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Abstract

The generation of extreme-ultraviolet (XUV) isolated attosecond pulses (IAPs) has enabled
experimental access to the fastest phenomena in nature observed so far, namely the dynamics of
electrons in atoms, molecules and solids. However, nowadays the highest repetition rates at which
IAPs can be generated lies in the kHz range. This represents a rather severe restriction for numerous
experiments involving the detection of charged particles, where the desired number of generated
particles per shot is limited by space charge effects to ideally one. Here, we present a theoretical study
on the possibility of efficiently producing IAPs at multi- MHz repetition rates via cavity-enhanced
high-harmonic generation (HHG). To this end, we assume parameters of state-of-the-art Yb-based
femtosecond laser technology to evaluate several time-gating methods which could generate IAPs in
enhancement cavities. We identify polarization gating and a new method, employing non-collinear
optical gating in a tailored transverse cavity mode, as suitable candidates and analyze these via
extensive numerical modeling. The latter, which we dub transverse mode gating (TMG) promises the
highest efficiency and robustness. Assuming 0.7 ], 5-cycle pulses from the seeding laser and a state-
of-the-art enhancement cavity, we show that TMG bares the potential to generate IAPs with photon
energies around 100 eV and a photon flux of at least 108 photons s ™! at repetition rates of 10 MHz and
higher. This result reveals a roadmap towards a dramatic decrease in measurement time (and,
equivalently, an increase in the signal-to-noise ratio) in photoelectron spectroscopy and microscopy.
In particular, it paves the way to combining attosecond streaking with photoelectron emission
microscopy, affording, for the first time, the spatially and temporally resolved observation of
plasmonic fields in nanostructures. Furthermore, it promises the generation of frequency combs with
an unprecedented bandwidth for XUV precision spectroscopy.

1. Introduction

Towards the end of the last century, the duration of pulses produced with modelocked lasers had approached the
limits imposed by increasing material dispersion towards the ultraviolet, corresponding to just a few cycles of the
carrier wave [1]. The ability to stabilize the carrier-to-envelope phase (CEP) of such pulses and to amplify them
to intensities at which their electric fields rival the atomic Coulomb field allowed for the generation of extreme-
ultraviolet (XUV) isolated attosecond pulses (IAPs) via the highly nonlinear process of high-harmonic
generation (HHG). The first XUV-IAPs were shown in 2001 [2] and enabled experimental access to the hitherto
fastest phenomena observable in real time, namely electron dynamics in atoms, molecules, solids and
plasmas[1, 3].

Currently, titanium—sapphire-based (Ti:Sa) ultrashort-pulsed lasers represent the workhorse technology for
experiments in attosecond physics. However, strong absorption and thermal lensing in the Ti:Sa gain medium

©2017 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft
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[4] limits the generation of high-energy ultrashort pulses to repetition rates significantly lower than 1 MHz. In
particular experiments which involve the detection of charged particles would tremendously profit from IAPs at
higher repetition rates: in this class of experiments, space charge effects limit the detection to ideally a single
particle per shot, so that the data acquisition rate scales with the repetition rate rather than with the total photon
flux. Examples include coincidence spectroscopy [5], time-resolved spectroscopy/microscopy of nano-
plasmonic fields [6-8], and of ultrafast electron dynamics in nano-structured topological insulators [9], just to
name a few.

Coherently stacking the pulses of a high-repetition-rate modelocked laser inside of a passive optical
resonator, or enhancement cavity (EC), provides a convenient way to combine peak intensities on the order of
10" W cm—2 necessary for HHG in a gas target with pulse repetition rates of several (tens of) MHz [ 10, 11]. With
the advent of Yb-based lasers, ECs have enabled reaching these intensities at the highest repetition rates so far,
providing ultrashort pulses with the highest average powers ever demonstrated [12], and allowing for HHG with
photon energies exceeding 100 eV at repetition rates as high as 250 MHz [13]. Just a few years ago, femtosecond
ECs have been used for the first frequency comb spectroscopy experiments in the vacuum ultraviolet spectral
region [14, 15]. Owing to recent progress concerning advanced cavity designs [12, 16], the quantitative
understanding of the intracavity gas target nonlinearity [17—-19], and thanks to scaling the bandwidth of ECs [20]
and of phase-stable, high-power seeding laser systems [21-23], it seems feasible as from today’s point of view to
extend this technology to application in attosecond physics. However, state-of-the-art dielectric multilayer
optics cannot cover the bandwidth necessary for single-cycle near-infrared pulses [20], which would enable the
direct generation of IAPs in ECs.

In this paper we theoretically study the possibility of efficiently generating IAPs using ECs supporting pulses
comprising several cycles. We identify and, employing thorough modeling, compare suitable time-gating
methods and reach the conclusion that the generation of IAPs with sufficient photon flux for multi-MHz-
repetition-rate experiments is within reach with current laser technology.

In section 2, we first review the state of the art of ultrashort-pulse ECs, deriving the parameter range for our
study, and describe the computational model used for the simulations. In section 3, established gating methods
are assessed for compatibility with the geometry, bandwidth and loss restrictions of ECs, allowing us to identify
the most promising candidates. For a fair comparison of these candidates, all relevant parameters are optimized
for IAPs with highest photon flux in a defined spectral range, within the technical constraints set by state-of-the-
art experiments. Finally, in section 4 we compare the results of the optimized gating schemes, identify a preferred
one and estimate the achievable photon flux. Section 5 concludes the paper and addresses the implications for
time-resolved spectroscopy applications at high repetition rate.

2.Methods

2.1. State of the art of HHG in femtosecond ECs

HHG in ECs has been an active research topic in the last years, and many prerequisites to generate high-
repetition-rate IAPs have already been established. First, XUV radiation is emitted collinearly with the strong
driving beam, it needs to be separated without introducing too much loss to the driving field. Several approaches
have been demonstrated, offering output coupling efficiencies between 5 and around 20% [24]. Most suitable
for the generation of IAPs seem geometrical output coupling techniques [25, 26], which are power-scalable and
do neither angularly disperse nor spectrally alter the XUV beam because it leaves the resonator without
reflection or diffraction at an optical element.

Further, formation of plasma on the time scale of one pulse leads to a blueshift limiting the overlap of input
and intracavity spectrum and thus the power enhancement. For high intensities, plasma lensing can be expected
to affect the spatial overlap. This effect is quantitatively understood [17-19], and approaches to alleviate the
limitations arising from the blueshift have been suggested [19].

The problems of thermal lensing, mirror damage and resonator stability were addressed in [12, 16, 27],
identifying ways of progressively scaling the intracavity power. Thanks to these results, a state-of-the-art
experiment demonstrated a enhancement-cavity-based 250 MHz HHG source reaching photon energies in
excess of 100 eV and a photon flux of 9 x 107 photons s~!in a 2% bandwidth around 94 eV [13], which
indicates that intracavity HHG has come to a point where it is potentially useful for ultrafast photoelectron
spectroscopy and microscopy experiments. For this, 30 fs pulses at 1040 nm with a pulse energy of 0.7 1] were
power-enhanced a factor of 60 and focused down to wy . - wy, = (13.4 pm)?, reaching peak intensities around
3 x 10" W cm~2ina200 pm long neon gas target with an atomic density of 5n44 placed 0.5 Rayleigh ranges
before the focus, where 1,4 is the atomic density of an ideal gas at [IUPAC standard temperature and pressure
and wy , and wy,, are the beam waists in x and y direction. The XUV radiation was coupled out through a
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120 pm-inner-diameter hole in the cavity mirror right after the focus, leaking and scattering approximately 1%
of the intracavity power and coupling out 5% of the XUV radiation.

For waveform-stable IAPs, first of all it is a requirement that the enhanced comb has an offset frequency of
zero. This can be accomplished by phase-stabilizing the seeding comb [22, 28, 29] and using tailored cavity
mirrors [30]. Then, the XUV emission must be confined to only one attosecond burst per pulse. The bandwidth
of currently available highly reflective (HR) mirrors does not allow to enhance pulses short enough to reach the
single-cycle limit. However, recent work in our group [20] shows that a power enhancement of 75 is still possible
with mirrors supporting pulses shorter than 20 fs at a central wavelength of 1050 nm, corresponding to 5.4
cycles.

2.2. Constraints for the theoretical study

Considering the aforementioned state-of-the-art HHG experiment [13] and the new results regarding the
mirror bandwidth, for our study we assume the ability to enhance 17.5 fs pulses at 1040 nm in an empty cavity
with zero offset frequency and <0.8% round trip losses (corresponding to a power enhancement of 125 in the
impedance-matched case). We presume that it is possible to generate phase-stable 17.5 fs pulses with a pulse
energy of 0.7 1] as seed for the EC. High-repetition-rate pulses with 17 fs and similar pulse energy have already
been reported in [22].

Apart from the seeding pulse parameters and the round-trip losses, there are several other technical
restrictions for intracavity HHG: the gas flowing through the nozzle deteriorates the vacuum causing XUV
reabsorption amongst other effects, so there is a technical limit on the gas flux, which is proportional ton - L%,
where 7 is the atomic density and L the target diameter. There is also a lower limit on the beam waist due to EC
alignment sensitivity and astigmatism, and on beam diameter on the curved mirrors due to truncation. Finally,
the peak intensity on the curved mirrors is limited by mirror damage. In our study, we restrict ourselves to
parameters similar to the ones demonstrated in the reference experiment [13]:

« gasfluxn - [ < 5ngq - (150 pm)?,
* beam waist wy > 14 pm,

* beam diameter w < 0.2D on curved mirrors, where D = 25.4 mm,

+ peakintensity on the curved mirrors <3.6 x 10° W cm™2.

2.3. Computational model

For an accurate theoretical description of HHG in gas targets, our model considers all relevant effects affecting
the propagation of the driving field and the generation/propagation of the XUV field in the target: both fields
experience linear refraction in transverse and in longitudinal direction, as well as absorption. Nonlinear effects
on the driving field, most importantly plasma effects resulting in a spectral blue shift, defocusing and loss, as well
as the Kerr effect causing focusing and self-phase modulation, are accounted for. For the XUV emission, the
dipole response of an individual atom to the strong driving field is modeled, including polarization-dependent
effects and depletion of the ground state.

A standard approach for HHG simulations is to employ a semiclassical model: the Maxwell equations are
solved classically, whereas the dipole response is modeled quantum-mechanically. This approach is described in
detailin [31]. Our model follows the standard approach, but in contrast to many computational models for
HHG, our implementation is not limited to configurations with rotational symmetry. The model is also valid for
polarized fields if vector quantities are used for the electric field and the polarization.

2.3.1. HHG model

For the description of XUV and driving field propagation through the gas target, we employ the forward wave
equation [31], a first-order propagation equation obtained by applying the slowly evolving wave approximation
[32] to the scalar wave equation in Fourier domain, using coordinates co-moving at vacuum speed of light (zis
the propagation direction):

ic iw
0.Er/xuv = ——A Eryxuv — —Pry/xuv. 1
2w 2cey

Here, Ery, is the driving field and Exyy the generated high harmonic radiation, and
Pir = Pirjlin + Pkerr + Pplasma is the source term for the driving field and composed of the linear response
Prriin (1) = €9 X, () Eir (t), the Kerr contribution [33]
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Pxerr (1) = €0XP (1) |Err (1) |*Erg (1) 2
and the plasma contribution [34]
o (1) e’ng !
O¢Ppiasma (t) = I,ng ——" ERr(t) + —= tEg (t))dt'. 3
Pty (1) = o =55 B0 + S [0 B(@) 3

The XUV source term Pxyy = Pxuv,lin + Piipole consists of the linear response Pxyy,iin (W) = € X (w) Exuv (W)
and the HHG term Pyipole (t) = nod () computed with the strong-field approximation (SFA), accounting for
elliptic polarization [35, 36] and ground state depletion [37]. Here, I, is the ionization potential of the atom, e, 1,
denote the electronic charge and mass, respectively, x (t) = n(t)a, the susceptibility at the driving field’s
carrier frequency, y (w) = nga (w) the complex XUV susceptibility, ¥ () = n(t) o' the third-order
susceptibility. Furthermore, n () = ny(1 — 7(¢)) denotes the time-dependent atomic density of neutrals with
ng being the total atomic density, n(t) = 1 — exp [— f_t W (Er (t"))dt’ ] the ionization fraction, ., a(w) and

a® the first- and third-order polarizabilities, and w(E) the static ionization rate. The values for a, a(w) and a®
are taken from [38—40], respectively. We use static ionization rates w(E) [41], obtained with the approach
described in [42, 43]. We interpolate log(w (E)) for lower intensities and obtain reasonable agreement with
recently published rates [44] in the relevant intensity regime.

2.3.2. Computational implementation and optimizations

The first-order propagation equation is solved numerically in (k,, k,, z, w) coordinates using a predictor—
corrector Crank—Nicolson scheme, where spatial Fourier transforms are necessary in each z step to compute
source terms. Large-distance propagation in vacuum, needed for modeling propagation to the EC mirrors, is
done with a Fresnel two-step propagator [45], which allows us to use the same transverse discretization for each
frequency component and thus avoid interpolation steps. In cases with rotational or reflectional symmetry, the
spatial discrete Fourier transform is replaced by a quasi-discrete Hankel [46] transform/discrete cosine
transforms and appropriate transverse discretization is used. The lack of rotational symmetry in some cases
makes 3 4+ 1D simulations necessary. Without approximations, these would consume too much computational
and memory resources for broad parameter scans. In these cases, we employed optional envelope
approximations for the linear, Kerr, plasma and XUV source terms that permit a coarser t discretization in case
of linear polarization (see appendix). The high-harmonic dipole response is computed by a fast, parallel C++
implementation of the SFA model [47]. The overall implementation was verified by reproducing the results of
[48], amongst others.

3. Results

3.1.Identification of promising gating methods for cavity-enhanced HHG

The intracavity field in an EC must be an eigenmode of the resonator geometry. Therefore, compared to single-
pass HHG, cavity-enhanced HHG permits less freedom in choosing the driving field incident on the gas target,
narrowing down the number of viable gating methods. Apart from that, efficiently driving HHG in a passive
resonator comes with a few more particularities: first, low round-trip losses are necessary to maintain the main
advantage of an EC, i.e., a high enhancement. This is not only hindered by absorbing elements in the cavity, but
also by energy coupling to non-resonant eigenmodes through perturbation of temporal /spectral or spatial
features of the circulating pulse, e.g., while passing the gas target. Second, to enable such low losses, HR
multilayer dielectric mirrors are used as cavity mirrors which can provide well-behaved reflectivity and phase
only over a limited bandwidth, imposing a lower limit on the duration of the circulating pulse. Furthermore, at
high peak intensities, intracavity optics can manifest undesired nonlinear and thermal effects and, ultimately,
damage. In the following, we shortly explain each considered gating method, examine their compatibility with
the EC geometry and analyze each scheme with respect to round-trip losses, necessary pulse duration and power
scalability.

Amplitude gating [49] relies on the fact that the driving field intensity determines the high harmonic cutoff,
so by spectrally filtering the XUV, the emission can be confined to a short time window around the peak of the
driving pulse’s field, which allows for the production of IAPs. This scheme does not impose further conditions
on the spectral or the temporal shape of the pulse incident on the target and is therefore compatible with the
standard EC geometry. However, efficient amplitude gating has only been shown with sub-two-cycle pulses [49],
while the bandwidth of HR mirrors currently limits the intracavity pulse duration to >18 fs at a wavelength of
1050 nm [20], rendering this scheme unviable for intracavity IAP generation.

For ionization gating, there are two approaches: one is to fully ionize the gas within the first few cycles and
therefore inhibit XUV emission from subsequent cycles [50]. Another possibility is to use phase matchingin a
high-density gas target: in the first few cycles, sufficient plasma is generated so that the critical free-electron
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to standard
bow-tie cavity

Figure 1. Polarization gating with the waveplate/ CMC-PG scheme. MO: multi-order quarter-wave plate, ZO: zero-order quarter-
wave plate, PO: polarizing optics. The inset shows the time-dependent ellipticity €.

density is reached at which phase matching becomes impossible [51]. Like amplitude gating, these approaches
would be compatible with the standard EC geometry. Commonly, cavity-enhanced HHG is performed in a
tight-focusing regime with a high gas density to achieve good phase matching, and a low enough peak intensity
to limitionization-related clamping effects due to blue-shifting and plasma lensing [19]. On the contrary,
ionization gating implies higher ionization levels than typically achieved in intracavity HHG—even the phase
matching variant of ionization gating requires an ionization of 5%, using three-cycle pulses [51]. Although the
use of input couplers with a tailored transmission curve and of mirrors correcting for the nonlinear phase have
been suggested as a countermeasure against blueshift-induced clamping [19], this cannot reduce spatial effects
due to plasma lensing, which are to be expected at such high ionization fractions. Moreover, the necessary pulse
duration is out of reach with state-of-the-art mirrors. Therefore, efficient production of IAPs in ECs with
ionization gating does not seem a viable route.

Polarization gating takes advantage of the fact that the HHG efficiency drops considerably with increasing
ellipticity of the polarization [36]. By shaping the ellipticity of a pulse in a time-dependent manner, the harmonic
emission can be confined to a time window with a duration on the order of a single half-cycle. As a standard EC
with small incidence angles and geometric output coupling is basically insensitive to polarization, it is possible to
apply such a scheme to the seed without modifications to the geometry of the EC. A straightforward way to shape
the ellipticity is to produce two delayed, perpendicularly polarized copies of an initial pulse by passing a linearly
polarized pulse through a multi-order quarter-wave plate with its optical axis rotated by 45° with respect to the
polarization direction (see figure 1). The polarization of the resulting pulse then changes from linear to circular
to linear. Then, circular and linear polarization are swapped by a zero-order quarter-wave plate with its optical
axis parallel to the original pulse’s polarization direction [52]. Interferometric polarization gating [53] produces
asimilarly shaped pulse by introducing the delays interferometrically, and offers the additional degree of
freedom to choose the relative amplitudes of both polarization directions in the resulting pulse, permitting
production of IAPs from multi-cycle driving pulses, at the expense of at least 50% loss to the driving pulse
energy. In [54] a scheme called collinear many-cycle polarization gating (CMC-PG) based on the waveplate
scheme is introduced, which adds the same degree of freedom using reflection off a silicon plate as a polarizer
and achieves similar performance as interferometric gating, while it is easier to align and more stable. This
scheme has been shown to produce IAPs from pulses aslong as 33 fs at a wavelength of 800 nm, corresponding
to 12.4 optical cycles [54]. Efficient intracavity HHG with 30 fs-pulses was already shown [13], approaching the
optimum photon flux for time-resolved photoelectron emission experiments, and mirrors supporting even
shorter pulses have been demonstrated [20], so CMC-PG is a viable candidate. To avoid damage at high
intensities, the silicon plate can also be replaced by a broadband thin-film polarizer.

Several methods have been suggested using multi-color collinear superpositions: in [55], an XUV continuum
around 100 eV is generated by mixing the 6.7-cycles-long driving pulse with its detuned second harmonic.
(Generalized) double optical gating [56] is a combination of two-color gating with polarization gating. In both
cases, the second harmonic allows to suppress harmonic emission from every other half-cycle, allowing for the
production of IAPs with multi-cycle driving pulses. These schemes could in principle also work with a standard
EC geometry—however, both colors would need to be enhanced with the same mirror set, which imposes a
serious technological challenge. Another possibility is to produce the second component inside the cavity.
However, the portion 7 of energy that can be converted to a second radiation component limits the power
enhancement to maximally 1 /7, limiting the practicability of this approach. Non-collinear combination would
also be an option, but an angle large enough to afford spatial separation would angularly disperse the harmonic
radiation strongly when combining two different wavelengths [57], which is disadvantageous for time-domain
applications.

The angular streaking method uses a driving pulse with a wave front rotating over the time scale of a single
driving pulse. The XUV bursts take over the instantaneous wavefront orientation and are therefore emitted in
different directions, allowing to separate IAPs by spatial filtering in the far field. One way of achieving such a
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Figure 2. Non-collinear optical gating in a three-focus cavity. IC: input coupler, PM: plane highly reflective mirror, CM: curved highly
reflective mirror.

wave front rotation (WFR) is to impose a spatial chirp in one transverse direction on the pulse [58—60]. Such a
spatially chirped pulse cannot propagate as an eigenmode of a standard resonator, because each frequency
component has a different optical axis. Consequently, intracavity elements (e.g. wedges or gratings) would be
necessary to introduce a WFR in the resonator, which, similar to the case of multi-color gating, come with
significant technological challenges.

Another possibility to achieve WFR is non-collinear optical gating (NOG). Here, the idea is to cross two
equally strong delayed pulses [61, 62]. Then, the wave front orientation will change continuously from the
direction of the first pulse to the one of the second pulse, leading to an attosecond lighthouse effect as in the case
of the spatially chirped driving pulse. For generating such a driving field using cavities, there exist several
possibilities. The most obvious is to use two separate cavities for both pulses and cross their foci. An alternative
approach is to use a single EC with two circulating pulses and two crossed foci [26] (see figure 2). It is preferable
to have three focused arms instead of two for alignment sensitivity reasons [16]. A third approach to realize a
continuous WFR in an EC is to exploit the similarity of two crossed beams to some higher-order transverse
eigenmodes. For instance, the Gauss—Hermite mode GHy, (figures 3(a) and (b)) consists of two well-separated
lobes. If a 7w phase mask is applied to one of the lobes far before the focus [26], a single lobe emerges in the focal
plane (figure 3(c)). Then, by also delaying the pulse envelopes of the lobes with respect to each other (figure 3(d)),
itis possible to achieve WFR in the focus (figure 3(e)). Such a delay can be introduced by depositing material
onto one half of a cavity mirror before applying the coating. The 7 phase mask can be achieved by choosing the
step heightas (n + 0.5) /2 times the wavelength, with an integer n, or by using different coatings for the two
halves [30]. However, the resulting field distribution is not a resonator eigenmode. Thus, it is required to place
the step mirror inside the cavity and compensate for the mode alteration after passing the focus (see figure 3(f)),
which is possible with very low losses using a second step mirror (see appendix). In the following, we refer to this
scheme as transverse mode gating (TMG). Alternatively, as suggested in [63], one can cross the driving pulse with
aweaker but shorter pulse, which introduces a slight wave front tilt for the duration of the short pulse, resulting
in temporally confined emission of harmonics in off-axis direction. This is possible without adaptation of the EC
geometry.

Production of IAPs by NOG was only experimentally demonstrated with sub-two-cycle pulses [62].
However, [61] predicts that separation of an IAP is still possible with 10 fs pulses at 800 nm, which corresponds
to 3.75 cycles, assuming a harmonic beamlet divergence angle of 0.10,, with O, denoting the divergence angle
of the driving beam. As we show later, it is possible to obtain a significantly smaller beamlet divergence by placing
the target before the focus, so non-collinear generation of IAPs at pulse durations realistic in cavities may come
into reach.

The maximum crossing angle for efficient NOG s only 7 - ©g [61]. This means that in the two-cavity and
the three-focus approach, the curved mirrors next to the target have to be placed as close as possible to each other
to avoid losses due to truncation of the mode. Reflection on a mirror cropped by a straight line in a distance of
/2 - ©g from the center ideally leads to a round-trip loss of 0.64%. The same holds for gating by an external
pulse, but in that case one can choose to truncate the intracavity beam less and the external beam more to allow
for abetter power enhancement. TMG does not suffer from truncation losses, however care must be taken that
the distortion introduced by the first delay mirror is compensated well by the second one without introducing
too much loss. As it will be shown later, these losses can be kept small if the delay mirrors are placed
appropriately.

Commonly, the resonator length and the seed repetition rate must be actively stabilized with respect to each
other to maintain constructive interference of the carrier of the seed pulse with the carrier of the circulating
pulse. Likewise, for NOG, sub-wavelength precision and stability of alignment are necessary for constructive
interference of the two beams in the intersection point. From all presented NOG variants, TMG appears to be
the most stable, because the delay between the beams is implemented monolithically. So, from the point of view
of truncation losses and experimental effort, TMG can be considered the most promising variant for
intracavity NOG.
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Figure 3. (a) beam profile of |GHy,|? at z = —10 zg (b) y—z-cut atx = 0(c) same as (b) with 7 phase mask applied to one lobe in far
field, where zis optical axis, w, beam waist, zz Rayleigh range; data normalized for each z position (d) normalized time-dependent
electric field ofa 7 fs pulse in the z = —7.5zp plane after phase shift of 7 and an envelope delay of 7 fs was applied to one lobe of the
GHy in far field (e) same in focal plane, showing wave front rotation (f) setup for alow-loss cavity with wave front rotation in the
focus. IC: input coupler, PM: plane highly reflective mirror, SM: highly reflective mirror with step, CM: curved highly reflective
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In conclusion, we reviewed possible schemes for intracavity production of IAPs and identified two
promising approaches (CMC-PG and TMG) and we found significant reasons to prefer them over the remaining
schemes. In the remainder of the paper, we aim at performing a fair comparison of polarization gating with
TMG. For this, we optimize both gating methods for optimum photon flux using the same target parameters and
considering the same technical restrictions.

3.2. Criteria for a fair comparison of viable gating schemes

For a fair comparison of the two considered gating schemes for cavity-enhanced HHG, we need to optimize the
parameters of both methods for optimum photon flux, demanding the same minimum intensity contrast ratio
of the IAPs and taking into account the same technical restrictions, as discussed in section 2, i.e., limited seed
pulse energy, cavity losses, gas flux, beam waist, beam diameter on the curved mirrors and damage intensity. We
optimize for output coupling through a hole (for CMC-PG) and a slit (for TMG) in the mirror following the
focus, because geometrical output coupling does not angularly disperse the harmonic radiation, works over a
broad bandwidth and it is suitable for high photon energies.

For each scheme, we identify parameters affecting the contrast ratio and perform a broad scan on them,
which is enabled by the approximations and optimizations of the implemented computational model. Based on
these parameters, we optimize the phase matching conditions and the output coupling. Accounting for losses to
the circulating pulse by nonlinear effects in the gas target, we obtain a complete set of optimum parameters,
allowing us to simulate the optimum case with a minimum number of approximations.
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Figure 4. Reflectance off a silicon plate for the s-polarized (solid line) and p-polarized (dashed line) components versus incidence
angle, at a wavelength of 1040 nm. The dotted line shows the ratio of the reflectances.

To be consistent, we need to impose the same contrast ratio for both schemes. Having in mind time-resolved
photoelectron emission spectroscopy (PES) and microscopy (PEEM) applications, in the broad parameter scan
we optimize for IAPs with an intensity contrast ratio better than 10 after spectral filtering for harmonic orders
between 74 and 84 (88.2-100.1 eV), which is about the minimum required photon energy for time-resolved
PEEM experiments. In the following step of optimizing the phase matching, we only require a contrast ratio of
6.66 to make sure that promising results are not excluded due to numerical deviations, e.g., due to neglecting
propagation effects in the broad parameter scan.

We restrict the study to HHG in neon, which was already shown experimentally in ECs and is a suitable
choice for the targeted photon energy range due to its high ionization potential.

3.3. Polarization gating

In the CMC-PG scheme, the contrast ratio is affected by the delay A7 of the multi-order quarter-wave plate, the
CEP ¢ of driving pulse and the incidence angle ¢, on the polarizing optic. Parameters affecting the photon
flux are the target position z, the target length L, the atomic density # of the target gas, the driving pulse energy
Err and the focusing wy, which affect the phase matching, and the hole diameter d for the output coupling.

In a first step, we optimize the parameters affecting the contrast ratio. For this, we compute the single-atom
dipole response, scanning the delay A7 from 0 to 25 fsin 1 fs steps, the carrier-envelope phase ¢y from 0° to
180° in 5° steps and the incidence angle 3, from 73.5° to 90°in 1.1° steps. This interval of incidence angles
already covers all reflectance ratios and smaller angles would only result in higher losses to the p-polarized
component (see figure 4). The long trajectory is suppressed by restricting the electron excursion time to values
below 0.66 driving field periods, and the peak intensity is chosen tobe 3 x 10'* W cm~? in each case. For each
parameter set, we compute the conversion efficiency |d (¢) 2., / f Iig (¢) dt, where d() is the single-atom dipole
response envelope after a bandpass from harmonic order 74-84 and Iy is the driving field intensity. The contrast
ratio, i.e. the ratio between the global and the secondary maximum of |d () |2, is also computed. Figure 5(a)
shows that there is a tradeoff between the conversion efficiency and the contrast ratio. Choosing the parameter
set with best efficiency and a contrast ratio 10, we obtain an incidence angle ¢, = 85.6°, adelay AT = 12 fs
anda CEP of ¢ = 115°, resulting in a contrast ratio of 10.5 (see figure 5(b)). The energy loss at the polarizing
opticis 60.1%,i.e. 39.9% of the seed energy is available to the cavity.

After having determined the parameters for the optimum contrast ratio of the single-atom dipole response,
the next step is to optimize the parameters affecting the phase matching (zy, L, Ej, wo, #). The scaling law
introduced in [64] states that a parameter set zy, L, Frg, wg, 71 is equivalent to a parameter set z7%, Ln%, Eirn?,
wyn), /1% where nis an arbitrary number and the XUV photon flux also scales with 12, This allows us to
eliminate one parameter by using the following scale-invariant parameters: relative target position z, /zg,
driving field peak intensity I, relative gas density 7 - zg and relative target length L/zg, where zz = 7w /A is the
Rayleigh range. The scale-invariant quantities corresponding to the pulse energy E and the XUV photon flux &,
are the relative pulse energy Eir /7* and the relative XUV photon flux &, /n?.

To enable a parameter scan on such a broad parameter range, which requires computing the single-atom
dipole response on a spatial grid for each parameter set, we resort to several approximations and optimizations:
first of all, we exploit rotational symmetry. The relative target length L/zg is successively increased and the far-
field on-axis harmonic peak intensity is calculated. This intensity will typically first increase with increasing
target length and then decrease when the phase matching length is exceeded. The calculations stop when the
intensity drops to 75% of the maximum or when L/zg exceeds 1. We only save the harmonic spectra from H74
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Figure 5. CMC-PG in neon with 17.5 fs pulses at 3 x 10" W cm™, 1040 nm. (a) Tradeoff between contrast ratio and conversion
efficiency. Each point represents one parameter set of the scan. The dashed line marks the contrast ratio 10 and the diamond marks the
parameter set shown in the right panel (b) attosecond pulse train from single-atom dipole response, bandfiltered from H74 to H84,
interpolated and squared.

to H84 and discard the rest of the spectrum. We vary z, /zg from —1 to 1 in steps of 0.1, the peak intensity from
2.0 x 10t04.0 x 10 W cm™2in 0.2 x 10"* W cm~2steps,and n - zz from 0.5 x 10~>t00.5 x 10~
? nggm, using 0.5 x 1072 nggm steps. The step size in the direction of the optical axis is chosen as zg /400.

For each set of scale-invariant parameters, we compute the driving field and the XUV radiation incident on
the output coupling mirror. Then we also scan the relative output coupling hole diameter d/w from 0.1 to 0.6 in
steps 0of 0.05, where w is the driving beam radius at the output coupling mirror. This determines the output
coupling efficiency as well as the losses of the circulating pulse at the pierced mirror (0.36% for d/w = 0.6).

Using the driving field on the output coupling mirror and the losses at the pierced mirror, we compute the
achievable pulse-energy enhancement (see appendix). Together with the relative circulating pulse energy, this
yields the relative seed pulse energy necessary to drive the cavity to reach the required peak intensity. The relative
output coupled photon flux is determined from relative photon flux and output coupling efficiency.

Aswe are interested in the parameters with optimum photon flux, we apply the scaling law to each parameter
set, increasing the focus size to the maximum without violating any of the technical restrictions (gas flux, beam
waist, beam diameter, peak intensity), and without requiring more than the available seed pulse energy. Of the
assumed input pulse energy of 0.7 1], a fraction of 60.1% is lost at the polarizing optics of the gating scheme,
leaving a pulse energy of 0.28 p] to seed the cavity. We only allow target lengths with a resulting contrast ratio
better than 6.66. The obtained optimum parameters are a peak intensity of 2.2 x 10'* W ¢cm~2, an atomic
density of 3.861,, abeam waist of 14.64 ;um, a target length of 137.5 pum, target position at —0.4zg and a hole
diameter of 0.045w, leading to an estimated pulse-energy enhancement of 97.2 (considering nonlinearities). The
curved mirrors must be placed at a distance of at least 70.6 mm from the focus in order to not exceed the
assumed damage threshold.

With the optimum parameters, we repeat the simulation without suppressing the long trajectory. The
resulting time-domain XUV intensity on output coupling mirror is shown in figure 6. The contrast ratio of the
output coupled, spectrally filtered XUV radiation is 7.82.

3.4. Transverse mode gating

Like with polarization gating, the achievable contrast ratio is affected by the delay A7 and CEP ;. Moreover,
the relative target position z, /z affects the XUV beamlet divergence angle [65] and thus the separation of
harmonic bursts in the far field, so it is also an important parameter for the contrast ratio. As before, the
parameters affecting the photon flux are L, Erg, wy and 1, as well as the width d of the slit in the output coupling
mirror.

As afirst step, we again determine the optimum parameters for the contrast ratio. Here, it is not sufficient to
only compute single atom dipole responses, because transverse effects (beamlet divergence) must be accounted
for. Therefore we compute the XUV far field in the limit on an infinitesimally thin gas target, scanning A7 from
0to 25 fsin 1 fs steps and the relative target position from —1.3 to 1.3 in steps 0f 0.1, again at a fixed peak
intensityof 3 x 10'* W cm~2. To reduce computation time, we use the short-trajectory envelope
approximation for the dipole response around H79, and only consider one transverse direction: the one along
which the harmonic bursts are angularly separated. For each parameter set, we compute the time-dependent on-
axis XUV far field. Because the envelope approximation only yields spectral components in a narrow bandwidth
around the targeted H79, this time-dependent field does not exhibit the individual bursts of an attosecond pulse
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the diamond marks the parameter set shown in the right panel (b) envelope over attosecond pulse train from single-atom dipole
response, interpolated and squared. The distance between the dotted lines is one half-cycle.

train, but rather represents an envelope over the pulse train. From this envelope E(f), we can compute the
contrast ratio of the attosecond pulse train, i.e. the ratio between global maximum and secondary maximum,
which is expected at least one half-cycle before or after the global maximum, as
E(to)?
fe |E ()| (4)

max,_ > 7/21E ()2

where t, is chosen so that |E (ty) |? is maximal and T /2 the duration of a half-cycle. We also compute a conversion
efficiency measure by relating the peak intensity of the XUV field with the necessary IR pulse energy:

. E(t0)? .
JJ1Em (x, 1) Pdx dt

Figure 7(a) shows the tradeoff between these two quantities. Choosing the parameter set with best efficiency and
contrast ratio >10 as before, we get a target position of —0.9zz and a delay of 7 fs, resulting in a contrast ratio of
19.3 (figure 7(b)).

For the parameters of optimum contrast ratio, we optimize the phase matching parameters L, Ejr, o and n
by scanning the scale-invariant parameters L/zg, Iand n - zg. We computein 3 + 1D, exploiting reflectional
symmetry in one spatial direction, and use envelope approximations for the driving field source terms as well as
the short-trajectory envelope approximation for the XUV. As in the case of polarization gating, we only consider
relative target lengths L/zz < 1and only compute until the photon flux (peak of the time-dependent on-axis far
field) decreases to 75%. We vary the peak intensity and the relative gas density in the same parameter range.

For each set of scale-invariant parameters, we compute the driving field and the generated XUV radiation in
the output coupling mirror plane. Then we scan the relative slit width d/w from 0.01 to 0.10 in steps of 0.01,

)
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output coupling mirror. (b) Output coupled XUV radiation, integrated over a 0.05w x 0.1w slit (solid line) and the full transverse
plane (dotted line); power axis as in figure 6.

where wis the radius of the driving beam on the mirror. For d/w = 0.10, the round-trip loss is still below
0.07%. Figure 3(c) shows that the on-axis minimum of the GHy; mode in the far field is conserved if a phase shift
is introduced to one lobe far from the focus, i.e. the circulating mode has an intensity minimum at the position
of the slit, which explains the low losses. Thus, for these slit widths the loss is still not a limiting factor. However,
the slit also serves to spatially separate one of the angularly dispersed harmonic beamlets. Increasing the slit size
further would make it impossible to reach a good contrast ratio, as the results of the parameter scan will show
later.

As for polarization gating, for each resulting parameter set we compute the necessary relative seed pulse
energy and relative output-coupled photon flux, accounting for cavity round-trip losses, phase shift and output
coupling efficiency. After that, we apply the scaling law to maximize the photon flux in each case without
violating the same technical restrictions as in polarization gating, requiring a contrast ratio better than 6.66 and
permitting 82.7% of 0.7 1] as seed pulse energy, where 82.7% is the maximum achievable overlap of a GHy,
seed with the GHy, resonator eigenmode using a phase mask [66]. The resulting optimum parameters are a peak
intensity of 2.6 x 10 W cm™2, an atomic density of 4.671, a beam waist of 14.68 pm, a target length of
156.3 pm and a slit width of 0.05w, leading to an estimated pulse-energy enhancement of
108.3 x 82.7% = 89.6. The distance between focus and curved mirror must be larger than 220.9 mm to avoid
damage.

For the optimum parameters, we repeat the simulation without envelope approximations and considering
both trajectories. The resulting time-domain XUV intensity evolution on the output coupling mirror is shown
in figure 8, where a clear lighthouse effect can be seen which allows the separation of an IAP by spatial filtering at
the slit. We observe that the contrast ratio can be improved if not only the slit width but also the slit length is
limited; when choosinga 0.05w x 0.1w slit the contrast ratio of the output coupled, spectrally filtered XUV
radiation is 7.0. This can most likely be attributed to the larger divergence angle of the long-trajectory
contribution to the harmonic far field. It can be seen that the harmonic beamlet divergence is on the order of
0.0250y—this explains the good angular separation of harmonic bursts even with 17.5 fs pulses.

4. Discussion

4.1. Comparison of TMG and polarization gating

Comparing figure 5(a) with figure 7(a), it can be seen that the trade-off between contrast ratio and conversion
efficiency is much more critical in the CMC-PG scheme than in the TMG scheme. Also, the resulting XUV peak
intensity is 135.7 times higher for TMG after optimizing under the previously specified contraints.

There are several reasons for this: in the CMC-PG scheme, only 39.9% of the seed energy is available,
because one polarization direction must be suppressed, whereas in TMG up to 82.7% of the seed energy can be
coupled into the cavity assuming optimum mode matching. Further, the resonator mode excited in TMG has an
on-axis minimum in the middle of the output coupling mirror, leading to lower round-trip losses of the
circulating pulse. Then, to reach the required contrast ratio, the delay for polarization gating must be chosen
>12 fs while itis only 7 fs for TMG. Due to the larger delay, more pulse energy or a tighter focusing is needed to
reach the same peak intensity in the focus, which results in a lower efficiency. Finally, the output coupling
efficiency (fraction of the XUV power transmitted through the orifice to the whole XUV power incident on
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output coupling mirror, computed at the peak of the IAP) is 1 /67.73 = 1.5% for CMC-PG, but 37.5% for TMG
—for optimum beamlet divergence and thus optimum output coupling efficiency, the target has to be placed
approximately one Rayleigh length before the focus, which is not possible in the case of CMC-PG because the
necessary peak intensity can not be reached there due to the longer delay.

For these reasons, TMG can be regarded as the preferred method for implementation.

4.2. Photon flux estimation for TMG
To estimate the photon flux that can be obtained with the TMG scheme, assuming the determined optimum
parameters, we also simulate HHG with the parameters of the reference experiment [13], using the same
approach applied to obtain figures 6 and 8, and compare. The number of XUV photons produced per pulse (in
the spectral range from H74 to H84) can be obtained by integrating the harmonic power over time and is 1.8
times higher for the simualted TMG case than in the simulated reference experiment. From this we can conclude
that a similar photon flux as in the reference experiment (9 x 107 photons s~!) can be obtained with TMG.
However, it is important to note that the photon flux in the reference experiment was strongly limited by
cumulative effects in the gas target due to the high repetition rate of 250 MHz [13] and that these cumulative
effects were not included in the model. Therefore, the predicted photon flux should be regarded as a rather
strong underestimation of the flux attainable with implementing this scheme at a repetition rate at which each
gas atom is hit by a single pulse only. With state-of-the-art lasers operating at the highest repetition rates in this
regime [29] and a pulse-energy-scalable compression scheme (e.g. [67]), the seed pulse energy can be increased
accordingly. The scaling law of [64] allows to change the geometry of the EC setup such that the same total
photon flux can be obtained at a significantly lower repetition rate, without violating the constraints of beam
waist and peak intensity as given in section 2. The beam diameter on the curved mirrors and therefore the size of
the substrates may have to be increased, however. The maximum allowed gas flux is not exceeded because the
flux is scale-invariant if the nozzle size is only scaled in transverse direction. Therefore, scaling to lower
repetition rates is possible without reducing the XUV photon flux.

Decreasing the repetition rate to a value where cumulative effects do not play a role anymore promises
considerably better photon flux than demonstrated in [13]. For instance, gas flow simulations predict that at
~10 MHz and for typical beam waists, each atom is only hit by a single pulse.

5. Conclusions

In conclusion, we theoretically investigated possible time gating methods for the enhancement-cavity-assisted
generation of isolated XUV attosecond pulses within the constraints of state-of-the-art laser technology. In
particular, we identified polarization gating and TMG, a new method combining the ideas of NOG with higher-
order mode output coupling, as viable gating methods for intracavity generation of IAPs. We presented an
algorithm optimizing all relevant parameters for intracavity HHG in order to obtain optimum photon flux,
considering the various trade-offs among finesse, focusing and the position, density and size of the gas target,
and output coupling orifice size in the case of geometric output coupling, and applied it for a fair comparison
between TMG and polarization gating. TMG is identified as the preferred method in terms of the photon flux
and trade-off between efficiency and IAP contrast ratio. In contrast to other supposable intracavity non-
collinear gating schemes, the delay in TMG is alignment-free and intrinsically stable because it is introduced by a
monolithical step mirror.

We showed that using this scheme and taking advantage of state-of-the art technical advances, IAPs ata
photon energy and flux sufficient for time-resolved PES and PEEM experiments can be expected. Scaling laws
predict that this photon flux can be achieved at repetition rates compatible with time-of-flight spectrometers
when using non-circular gas nozzle orifices and sufficiently large mirror substrates. Given the recent advances of
power scaling in resonators [12], broadband cavity mirrors [20], high-power phase-stable Yb-based seed lasers
[29], and zero-offset-frequency resonators [30], the implementation of efficient, cavity-enhanced generation of
IAPs comes into reach. Compared to state-of-the-art kHz sources of IAPs, the dramatic increase in repetition
rate will have a corresponding impact on the signal-to-noise ratio in experiments in attosecond physics,
promising to reveal nanoscopic information so far hidden under the measurement noise floor [8]. Equivalently,
with such a source, the measurement time can be dramatically reduced, rendering applications which so far have
been prohibited by long acquisition times, feasible. Just to name an example, the time-resolved investigation of
the spatial dynamics of plasmonic fields in nanostructures, combining attosecond streaking with PEEM, comes
into reach with such a source [6, 7].

In addition, such a source would constitute an XUV frequency comb with unique properties for precision
spectroscopy [14, 15]: the high repetition rate corresponds to a high spacing between the comb lines, increasing
the power per line. Furthermore, while common cavity-based XUV frequency combs are only available in small
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Figure Al. Convergence to the single-lobe phase-shifted GHy, mode for different values of the phase shift.

spectral ranges around the odd harmonic orders, such a source would allow precision spectroscopy over a broad
spectral continuum.
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Appendix A. Placement of delay mirrors in the TMG scheme

We show that WFR as discussed in section 3.1 and depicted in figure 3(e) can be achieved using a setup as shown
in figure 3(f) without introducing significant round-trip losses. Our reasoning consists of three steps: first, we
show that the same electric field distribution is obtained from a GHy; mode irrespective of the position along the
optical axis at which the phase mask is placed, as long as it is placed sufficiently far from the focus. Then, we show
that this field distribution exhibits point symmetry around the focus. Finally, we show that in a setup like in
figure 3(f), the phase masks are imaged into planes far enough from the focus. We begin with only considering
the 7 phase mask and then generalize the result for an additional delay.

To examine the sensitivity of the desired field distribution with respect to the distance Az between phase
mask and focus, we first compute the GHy; mode numerically at the delay mirror position. We then add a
constant phase to one lobe and propagate to a position zg far behind the focus. Now we can analyze how strongly
the field at zidepends on Az. For this, we vary Az and compute the overlap of the field at zgwith a reference
field at the same position obtained with Az = 10'%zg. Figure A1 shows thata good approximation to this
reference field is already obtained if the delay mirror is placed at a distance Az > 100z before the focus,
reaching overlap values better than 0.999 irrespective of the phase shift, which shows that losses are not
significant for a targeted pulse-energy enhancement of ~100.

For the second step of showing the symmetry of the field distribution, we assume that the phase mask is
placed at Az = 10'%z; and numerically compute the complex electric field amplitude E (x, y, z) for different z
positions behind the phase mask. We then compute the overlap of E (x, y, z) with E¥(—x, —y, —z). The

overlap is 1 within numerical precision both for z positions far from the focus as well as near the focus.
dof

As last step, we apply the mirror equation d; = Tto find out to which planes the step mirrors in figure 3(f)

are imaged. Assuming f > 100zg, which is the case for the determined optimum parameters of TMG, and
assuming that the step mirrors are placed at a distance d, € (f, 2f) from the curved mirrors, we obtain

d; > 2f > f 4 100z, i.e., the first step mirror is imaged to a plane far behind the focus. Given the symmetry
shown in the last step, we can conclude that we indeed obtain a mode that is a very good approximation to the
desired field distribution, with a overlap 0f 0.999. A similar argument can be applied to the compensating step
mirror.

In conclusion, we have shown that a single-lobe phase shift can be introduced and compensated without
significant round-trip losses. Now we look at the case when we also add a single-lobe delay. In the spectral
domain, introducing a delay At corresponds to multiplication with a factor of exp (iAy (w)), where
Ap(w) = wAt, i.e., delaying one lobe is equivalent to applying a phase mask on each spectral component, with
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a frequency-dependent phase shift. Figure A1 shows that the overlap is even better for phase shifts Ap>=,
therefore the previous result can be generalized from phase-shifting to delaying one lobe.

Appendix B. Approximation of the pulse energy enhancement

When traversing the gas target, the driving pulse is altered in its spectral (magnitude as well as phase) and spatial
features due to the linear refractive index of the gas, the Kerr effect and plasma formation. This limits the overlap
between the input and the intracavity beam and, therefore, the achievable pulse-energy enhancement. After
performing the parameter scan to optimize phase matching for the CMC-PG and TMG schemes, we need to
estimate the enhancement to compute the necessary seed pulse energy.

To arrive at a suitable approximation, we follow a similar approach as [19] and decompose the field that has
passed the gas target into Gauss—Hermite modes, which are the eigenmodes of an empty resonator. We denote
the driving field that has passed the gas target by A (x, y, w) (e.g. in the plane of the output coupling mirror). In
the case of TMG, we have to compensate the one-sided phase shift 7 and delay A7 to arrive ata field A’ (x, y, w)
that can be compared to the resonator eigenmode, and which, in the case of an empty cavity, is just equal to the
eigenmode:

Wy = { G e ATIORDAG 2 ) 7 @1
For CMC-PG, we justset A’ (x, y, w) = A(x, ¥, w). Then, we decompose A’ into the resonator eigenmodes:
Alx, y, w) = chm (W)GH,;, (%, 7, w), (B.2)
where
(@) = [[GH(x, 7, A5, 7, w)dxdy (B.3)

and GH,,,,, are the normalized Gauss—Hermite modes. We can compare the coefficients c,,, (w) with coefficients
¢2 (w) obtained with the same approach but for a driving field that is not altered by a gas target. Denoting the
resonant mode with GHpyy, with (N, M) = (0, 0) for CMC-PGand (N, M) = (0, 1) for TMG, we get

¢ (w) = 0for (n, m) = (N, M). We compute the energy loss L., to non-resonant modes by comparing the
energy in the resonant mode after passing the gas target with the energy of an unaltered mode:

ceo/2 ///lCNM (w)GHnp (x, ¥, w) 2 dxdydw
ceo/2 [Jf|ck (W) GHym (%, y, w) Pdxdydw

[ e @) Pdes
=1 -
[ 16 () Pde

The total round-trip loss L is the sum oflosses L,, to non-resonant modes, losses due to the hole in the output
coupling mirror (twice the loss that is caused by transmission through the orifice, also due to coupling to non-
resonant modes [68]) and the assumed 0.8% losses of the empty cavity.

The spectral phase shift ¢ (w) the pulse experiences while traversing the target can be computed by
comparing the phases of the altered and the unaltered mode:

Lm=1—

(B.4)

p(w) = arg —CJS’M W)

. (B.5)
v (W)

The choice of the cavity length and the position in the stability range (and of the EC mirrors [30]) allows to
compensate for the spectral phase shift by a polynomial of first order. Therefore, we fit a first-order polynomial
P (w) to p (w) (weighted by the spectral intensity) and subtract it to obtain the round-trip spectral phase shift

(W) = ¢w) — p(w). (B.6)

The round-trip phase shift and loss together allow us to choose the optimum input coupler reflectance 7 for
maximum pulse-energy enhancement. Assuming a steady state in the cavity, the enhancement of a cavity seeded
by CW light is [69]

1—r2

E= : with ;= VT — L. (B.7)
(1 = rr)? + 4rrysin(p,,/2)
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To find alocal maximum for r € [0, 1], we compute the roots of 0,E, which are
le =+ 1

r. = C & sgncoséy/C? — 1 with C = .
2r1¢cos 6

(B.8)

Computing the enhancement E for ;. and r— and choosing the higher one, requiring r € [0, 1], yields the
optimum pulse-energy enhancement and input coupler reflectance. To generalize to broad-band pulses, we
apply this procedure for each wavelength and average over the results, again weighted by the spectral intensity.

Appendix C. Envelope approximation for the Kerr source term

Given complex envelope Eig (1), the electric field is Erg (t) = QR {Eir (t)exp iw, t}. Neglecting terms oscillating at
3w,, which describe harmonic generation, (2) can be written as

PKerr ~ E)({{60)((3) /4 |EIR|2E~IR eXP iwc t} = %{pKerr (t)eXP iwc t} (Cl)

with the source term envelope

Pyer (1) = €0x® /4 |ER|*Erg. (C2)

Appendix D. Envelope approximation for the plasma source term

For the plasma source term J = 0, Ppasma, we employ the envelope approximation to (3) as suggested in [18]:

~ 1 — 7 eal 3 -
) = [ir())\noﬁ — Ipno( ZI)W" k]EIR/ ’;OC. (D.1)

The source term envelope P(t) = F {P(w + w,)}(t) can be computed from P (w) = —i/w - J (w)
= —i/w - F{J()}(w — w,) without resorting to finer time discretization.

Here, F denotes temporal Fourier transform, r is the classical electron radius, 7j(t) is the ionization fraction
computed from cycle-averaged ionization rates, wpc,y is the ionization rate at the electric field maximum of the
cycle and I'is the intensity.

Appendix E. Envelope approximation for the XUV source term

We obtain an envelope approximation for the XUV source term by approximating the linearly polarized driving
electric field locally by a CW field and then using precomputed dipole responses. This leads to a significant
speedup in the calculation of the dipole response, because the envelope approximation allows coarser time
discretization and the lookup of precomputed responses is fast.

We denote the harmonic dipole response obtained from the SFA with neglected ground state depletion for a
cosine driving field A cos(w, 1) by d.os (A, t). Delaying the driving field by — At just delays the harmonic
response correspondingly, therefore the dipole response for a delayed cosine driving field A cos(w, (t + At))
is deos (A, t + At).

Now, provided that the complex driving field envelope Ejy (t) varies slowly compared to one cycle, we can
approximate the driving field Ejg (¢) in the vicinity of ' by

Er(t) =R {EIR (1) exp iw.t} ~ R {EIR (t/) exp iwt}
=|Er ()| - cos[wct + arg Er ()]
=|Ew(t")] - cos [we (t + arg Er (1) /wo)], (E.1)
which is a cosine field with the amplitude A = |Eig (t')], delayed by At = arg Eg (') /w.. The dipole response
to such a CW driving field would be
dCW (t) = dcos (lAl , T+ At)
= dcos (lEIR(t/)l) t+ arg EIR(t/) /wc)- (Ez)

Neglecting long-timescale effects like ground state depletion and considering that the time scale on which HHG
happens, which is given by the electron excursion time, is typically below one cycle, we can use dcy () asan
approximation of the real dipole response d(#) in the vicinity of t'. Applying this approximation for all #' and
selecting the contribution of a single harmonic order will lead us to an envelope approximation for the dipole
response.
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Figure E1. Dipole spectrum fora 17.5 fs, 3 x 10'* W ¢cm~2 pulse in neon. The solid line is the dipole spectrum computed without
envelope approximation; the dotted lines are envelope approximations of individual harmonics and the dashed line is their
superposition.

For convenience, we express the cosine dipole response for each amplitude as a Fourier series

deos (A, t) = %[Zcq (A)exp (iqu, t)], (E.3)

q

where q is the harmonic order. The harmonic spectra c,(A) can then be precomputed for each amplitude A.
Substituting yields

d(t) ~ dcw (1)
- dcos(lEIR (t) |: t+ argEIR(t) /wc)

= %lch(lEm(t) Dexp [iguw. (t + argEIR(t)/wc)]}- (E-4)

q

This formula allows to only consider the contribution d.() from a single harmonic order g by choosing only one
term of the series:

dq (1) ~ R{cy(|IEw (D)) explique (t + arg Er () /we) 1} (E.5)

Until now, we inherently assumed that HHG happens instantaneously. In reality, this is not the case—in the
three-step model, the emitted electron travels some time before recombination happens. Further, the ground
state of the atom gets depleted due to partial ionization. We can account for both effects in a limited manner by
multiplying the dipole response by the squared absolute value of the ground state amplitude

la(®)? = 1 — n(t), where 7 (t) is the ionization fraction, and introducing an artificial lag A¢, which will in
general depend on the harmonic order g and on the considered trajectory:

dg(t) = R{la(t — A Peg(IEr(t — A
-expliquw, (t — At + arg Er (t — At) /we)1}. (E.6)
We can decompose dy(t) into an envelope and a rapidly oscillating term, d, (t) = R {Jq (t)exp iqu,t}, with

do() = la(t — A Pe,(|Er(t — AD)))
- exp[—iqu,At] - expligarg Elr (t — At)]. (E.7)

This envelope can be computed without the requirement of sub-cycle time resolution.

We verify the approximation by computing the dipole spectrum around H79 in neon fora 17.5 fs gaussian
pulse with a peak intensity of 3 x 10'* W cm™~2. The CW spectra c,(A) are precomputed with the SFA model
with limited excursion time to suppress the long trajectory. We compute the dipole spectrum without envelope
approximation, and the envelope approximation for H77, H79 and H81, which overlap due to the short pulse
duration. As can be seen in figure E1, their superposition is a good approximation around H79, while the
agreement gets worse further away because neighboring harmonics were not considered. The lag was chosen
equally for the three neighboring harmonics to be 0.12T, where T'is the duration of one cycle, to get optimum
overlap.

In the limit of long pulses, the envelope Jq (t) can be regarded as the scaled envelope of an attosecond pulse
train obtained by spectral filtering around the harmonic order g: for long pulses, the individual harmonics do
not overlap. Then, the spectrum of d,(¢) is a good approximation to the spectrum of the SFA dipole response d(?)
in the spectral range from harmonic order ¢ — 1to g + 1. This also means that we can obtain d,(f) by applying a
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bandfilter to d(#) around the harmonic order g with a bandwidth of two harmonic orders. In the time domain,
after eliminating the oscillation with frequency qu, this bandfilter corresponds to a convolution with a half-
cycle-long time window, therefore smoothing out the individual bursts of the attosecond pulse train d(f). We can
conclude that c?q (t) is the smoothed-out version of the attosecond pulse train d(f), which is approximately
proportional to the envelope of the pulse train if the individual bursts have similar pulse durations.

References

[1] Krausz Fand Ivanov M 2009 Attosecond physics Rev. Mod. Phys. 81 163-234
[2] Hentschel M, Kienberger R, Spielmann C, Reider G A, Milosevic N, Brabec T, Corkum P, Heinzmann U, Drescher M and Krausz F
2001 Attosecond metrology Nature 414 509—13
[3] Krausz Fand Stockman M 12014 Attosecond metrology: from electron capture to future signal processing Nat. Photon. 8 205-13
[4] Backus S, Bartels R, Thompson S, Dollinger R, Kapteyn H C and Murnane M M 2001 High-efficiency, single-stage 7 kHz high-average-
power ultrafast laser system Opt. Lett. 26 465
[5] Sansone G etal 2010 Electron localization following attosecond molecular photoionization Nature 465 763—6
[6] Stockman M, Kling M F, Kleineberg U and Krausz F 2007 Attosecond nanoplasmonic-field microscope Nat. Photon. 1 539-44
[7] Chew S H etal2012 Time-of-flight-photoelectron emission microscopy on plasmonic structures using attosecond extreme ultraviolet
pulses Appl. Phys. Lett. 100 051904
[8] ForgB etal 2016 Attosecond nanoscale near-field sampling Nat. Commun. 7 11717
[9] Moore] E 2010 The birth of topological insulators Nature 464 194-8
[10] Gohle C,Udem T, Herrmann M, Rauschenberger J, Holzwarth R, Schuessler H A, Krausz F and Hansch T W 2005 A frequency comb in
the extreme ultraviolet Nature 436 234-7
[11] Jones R, Moll K, Thorpe M and Ye ] 2005 Phase-coherent frequency combs in the vacuum ultraviolet via high-harmonic generation
inside a femtosecond enhancement cavity Phys. Rev. Lett. 94 193201
[12] Carstens H et al 2014 Megawatt-scale average-power ultrashort pulses in an enhancement cavity Opt. Lett. 39 2595
[13] Carstens H efal 2016 High-harmonic generation at 250 MHz with photon energies exceeding 100 eV Optica 3 366
[14] Benko C, Allison T'K, Cing6z A, Hua L, Labaye F, Yost D Cand Ye ] 2014 Extreme ultraviolet radiation with coherence time greater
than 1 s Nat. Photon. 8 530—6
[15] Cing6z A, Yost D C, Allison T K, Ruehl A, Fermann M E, Hartl I and Ye ] 2012 Direct frequency comb spectroscopy in the extreme
ultraviolet Nature 482 6871
[16] Carstens H, Holzberger S, Kaster J, WeitenbergJ, Pervak V, Apolonski A, Fill E, Krausz F and Pupeza 12013 Large-mode enhancement
cavities Opt. Express 21 11606
[17] Carlson DR, Lee ], Mongelli J, Wright E M and Jones RJ 2011 Intracavity ionization and pulse formation in femtosecond enhancement
cavities Opt. Lett. 36 2991-3
[18] Allison TK, Cing6z A, Yost D Cand Ye ] 2011 Extreme nonlinear optics in a femtosecond enhancement cavity Phys. Rev. Lett. 107
183903
[19] Holzberger S et al 2015 Femtosecond enhancement cavities in the nonlinear regime Phys. Rev. Lett. 115 023902
[20] Lilienfein N, Hofer C, Holzberger S, Matzer C, Zimmermann P, Trubetskov M, Pervak V and Pupeza 1 2017 Enhancement cavities for
few-cycle pulses Opt. Lett. 42271
[21] Russbueldt P et al 2015 Innoslab amplifiers IEEE J. Sel. Top. Quantum Electron. 21 447-63
[22] Pronin O, Seidel M, Liicking F, Brons J, Fedulova E, Trubetskov M, Pervak V, Apolonski A, Udem T and Krausz F 2015 High-power
multi-megahertz source of waveform-stabilized few-cycle light Nat. Commun. 6 6988
[23] Hadrich S etal2016 Energetic sub-2-cycle laser with 216 W average power Opt. Lett. 41 4332
[24] Mills AK, Hammond T J, Lam M H C and Jones D] 2012 XUV frequency combs via femtosecond enhancement cavities J. Phys. B: At.
Mol. Opt. Phys. 45142001
[25] Pupezal, Hogner M, Weitenberg J, Holzberger S, Esser D, Eidam T, Limpert J, Tiinnermann A, Fill E and Yakovlev V S 2014 Cavity-
enhanced high-harmonic generation with spatially tailored driving fields Phys. Rev. Lett. 112 103902
[26] MollK D, Jones R]J and Ye] 2006 Output coupling methods for cavity-based high-harmonic generation Opt. Express 14 8189
[27] Lilienfein N, Carstens H, Holzberger S, Jocher C, Eidam T, Limpert J, Tiinnermann A, Apolonski A, Krausz F and Pupeza 12015
Balancing of thermal lenses in enhancement cavities with transmissive elements Opt. Lett. 40 843
[28] LiickingF, Crozatier V, Forget N, Assion A and Krausz F 2014 Approaching the limits of carrier-envelope phase stability in a millijoule-
class amplifier Opt. Lett. 39 3884
[29] Saule T, Holzberger S, DeVries O, Pltner M, Limpert J, Tiinnermann A and Pupeza 12017 Phase-stable, multi-pJ femtosecond pulses
from a repetition-rate tunable Ti:Sa-oscillator-seeded Yb-fiber amplifier Appl. Phys. B123 17
[30] Holzberger S, Lilienfein N, Trubetskov M, Carstens H, Liicking F, Pervak V, Krausz F and Pupeza 12015 Enhancement cavities for zero-
offset-frequency pulse trains Opt. Lett. 40 2165
[31] Couairon A, Brambilla E, Corti T, Majus D, Ramirez-Géngora O D J and Kolesik M 2011 Practitioner’s guide to laser pulse propagation
models and simulation Eur. Phys. J. Spec. Top. 199 5-76
[32] Brabec T and Krausz F 1997 Nonlinear optical pulse propagation in the single-cycle regime Phys. Rev. Lett. 78 3282
[33] Boyd RW 2008 The intensity-dependent refractive index Nonlinear Optics 3rd eds (Burlington: Academic) ch 4 pp 207-52
[34] Geissler M, Tempea G, Scrinzi A, Schniirer M, Krausz F and Brabec T 1999 Light propagation in field-ionizing media: extreme
nonlinear optics Phys. Rev. Lett. 83 2930
[35] Lewenstein M, Balcou P, IvanovM Y, L’huillier A and Corkum P B 1994 Theory of high-harmonic generation by low-frequency laser
fields Phys. Rev. A49 2117
[36] Antoine P, L’Huillier A, Lewenstein M, Saliéres P and Carré B 1996 Theory of high-order harmonic generation by an elliptically
polarized laser field Phys. Rev. A53 1725
[37] Cao W, LuP, Lan P, Wang X and Yang G 2006 Single-attosecond pulse generation with an intense multicycle driving pulse Phys. Rev. A
74063821
[38] Bideau-Mehu A, GuernY, Abjean R and Johannin-Gilles A 1981 Measurement of refractive indices of neon, argon, krypton and xenon
in the 253.7-140.4 nm wavelength range. Dispersion relations and estimated oscillator strengths of the resonance lines J. Quant.
Spectrosc. Radiat. Transfer 25 395-402

17


https://doi.org/10.1103/RevModPhys.81.163
https://doi.org/10.1103/RevModPhys.81.163
https://doi.org/10.1103/RevModPhys.81.163
https://doi.org/10.1038/35107000
https://doi.org/10.1038/35107000
https://doi.org/10.1038/35107000
https://doi.org/10.1038/nphoton.2014.28
https://doi.org/10.1038/nphoton.2014.28
https://doi.org/10.1038/nphoton.2014.28
https://doi.org/10.1364/OL.26.000465
https://doi.org/10.1038/nature09084
https://doi.org/10.1038/nature09084
https://doi.org/10.1038/nature09084
https://doi.org/10.1038/nphoton.2007.169
https://doi.org/10.1038/nphoton.2007.169
https://doi.org/10.1038/nphoton.2007.169
https://doi.org/10.1063/1.3670324
https://doi.org/10.1038/ncomms11717
https://doi.org/10.1038/nature08916
https://doi.org/10.1038/nature08916
https://doi.org/10.1038/nature08916
https://doi.org/10.1038/nature03851
https://doi.org/10.1038/nature03851
https://doi.org/10.1038/nature03851
https://doi.org/10.1103/PhysRevLett.94.193201
https://doi.org/10.1364/OL.39.002595
https://doi.org/10.1364/OPTICA.3.000366
https://doi.org/10.1038/nphoton.2014.132
https://doi.org/10.1038/nphoton.2014.132
https://doi.org/10.1038/nphoton.2014.132
https://doi.org/10.1038/nature10711
https://doi.org/10.1038/nature10711
https://doi.org/10.1038/nature10711
https://doi.org/10.1364/OE.21.011606
https://doi.org/10.1364/OL.36.002991
https://doi.org/10.1364/OL.36.002991
https://doi.org/10.1364/OL.36.002991
https://doi.org/10.1103/PhysRevLett.107.183903
https://doi.org/10.1103/PhysRevLett.107.183903
https://doi.org/10.1103/PhysRevLett.115.023902
https://doi.org/10.1364/OL.42.000271
https://doi.org/10.1109/JSTQE.2014.2333234
https://doi.org/10.1109/JSTQE.2014.2333234
https://doi.org/10.1109/JSTQE.2014.2333234
https://doi.org/10.1038/ncomms7988
https://doi.org/10.1364/OL.41.004332
https://doi.org/10.1088/0953-4075/45/14/142001
https://doi.org/10.1103/PhysRevLett.112.103902
https://doi.org/10.1364/OE.14.008189
https://doi.org/10.1364/OL.40.000843
https://doi.org/10.1364/OL.39.003884
https://doi.org/10.1007/s00340-016-6611-9
https://doi.org/10.1364/OL.40.002165
https://doi.org/10.1140/epjst/e2011-01503-3
https://doi.org/10.1140/epjst/e2011-01503-3
https://doi.org/10.1140/epjst/e2011-01503-3
https://doi.org/10.1103/PhysRevLett.78.3282
https://doi.org/10.1103/PhysRevLett.83.2930
https://doi.org/10.1103/PhysRevA.49.2117
https://doi.org/10.1103/PhysRevA.53.1725
https://doi.org/10.1103/PhysRevA.74.063821
https://doi.org/10.1016/0022-4073(81)90057-1
https://doi.org/10.1016/0022-4073(81)90057-1
https://doi.org/10.1016/0022-4073(81)90057-1

10P Publishing

NewJ. Phys. 19 (2017) 033040 M Hogner et al

[39] Chantler CT, Olsen K, Dragoset R A, Chang J, Kishore A R, Kotochigova S A and Zucker D S 2005 X-Ray Form Factor, Attenuation and
Scattering Tables (version 2.1) National Institute of Standards and Technology, Gaithersburg, MD (http://physics.nist.gov/ffast)

[40] Wahlstrand J K, Cheng Y-H and Milchberg H M 2012 High field optical nonlinearity and the kramers-kronig relations Phys. Rev. Lett.
109 113904

[41] Scrinzi A 2015 private communication

[42] Scrinzi A, Geissler M and Brabec T 1999 Ionization above the coulomb barrier Phys. Rev. Lett. 83 706

[43] Scrinzi A 2000 Ionization of multielectron atoms by strong static electric fields Phys. Rev. A 61 041402

[44] Majety V P and Scrinzi A 2015 Static field ionization rates for multi-electron atoms and small molecules J. Phys. B: At. Mol. Opt. Phys. 48
245603

[45] VoelzD G 2011 Computational fourier opticsa MATLAB ® tutorial Number 89 in Tutorial texts in Optical Engineering (Bellingham,
Wash: SPIE Press)

[46] YuL, Huang M, Chen M, Chen W, Huang W and Zhu Z 1998 Quasi-discrete hankel transform Opt. Lett. 23 409—11

[47] Hogner M 2015 HHGmax http://attoworld.de/hhgmax/

[48] TosaV,Lee]S,Kim HTand Nam C H 2015 Attosecond pulses generated by the lighthouse effect in Ar gas Phys. Rev. A91 051801

[49] Goulielmakis E et al 2008 Single-cycle nonlinear optics Science 320 16147

[50] FerrariF, CalegariF, Lucchini M, Vozzi C, Stagira S, Sansone G and Nisoli M 2010 High-energy isolated attosecond pulses generated by
above-saturation few-cycle fields Nat. Photon. 4 875-9

[51] Abel M J, Pfeifer T, Nagel P M, Boutu W, Bell M J, Steiner C P, Neumark D M and Leone S R 2009 Isolated attosecond pulses from
ionization gating of high-harmonic emission Chem. Phys. 366 9—14

[52] Tcherbakoff O, Mével E, Descamps D, Plumridge ] and Constant E 2003 Time-gated high-order harmonic generation Phys. Rev. A 68
043804

[53] Charalambidis D, Tzallas P, Benis E P, Skantzakis E, Maravelias G, Nikolopoulos L A A, Conde A P and Tsakiris G D 2008 Exploring
intense attosecond pulses New J. Phys. 10 025018

[54] Kolliopoulos G, Carpeggiani P A, Rompotis D, Charalambidis D and Tzallas P 2012 A compact collinear polarization gating scheme for
many cycle laser pulses Rev. Sci. Instrum. 83 063102

[55] VozziC, CalegariF, Frassetto F, Poletto L, Sansone G, Villoresi P, Nisoli M, Silvestri S D and Stagira S 2009 Coherent continuum
generation above 100 eV driven by an ir parametric source in a two-color scheme Phys. Rev. A79 033842

[56] FengX, Gilbertson S, Mashiko H, Wang H, Khan S D, Chini M, WuY, Zhao K and Chang Z 2009 Generation of isolated attosecond
pulses with 20 to 28 femtosecond lasers Phys. Rev. Lett. 103 183901

[57] Heyl CM, Rudawski P, Brizuela F, Bengtsson S N, Mauritsson J and L’Huillier A 2014 Macroscopic effects in noncollinear high-order
harmonic generation Phys. Rev. Lett. 112 143902

[58] Vincenti Hand Quéré F 2012 Attosecond Lighthouses: how to use spatiotemporally coupled light fields to generate isolated attosecond
pulses Phys. Rev. Lett. 108 113904

[59] Kim KT, Zhang C, Ruchon T, Hergott J-F, Auguste T, Villeneuve D M, Corkum P B and Quéré F 2013 Photonic streaking of
attosecond pulse trains Nat. Photon. 7 651-6

[60] Hammond T J, Brown G G, Kim K T, Villeneuve D M and Corkum P B 2016 Attosecond pulses measured from the attosecond
lighthouse Nat. Photon. 10 171-5

[61] Heyl CM, Bengtsson SN, Carlstréom S, Mauritsson J, Arnold C L and L’Huillier A 2014 Corrigendum: noncollinear optical gating New
J. Phys. 16 052001
Heyl CM, Bengtsson SN, Carlstrom S, Mauritsson J, Arnold C L and L’'Huillier A 2014 New J. Phys. 16 109501

[62] Louisy M et al 2015 Gating attosecond pulses in a noncollinear geometry Optica 2 563

[63] ZhongS$, He X, Jiang Y, Teng H, He P, Liu Y, Zhao K and Wei Z 2016 Noncollinear gating for high-flux isolated-attosecond-pulse
generation Phys. Rev. A 93 033854

[64] Heyl CM etal 2016 Scale-invariant nonlinear optics in gases Optica 3 75

[65] Altucci Cetal2001 Beam divergence of high-order harmonics generated in the few-optical cycle regime J. Phys. IV 11 Pr2-351-Pr2-354

[66] WeitenbergJ, Rulbiildt P, Pupeza I, Udem T, Hoffmann H-D and Poprawe R 2015 Geometrical on-axis access to high-finesse
resonators by quasi-imaging: a theoretical description J. Opt. 17 025609

[67] Seidel M, Arisholm G, Brons J, Pervak V and Pronin O 2016 All solid-state spectral broadening: an average and peak power scalable
method for compression of ultrashort pulses Opt. Express 24 9412

[68] Pupezaletal2013 Compact high-repetition-rate source of coherent 100 eV radiation Nat. Photon. 7 608—12

[69] Nagourney W 2010 Quantum Electronics for Atomic Physics (Oxford: Oxford University Press)

18


http://physics.nist.gov/ffast
https://doi.org/10.1103/PhysRevLett.109.113904
https://doi.org/10.1103/PhysRevLett.83.706
https://doi.org/10.1103/PhysRevA.61.041402
https://doi.org/10.1088/0953-4075/48/24/245603
https://doi.org/10.1088/0953-4075/48/24/245603
https://doi.org/10.1364/OL.23.000409
https://doi.org/10.1364/OL.23.000409
https://doi.org/10.1364/OL.23.000409
http://www.attoworld.de/hhgmax/
https://doi.org/10.1103/PhysRevA.91.051801
https://doi.org/10.1126/science.1157846
https://doi.org/10.1126/science.1157846
https://doi.org/10.1126/science.1157846
https://doi.org/10.1038/nphoton.2010.250
https://doi.org/10.1038/nphoton.2010.250
https://doi.org/10.1038/nphoton.2010.250
https://doi.org/10.1016/j.chemphys.2009.09.016
https://doi.org/10.1016/j.chemphys.2009.09.016
https://doi.org/10.1016/j.chemphys.2009.09.016
https://doi.org/10.1103/PhysRevA.68.043804
https://doi.org/10.1103/PhysRevA.68.043804
https://doi.org/10.1088/1367-2630/10/2/025018
https://doi.org/10.1063/1.4725590
https://doi.org/10.1103/PhysRevA.79.033842
https://doi.org/10.1103/PhysRevLett.103.183901
https://doi.org/10.1103/PhysRevLett.112.143902
https://doi.org/10.1103/PhysRevLett.108.113904
https://doi.org/10.1038/nphoton.2013.170
https://doi.org/10.1038/nphoton.2013.170
https://doi.org/10.1038/nphoton.2013.170
https://doi.org/10.1038/nphoton.2015.271
https://doi.org/10.1038/nphoton.2015.271
https://doi.org/10.1038/nphoton.2015.271
https://doi.org/10.1088/1367-2630/16/5/052001
https://doi.org/10.1088/1367-2630/16/5/052001
https://doi.org/10.1364/OPTICA.2.000563
https://doi.org/10.1103/PhysRevA.93.033854
https://doi.org/10.1364/OPTICA.3.000075
https://doi.org/10.1051/jp4:2001268
https://doi.org/10.1088/2040-8978/17/2/025609
https://doi.org/10.1364/OE.24.009412
https://doi.org/10.1038/nphoton.2013.156
https://doi.org/10.1038/nphoton.2013.156
https://doi.org/10.1038/nphoton.2013.156

	1. Introduction
	2. Methods
	2.1. State of the art of HHG in femtosecond ECs
	2.2. Constraints for the theoretical study
	2.3. Computational model
	2.3.1. HHG model
	2.3.2. Computational implementation and optimizations


	3. Results
	3.1. Identification of promising gating methods for cavity-enhanced HHG
	3.2. Criteria for a fair comparison of viable gating schemes
	3.3. Polarization gating
	3.4. Transverse mode gating

	4. Discussion
	4.1. Comparison of ��TMG and polarization gating
	4.2. Photon flux estimation for TMG

	5. Conclusions
	Acknowledgments
	Appendix A.
	Appendix B.
	Appendix C.
	Appendix D.
	Appendix E.
	References



