects a fraction

of the collinearly propagating XUV beam. b, A reflective XUV diffraction
grating, etched into the top layer of a highly reflective mirror for the
fundamental beam, angularly disperses the individual harmonic orders.
¢, An on-axis aperture in the cavity mirror after the HHG focus allows for
XUV output coupling using the fundamental Gauss-Hermite transverse
electromagnetic cavity mode (TEM,) without spectral alterations of
either of the beams. d, By operating the resonator at a specific position in
the stability range, several degenerate transverse modes overlap to form
a tailored 'quasi-imaging’ mode with an on-axis intensity minimum at the
output coupling mirror, and an on-axis intensity maximum close to the
HHG focus. e, For ‘transverse mode gating’, the Gauss-Hermite 01 mode,
which has an on-axis intensity minimum, is modified by monolithically
delaying one lobe with a stepped mirror, so that an on-axis maximum is
obtained in the focal region. The alteration is reversed after the focus.
Besides enabling high output coupling efficiency, this scheme can spatially
gate isolated attosecond pulses (illustrated by the spatially dispersed
beamlets in the inset). f, Noncollinear HHG uses two circulating pulses
in the fundamental mode, intersecting at a common focal region with the
same effect. This can be seen as a generalized geometry for transverse
mode gating, where separate focusing mirrors are used for each lobe,
introducing an additional degree of freedom that permits control of the
crossing angle.
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of 1% (root mean squared) can be obtained for the VIS/NIR intra-
cavity light for measurement time up to hours*****”>%, Due to the
highly nonlinear HHG process, this can result in a RIN of a few
percent in the XUV output (Fig. 5a).

Optical phase coherence in the XUV is essential for precision
spectroscopy. Since the first demonstrations of cavity-enhanced
HHG"*, it has been a central question whether the seemingly vio-
lent HHG process can preserve the delicate optical phase coherence.
In these pioneering works, phase coherence of the third harmonic
from fsEC was demonstrated by optical heterodyne measurements.
High-order harmonics, however, exhibit an intensity-dependent
phase originating from the quantum electron trajectories during
the HHG process'’. Thus, intracavity VIS/NIR comb RIN is con-
verted to XUV comb phase noise®. Usually, the on-axis harmonics
originating from the short-trajectory contribution can be selected
by phase matching and iris clipping. Theoretical estimations show
that the intensity-to-phase noise conversion process has a negligi-
ble contribution on the XUV comb linewidth®. For example, 1%
root-mean-squared RIN at a generation intensity of 2x 10"*W cm™
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in a xenon target leads to only 0.12rad root-mean-squared phase
noise in the XUV, leaving >98% of the power in the optical carrier.

Experimental confirmation of the XUV comb structure was first
achieved with pulse-to-pulse interference of the seventh harmonic®,
putting a <20 MHz upper bound for the XUV comb linewidth at
150nm. Later, direct frequency-comb spectroscopy in argon and
neon jets' at XUV wavelengths revealed a similar upper bound of
<10 MHz comb linewidth, limited by the Doppler-broadened tran-
sition linewidth. The most stringent coherence test was achieved
by a heterodyne measurement between two XUV combs, show-
ing a long optical coherence time limited by the phase noise on the
fundamental comb®, and that sub-100mHz XUV linewidth can
be achieved. In that measurement, a NIR comb was split to gener-
ate two independent XUV combs in separate fSECs. This way, the
common-mode phase noise of the fundamental comb was rejected
except for some residual differential path-length noise, allowing one
to investigate any decoherence effect in the cavity-enhanced HHG
process with unprecedented precision.

For a noise-free frequency multiplication process, the optical
phase of a comb line in the gth harmonic is given by ¢, =gx ¢,. We
approximate the 3 dB optical linewidth &f, by the relation:

o0

trad = [ 5,4,
A

(2)

where Sy 4 o (/52 o g* is the phase noise power spectral density of
a given comb line*. Assuming a relative optical linewidth domi-
nated by white frequency noise due to path-length fluctuations in
the heterodyne interferometer, one obtains S, (f) < 1/f. Therefore,
the corresponding XUV comb linewidth shows a quadratic scaling
behaviour with respect to the harmonic order as &f, < ¢* (Fig. 5b).
When the relative path-length fluctuation was removed by active
stabilization, a 62.5 mHz resolution-limited beat-note linewidth was
demonstrated for the 17th harmonic, showing indeed no measurable
phase noise added by the HHG process down to the sub-100mHz
regime®® (Fig. 5b, insets). A more favourable linear linewidth scal-
ing 8f, x g is expected if the fundamental linewidth is dominated by
flicker frequency noise S ,(f) o 1/f. Assuming the highest laser sta-
bility demonstrated so far with a sub-10 mHz linewidth dominated

>
>

Fig. 5 | XUV frequency-comb coherence and spectroscopy. a, Long-term
intensity stability of fsEC HHG. b, Quadratic scaling of XUV heterodyne
beat-note linewidth, measured as full-width at half-maximum (FWHM),

as a function of the harmonic order. Insets show the 17th harmonic beat
notes, when the interferometer is stabilized (left, resolution bandwidth
62.5mHz) or free-running (right, resolution bandwidth 30 Hz). c-e, Direct
frequency-comb spectroscopy scheme and results of an argon transition

at 82nm. ¢, The experiment schematic. The two sets of black and purple
lines represent XUV comb modes at two different repetition rates. The

two purple lines represent the same comb mode that is shifted when
changing the repetition rate from w,,; to w,.,,. The scale is exaggerated

for clarity. d, Measured fluorescence signal as a function of the frequency
detuning of a comb mode (purple line in €), normalized by the XUV flux.
Error bars are determined from the shot noise of fluorescence photons. The
linewidth shown here is limited by Doppler broadening. e, Determination
of the comb-mode number and, thus, of the absolute transition frequency.
As the repetition frequency w, is tuned, multiple resonances are recorded
(black data points). Red lines show the expected resonance position for the
correct comb-mode number assignment m. Blue dashed lines correspond
to m+1. The magnified inset shows that the measurement error is
sufficiently small to determine the mode number unambiguously (the error
bar represents the standard deviation). Figure adapted with permission
from: a, ref. %, AIP; b, ref. 3¢, Springer Nature Ltd; c-e, ref. “°, Springer
Nature Ltd.
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by flicker frequency noise®, subhertz comb linewidth can poten-
tially be achieved for all harmonic orders up to g=99.

XUV frequency-comb spectroscopy

XUV frequency combs are key to high-resolution XUV spectros-
copy*”*! for probing fundamental physics. For example, precision
spectroscopy of few-electron atoms*"* and ions (including highly
charged ions)*>" in the XUV spectral region can provide stringent
tests for quantum electrodynamics theory. Furthermore, XUV
frequency combs offer a direct frequency link from XUV opti-
cal frequencies to @, and @, in the radiofrequency domain. The
spectroscopy targets typically exhibit sparse, isolated transition
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lines®-%"!, allowing for the determination of their frequencies
via direct frequency-comb spectroscopy*®*’. The excitation rate
of the transition can be monitored, typically by fluorescence or
ionization, to determine when a single comb line is tuned into
resonance. Multiple measurements of the resonance with differ-
ent @, can be used to determine the comb-mode number and,
therefore, the absolute transition frequency, without requiring
a spectrometer.

With steady progress in building robust XUV combs with
increasing spectral power, proof-of-principle direct frequency-comb
spectroscopy measurements with XUV combs have emerged, dem-
onstrating unprecedented spectral resolution and accuracy. An elec-
tric dipole transition in argon with frequency v,,~3.653x 10"*Hz
(corresponding to 82nm) was determined with an uncertainty of
6 MHz by the intracavity-generated 13th harmonic of a Yb-fibre
comb™. In this experiment, an iodine-stabilized neodymium-doped
yttrium aluminium garnet (Nd:YAG) laser with a known frequency
Uyag Was used as an optical frequency reference’. The comb rep-
etition frequency w, was stabilized by phase-locking the beat
frequency between one comb line and vy, to a radiofrequency 4.
The absolute value of @, was determined by a frequency counter.
The comb-offset frequency @, was passively tuned to optimize
the cavity enhancement; yet, it was otherwise free-running with a
15kHz linewidth. The optical frequency v,, of an XUV comb mode
can thus be determined by:

U = mX @y /27 + 13vyac + 4, (3)

where A =13 X §(modulo w,/2x) and m is the number of comb spac-
ings between the mode m and the XUV frequency at 13vy,c+A4
(Fig. 5¢).

In the case of resonant excitation, that is, v,,=v,,, fluorescence
is generally detected using a photomultiplier tube. With 10pW
per mode of XUV light delivered to the spectroscopy target, fluo-
rescence detection has allowed for a signal-to-background ratio
between 0.5 and 1.0. A nearly 100% contrast was obtained when the
background photons were subtracted using their timing informa-
tion (Fig. 5d). To determine the absolute transition frequency, at
least two measurements are required at different o, while keeping
track of the change in the resonant comb-mode index Am (Fig. 5¢).
For the experimentally determined offset A with an uncertainty
o0,, the integer comb-mode number m can be uniquely determined
provided that 2v/2m64/(w; — @) <1 holds, where w,,—,, is
the change in the repetition frequency. In practice, w, was tuned
with increasing step size to keep Am trackable. Figure 5e shows the
unambiguous assignment of the absolute comb-mode number.

In another experimental demonstration of XUV frequency-comb
spectroscopy*!, the 7th harmonic of a Yb-fibre comb was used to
excite a transition in xenon around 147nm. Again, time-resolved
fluorescent photon counts enabled efficient removal of the back-
ground, thereby allowing spectroscopy measurement with only
500 fW per XUV mode. In this case, the repetition frequency tun-
ing range Aw, limited by technical issues, was not large enough to
unambiguously determine the comb-mode number m. Nevertheless,
a probability distribution of m was determined from the limited
tuning range, resulting in a frequency uncertainty of 280 MHz.

Although direct XUV frequency-comb spectroscopy has so far
only been demonstrated with Doppler-limited transitions in gas
jets, its potential application to much narrower transitions offers
truly exciting prospects for fundamental physics. Recent advances
in the generation**? and output coupling efficiencies’>”” enabled
the boost of the XUV power directly available for spectroscopy to
>1nW per mode, which opens the door for ‘photon hungry’ spec-
troscopy experiments. In particular, spectroscopy of **Th with a
single XUV comb line”* could potentially lead to the development
of highly stable and portable nuclear-based optical clocks.

182

Direct XUV frequency-comb spectroscopy has also been pro-
posed for two-photon transitions***, where pairs of comb lines are
combined to excite the transition, thereby efficiently using the entire
comb average power and potentially allowing for Doppler-free spec-
troscopy measurements. Time-averaged XUV comb powers per
harmonic in the range between 1 and 100 uW, which are available
from modern fsECs™, are considered sufficient for these purposes
(depending on the exact experimental scheme).

Megahertz-repetition-rate PES and attosecond physics
Another field of application that has motivated the development of
high-flux, high-photon-energy multimegahertz HHG sources has
been multidimensional PES. Measurements of angularly or spatially
resolved photoemission spectra with high kinetic-energy resolution
and, in the case of pump-probe experiments in dependence of the
delay between a pump and a probe pulse, inherently demand the
recording of a large number of photoelectrons. However, Coulomb
interaction of multiple photoelectrons released from the sample
during a single pulse affects their velocities and trajectories towards
the detector, distorting the observables’**>> and thus, limiting the
number of photo-released electrons affordable per pulse. In fact, in
most state-of-the-art kilohertz-repetition-rate setups for multidi-
mensional PES on solids, space-charge effects require a consider-
able attenuation of the photon flux available from the source****.
With travel times of only nanoseconds for the photoelectrons to
reach the detector, the detection duty cycle amounts to a fraction
of a percent®, implying impractical (or even prohibitive) mea-
surement times of several days. For comparison, third-generation
synchrotrons emit pulsed radiation with repetition rates of several
hundreds of megahertz, set by the temporal spacing of the electron
bunches”—but are limited in accessibility, and do not provide (sub)
femtosecond temporal resolution.

Recently, first experiments*~*>*" employing cavity-enhanced
Yb-fibre-based femtosecond frontends have showcased a number
of benefits of multikilowatt-average-power, multimegahertz-
repetition-rate HHG in xenon, krypton, argon and neon for
low-space-charge PES, at photon rates similar to those of
state-of-the-art kilohertz systems (Fig. 1), and up to within one
order of magnitude of those used in synchrotron beamlines dedi-
cated to monochromatic PES experiments’*. With 120fs pulses
circulating at a repetition rate of 60 MHz, tunable HHG in the 8
to 40eV photon-energy range has been reported, with about 10"
photons per second from the 21st harmonic (25eV) delivered to a
400200 pm? spot onto solid-state samples’>"’. An energy resolu-
tion as low as 22meV was determined in the measurement despite
the high photon flux (Fig. 6a,b).

In the past two decades, several pump—-probe spectroscopic tech-
niques with temporal resolution down to the attosecond regime,
harnessing HHG, have emerged. Typically, ultrafast dynamics are
initiated in a sample by either the visible/infrared pulse driving the
HHG or the XUV high-harmonic pulse. Among the various ways
in which the temporal evolution of these dynamics is probed”,
PES provides perhaps the most direct experimental access to the
electronic wavefunctions. In addition, PES affords the fundamen-
tal advantage over all-optical spectroscopies of its spatial resolution
being limited by the de Broglie wavelength of the detected electrons.

Employing an fsEC system with similar parameters (155fs
pulses circulating at 88 MHz, >10" photons per second delivered
to a 58 X 100 um? spot, tunable in the 18 to 37 eV range), a sideband
in the photoelectron spectrum associated with the laser-assisted
photoelectric effect (LAPE), with an amplitude as low as 10~ rela-
tive to the peak of the XUV-only induced spectrum, was measured
on the timescale of several minutes* (Fig. 6c). This demon-
strates the high quality of LAPE spectra attainable with high-flux
radiation sources at space-charge effects below the detection limit.
In particular, the ability to detect weak dressing fields (Fig. 6d)
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Fig. 6 | PES employing cavity-enhanced HHG. a b, Fermi edge (E;)
measurements at 4.5K on freshly evaporated gold, performed with

25eV photon energy without (a) and with (b) a spectrally selective slit

in the spectrally dispersed XUV beam. The fit represents a Fermi-Dirac
function convolved with a Gaussian, yielding the energy resolution AE.

In b, the photoelectron count is reduced by ~25% with respect to a. ¢,d,
Photoelectron spectra of the gold Fermi edge without (black) and with (red)
a 1.035um pump pulse impinging on the sample simultaneously with the
XUV beam, at a peak intensity as low as 1.3 x10° W cm~2 (¢), and relative
amplitude of the LAPE sideband as a function of the pump pulse intensity
(d). The linear behaviour of the latter attests to weak space-charge
distortions and to the ability to perform LAPE measurements at weak pump
field strengths. The error bars reflect statistics over several measurements.
e, Intensity of the LAPE sideband at 37.9 eV photoelectron (PE) kinetic
energy, obtained from a W(110) crystal probed with high harmonics
generated in argon and pumped by the variably delayed collinearly
propagating 1.03um, 40fs pulse, recorded within a measurement time

of 105s. The phase fit error (red dashed line) corresponds to 36 as and

is comparable to the timing jitter of the interferometer*. Blue lines,
maximum and minimum error boundaries of all fit parameters. The error
bars indicate the 95% confidence level. The inset shows photoelectron
spectra at two different delays with (black) and without (red) sideband and
the region over which the sideband intensity was integrated (grey). Panels
a and b reproduced with permission from ref. “*, AIP. Panels adapted with
permission from ¢,d, ref. “, AIP; e, ref. *°, Springer Nature Ltd.
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will benefit, for example, the observation of plasmonic surface
fields with a high dynamic range’**>'®*. The temporal resolution
in these two aforementioned pioneering works*** was restricted
to >100fs by the relatively narrow XUV bandwidth, necessary
for PES with high kinetic-energy resolution. While this suffices
to study phenomena such as electron-phonon dynamics*®, elec-
tron—-electron interactions occur on much shorter timescales. The
subfemtosecond coherent dynamics of HHG can be leveraged to
access these via LAPE. In particular, the RABBITT'*"'*> technique
(reconstruction of attosecond harmonic beating by interference
of two-photon transitions), using the trains of attosecond pulses
generated by driving HHG with multicycle optical fields, enables a
unique combination of attosecond temporal resolution (owing to
the brevity of the individual attosecond pulses in the train) with
narrowband spectral excitation stemming from spectrally isolated
harmonics rather than a continuous spectrum'®”. Very recently,
the potential of this combination for the investigation of electron
dynamics in condensed matter has been demonstrated employ-
ing single-pass, kilohertz-repetition-rate HHG for angle-resolved
RABBITT measurements on metals, revealing differences in the
lifetimes between photoelectrons born into free-electron-like
states and those excited into unoccupied excited states”, highlight-
ing the differences in fundamental electron-electron interactions,
such as scattering and screening’'.

The multicycle nature of pulses typically employed for fsEC
HHG renders them ideally suited for such experiments. In a recent
proof-of-principle experiment®, the entire 20 to 60eV harmonic
spectrum generated in argon (and up to ~100eV generated in
neon) by 40fs pulses at 18.4MHz, together with the collinearly
co-propagating fundamental beam, was geometrically output cou-
pled through an on-axis aperture in the mirror after the HHG focus.
The LAPE sideband modulation shown in Fig. 6e demonstrates a
temporal resolution on the order of a few tens of attoseconds. For
these measurements, up to 10" photoelectrons per second were
released from a 10-um-diameter spot on a tungsten sample without
noticeable space-charge distortions. Employing an angle-resolving
time-of-flight photoelectron detector enabled the collection of
nearly all photoelectrons of interest, at a temporal duty cycle close
to 100% (to this end, the repetition rate of HHG was matched to
the time of flight)*. This results in acquisition times of a few min-
utes for time-, angle- and kinetic-energy-resolved photoelectron
spectra with high signal-to-noise ratios, heralding a new regime for
RABBITT-based measurements.

While the extension of fSEC HHG to the generation of tem-
porally isolated attosecond pulses, enabling attosecond streak-
ing'>!#151924 at multimegahertz repetition rates, has not yet been
demonstrated, important milestones in this direction have been
achieved. A theoretical study'™ has identified tailoring the trans-
verse field distribution of the HHG driving pulse as a promising
strategy. Experimental demonstrations of the passive enhancement
of waveform-stable pulses (that is, offset-free frequency combs)*
and sub-20fs near-infrared pulses™ to kilowatt average powers,
and a first demonstration of fsSEC HHG with a rotating wavefront®
promise the feasibility of efficient generation of isolated attosecond
pulses with fsECs.

Conclusions and outlook

Cavity-enhanced HHG has reached a maturity that allows for both
time-domain studies and frequency-domain precision metrology
in unprecedented regimes. In particular, the energy of femtosec-
ond pulses emitted by 100-W-average-power-level, near-infrared
frequency combs can be passively enhanced in fsECs by factors
>30, allowing for HHG with intracavity conversion efficiencies
on the order of those achieved in single-pass geometries with
similar gas targets, with robust operation over many hours now being
routinely achieved.
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Rigorous proof of the HHG coherence® along with first direct
frequency-comb demonstration experiments**' have opened the
door to precision spectroscopy in the vast XUV spectral region
of fundamental physical interest. A particularly exciting prospect
is direct XUV comb spectroscopy of the **Th nuclear transition.
Recent developments in nuclear physics® constrained the isomeric
excited state energy of **Th nucleus to 8.12+0.11¢eV, rendering
direct nuclear laser spectroscopy and even a nuclear-based optical
clock with an XUV frequency comb possible. A nuclear-transition
clock'” will have suppressed field-induced frequency shifts, as the
nucleus interacts only via the relatively small nuclear moments and
is highly isolated from the environment. It is also expected to offer
unprecedented sensitivity (enhanced by several orders of magni-
tude compared with atomic references) for temporal variations of
fundamental constants such as the fine structure constant a and the
dimensionless strong interaction scalar parameter m,/Aqcp, where
mg is the light quark mass and Ay, is the quantum chromody-
namics scale, testing our understanding of fundamental physics'®.
The future combination of the XUV comb with Fourier-transform
spectroscopy or dual-comb spectroscopy techniques can potentially
enable broadband comb-mode-resolved spectroscopy in the XUV.

For PES, the original impetus for the development of fsSEC HHG
was the prospect of mitigating space-charge effects in photoemission
from condensed matter. Experiments have recently shown that fSEC
technology has kept this promise*~***” demonstrating PES in a unique
parameter regime, combining high XUV photon energies with high
photon rates and high kinetic-energy resolution. With access to
this new regime, advances in material and surface science'*->'%7-!*
become likely as well as future technologies such as light-wave-driven
signal processing at petahertz clock rates'®'"’. The combination of
cavity-enhanced HHG with photoelectron emission microscopy
might enable ‘filming’ nanoplasmonic surface fields with attosecond
and nanometre temporal and spatial resolution®*'. Other metrolo-
gies such as transient-absorption spectroscopy'’, HHG spectros-
copy''”” or coherent diffraction imaging'" are likely to benefit from
the new regime of multimegahertz-repetition-rate HHG.

Future developments of fSEC technology will undoubtedly con-
tinue to nourish an ever-growing spectrum of spectroscopy and
microscopy applications. In particular, novel, power-scalable geo-
metric XUV output coupling methods promise >50% efficiencies,
as well as the generation of broadband, isolated XUV pulses. Newly
emerging, high-power Tm-fibre-based frequency combs'* emitting
around 2pm promise efficient generation of water-window har-
monics in fSECs due to the ponderomotive scaling of HHG in gases,
thus opening up new regimes of coherent XUV sources.
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