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Abstract: We report an efficient intracavity XUV output coupler based on
an anti-reflection-coated grazing incidence plate (GIP). Conceptually, GIP
is an extension of a Brewster plate, affording low loss of the circulating
fundamental light and serving as a highly efficient, extremely broadband
output coupler for XUV. Due to the grazing incidence geometry, the short
wavelength reflectivity can be extended to the keV range. The first GIP
realized shows parameters close to the design. We discuss both the
limitations of the GIP in comparison with other XUV output couplers and
the applicability of the GIP extension at longer wavelengths, down to the
MIR.
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1. Introduction

One topic of particular interest in the laser development area is high harmonic generation
(HHG) at multimegahertz repetition rates, which opens many promising applications.
Attosecond pulse generation [1], high-resolution spectroscopy with XUV frequency combs
[2], pump-probe measurements, photoelectron emission microscopy, photoelectron imaging
spectroscopy and nanostructure characterization could substantially benefit from XUV MHz-
repetition-rate sources. HHG as a common method of generating XUV radiation is made
possible by focusing high energy femtosecond pulses into a gas. Because of the high peak
intensities (>10" W cm™) needed for this process, amplifier systems operating at kHz
repetition rates are typically used [3]. Due to the very low conversion efficiency (107-10°%) of
the HHG process and the low average power of kHz driving amplifier systems, the resulting
XUV average power is well below the mW level. This fact restricts the field of HHG
applications. On the other hand, the use of a high-finesse optical cavity for coherent storage of
radiation is a commonly used technique for efficient frequency conversion of cw lasers [4].
This technique was recently extended to mode-locked lasers [5] and has now become
widespread in research groups over the world [6,7]. By using the enhancement cavity
approach, one can increase the power from a seed mode-locked laser oscillator inside the
cavity by a large factor (the enhancement factor, typically 10-10%). The conditions necessary
to realize a large enhancement factor and high average power include the use of high-damage-
threshold, thermally-stable intracavity optics with extremely low losses, as well as dispersion
control of the cavity.

The first generation of enhancement cavities relied on Ti:sapphire lasers as seeding source,
resulting in circulating intracavity pulses of 28 and 60 fs duration and 38 and 480 W average
power, respectively [6,7]. Recent development and power scaling of enhancement cavities
with Yb-based fiber amplifiers [8] as seeding source approached the 5 kW level for a cavity
with an XUV output coupler in it [9] and more than 18 kW for the empty cavity [10]. More
advanced cavity designs were proposed to avoid current limitations in further power scaling
[11]. At the moment, intracavity-based high harmonic generation is the most promising way
of approaching power-scalable compact and coherent XUV MHz repetition rate sources.
However, not only can a passive enhancement cavity be considered for increasing the laser
power. The opportunity of utilizing high average powers inside the laser oscillator cavity has
become a reality with recent progress in high power femtosecond thin disk lasers. Typically,
the output coupler transmission T of an oscillator amounts to only a few per cent. This means
that power stored inside the oscillator cavity is a factor ~1/T higher than the output power.
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When XUV radiation is produced inside the cavity, its output coupling immediately
presents a challenge. XUV light is generated collinearly with the driving fundamental laser
beam and can easily be absorbed by even 1 um-thick condensed matter, for instance by the
multilayer structure of a mirror, which typically exhibits very poor reflectance of the order of
~10~* at normal incidence [12].

In the following, we would like to summarize the necessary conditions for a cavity XUV
output coupler (OC): a) High XUV reflectivity. All XUV light power generated inside the
cavity should ideally be coupled out. b) Broad range of XUV reflectance. All generated
harmonics of the fundamental driving field (DF) should be collinearly coupled out. ¢) Losses
introduced by the OC for the DF should be low. These losses include absorption, nonlinear
effects, depolarization losses and scattering. d) The dispersion introduced by the OC should be
small. Nonlinear effects introducing intensity dependent group delay dispersion (GDD) should
be small. €) Low thermal lensing (high thermal conductivity and low thermal expansion) is
necessary to avoid power dependent resonator stability behavior. f) High damage threshold.

2. Overview of existing XUV output couplers and methods
2.1 Brewster plate

The simplest XUV OC demonstrated so far consists of a plate of good optical quality material
that is transparent to the DF and placed at the Brewster angle of incidence inside the
enhancement cavity between a focus and a concave mirror, see Fig. 1(a). In this case losses of
the p-polarized DF are nearly zero. Due to the difference of the refractive indices of XUV and
DF, a small reflection of XUV occurs at the surface of the plate. The reflection of a sapphire
plate, used in the previous experiments [6,7], for p-polarized XUV light at the Brewster angle
for DF is shown in Fig. 1(b). The optical constants for these calculations were taken from
[13].
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Fig. 1. (a): Brewster plate (1) inside the ring enhancement cavity (shown, only 2 concave
mirrors M1, M2 of the cavity). In this case a is equal to the Brewster angle affording lowest
losses for circulating DF of p-polarized light. In one of the foci of the cavity (HHG focus), a
gas medium (usually a jet) is placed for generating harmonics of DF. Then, XUV and DF co-
propagate towards the Brewster plate, where XUV becomes partially reflected out of the cavity
whereas DF propagates through the plate without losses and beam distortion. (b): The
reflectivity of sapphire (black curve) and fused silica (red curve) plates for p-polarized XUV
radiation at the Brewster angle of incidence for 1 um radiation.

The maximal reflectivity at the wavelength 50 nm amounts to 17% (sapphire) and 10% (fused
silica) and strongly decreases for shorter and longer wavelengths, thereby limiting the
bandwidth of the OC. It is a difficult task to find optical materials fulfilling conditions a,f
above. Materials used in optical applications are usually not sufficiently characterized in the
XUV and near-infrared wavelength ranges. To our knowledge, there is no complete data set of
material characteristics in the XUV and near-infrared spectrum ranges. The solution
implemented is therefore rather a compromise between the XUV reflectivity and the
acceptable optical, thermal and nonlinear properties of the Brewster plate material. One of the
main limitations of the Brewster plate method is the low XUV out-coupling efficiency and its
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relatively narrow bandwidth (conditions a,b). On the other hand, this output coupling method
is easy to implement.

2.2 Diffraction grating

An alternative idea consists of an XUV grating etched into the top layer of a highly reflective
dielectric coating. The structure acts as a relief grating for XUV light and does not affect the
parameters of the DF beam, thus allowing one to avoid any material inside the enhancement
cavity and to use only highly reflective optics. The XUV output coupling efficiency in this
case is comparable to the Brewster plate method, achieving 10% for 70 nm wavelength [14].
In a relatively narrow wavelength range, the efficiency can be increased by up to 20% by
fabricating a blazed XUV grating [15]. With this technique, the maximum intra-cavity power
level is limited to 5 kW, by virtue of the damage threshold of the dielectric coating [9]. The
physical mechanism of the damage is rather fundamental and is related to the localized
electrical field enhancement of the DF at the grating structure, leading to parasitic losses. The
proof of this effect is the enhanced third harmonic generation from the surface of such
structures discovered in [15]. The spatially dispersed harmonics may make such an XUV OC
unsuitable for generation of attosecond pulses. This method thus does not meet the criteria
a,b,f.

2.3 Coupling through the hole in a concave mirror

Another method is to drill a small hole in a concave mirror right after the focus (mirror M2 in
Fig. 1). XUV light has a smaller divergence in comparison with the DF and can thus be
coupled out through this hole. The aperture clips the harmonics of lower orders, thus
decreasing the XUV bandwidth of out coupled high harmonics from the long-wavelength side.
The hole also introduces losses to the DF and decreases the enhancement factor of the cavity.
In this approach it is therefore beneficial to operate the cavity at higher-order transverse
modes (e.g. TEMy,), having minimal DF at the optical axis in the area of the hole. Even then,
the higher order harmonics generated by higher order transverse fundamental radiation will a)
be of poor efficiency due to the lower intensity in the focus in comparison with the TEMq,
mode and b) exhibit a complex spatial profile which may not be applicable for future
experiments. So far, this method has shown poor performance in experiment [16].

2.4 Non-collinear HHG

This output coupling method utilizes a completely different scheme of HHG. The technique
allows generating high harmonics in a direction which is non-collinear with the driving beam
[17]. In this case, two circulating DF pulses inside the cavity overlap temporally and spatially
in a gas jet. The XUV light generated is directed along the angle bisector of the two driving
beams. The process of non-collinear HHG is poorly investigated and may result in conversion
efficiencies much lower than those of a standard HHG with a single fundamental beam.
Moreover, the output coupling efficiency of this method is limited by the cavity design [17].
Implementation of this method presents a major challenge.

Among the methods proposed for output coupling the Brewster plate and diffraction
grating are the only OCs implemented in enhancement cavities to couple out XUV light.

3. Grazing incidence coated plate (GIP) as an XUV output coupler

The idea of an efficient and broadband XUV OC is similar to the Brewster plate output
coupling method: the plate affords the lowest possible losses for DF and some reflection for
XUV. In contrast to the Brewster plate, however we propose coating both sides of the plate
with an anti-reflection (AR) coating for the grazing incidence of the DF (Fig. 2(a)). At large
angle of incidence (>75°), XUV light has drastically increased reflectivity, as follows from the
Fresnel equations. This effect can be used to enhance the XUV reflectivity by fabricating a
low-loss AR coating for the DF (usually infrared radiation) at both sides of the plate as shown
in Fig. 2(a). Typically, fused silica (SiO,) is used as low refractive index material in
multilayer anti-reflection coatings. This material is well studied in both the XUV and near-
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infrared wavelength ranges. The optical constants of different types of fused silica were
measured and tabulated in [13].
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Fig. 2. (a): schematic of the GIP. HH: high harmonics, DF: driving field. (b): Reflectivity of the
s-polarized 1030 nm wavelength from fused silica at different angles of incidence.

Fused silica can be chosen as the material of the top layer of the AR coating of the GIP. In
Fig. 3, the XUV reflectivity spectra are shown for different grazing incidence angles. At
angles of incidence larger than 75° and s-polarized light, the XUV output coupling has
reasonable reflectivity (~15%) even at 15 nm wavelength. For the feasible angle of 85°, the
reflectivity at a wavelength of 5 nm is expected to be as high as 33%.
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Fig. 3. Calculated spectral reflectivity of SiO, for s-polarized XUV radiation at 75°, 80°, 85°
angles of incidence. The optical constants were taken from [13].

4. Technical realization of the GIP

Typically, anti-reflection coatings are designed for normal incidence and suppress only a few
per cents of the reflectance (in the case of fused silica 4%) at the material-air interface. In this
paper we consider an AR coating specifically designed for a large angle of incidence. In
publications [18-20] the authors empirically predict a residual reflectance from the AR
coating in the case where the total optical thickness and the dispersion of materials and
substrates are known. To our knowledge, there is no empirical expression describing the
residual reflectance at an angle >75°, and so numerical calculations are needed. In addition,
the acceptable angle bandwidth narrows at a large angle of incidence. According to Fig. 2(b),
suppression of the reflectance of 50% of the incident light is necessary at angles of incidence
around 75-80° in order to achieve a low-loss anti-reflective coating. This is the key criterion
in fabricating the proposed anti-reflection coating. Another criterion is to provide low
sensitivity of the residual reflection of DF to variation of the incidence angle (the accepted
angle of incidence). From the principle of operation, any multilayer coating has an angle
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dependent reflection. Due to the divergence of the DF beam incident on the GIP (see Fig. 1),
the angles of incidence are different for the central part of DF and its periphery. In the case of
a typical cavity, this difference can be as high as 1 ° (ROC of M2 and M1 are 150 mm).

=100fs
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Fig. 4. Transmission of the designed AR coating for different angles of incidence. The AR
coating was optimized for 75°. The transmission is shown for one side of the two-side coated
substrate. The shaded areas correspond to the spectral width of 1 ps and 100 fs pulses and show
the general tendency of the reduced average reflection for shorter pulses. The inset shows a
multilayer structure of the AR coating.

5. Experiments and discussion
5.1 Fabrication and characterization of the AR coating

For the GIP presented here, the structure of the anti-reflection coating consists of alternating
SiO, and Nb,Os layers. These materials have the largest difference of low and high refractive
indices, and so they were chosen as the optimum choice to achieve low residual reflectivity at
grazing incidence [18-20]. The coating was designed with the Optilayer commercial software
package [21] for 75° angle of incidence at the central wavelength 1030 nm. The simulated
spectral transmission of the coating is shown in Fig. 4 for different angles of incidence. One
can see that the losses for the bandwidth-limited sech®-shaped 100-fs pulse corresponding to
an 11-nm bandwidth spectrum are below 0.2%. It should be pointed out that a robust design of
AR coating consisting of only 3 pairs of SiO, and Nb,Os layers was chosen in order to reduce
the manufacturing time and corresponding accumulated errors. More complex multilayer
structures with broader bandwidth and increased acceptance angle of incidence are possible.
To crosscheck this statement, we designed AR coating for 87° angle of incidence and s-
polarized light with total losses below 0.1%. This design consists of 30 alternating SiO, and
Nb,Os layers.

We have produced a magnetron-sputtered (Helios machine, Leybold Optics) AR coating
on a high-quality fused silica substrate and performed experimental measurements of its
residual reflection for DF. The transmission spectrum was measured with a spectrophotometer
(Perkin Elmer, Lambda 950) at 0° angle of incidence and shows good agreement with the
calculated transmission curve. At grazing incidence, in order to achieve a good polarization
extinction ratio, the laser beam passes a polarizing cubic beam splitter and impinges on the 6-
mm thick GIP. The residual reflected DF power from both sides of the GIP is measured with
the power meter and amounts to <20 mW of the average power for 10 W of incident power.
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Therefore, the residual reflection from both sides of the GIP is less than 0.2%, in good
agreement with the calculations (Fig. 4). In order to check the sensitivity of the AR coating to
the beam divergence, we focused the beam with a 75-mm lens and measured the residual
reflection once again. The reflected power remained the same as in the previous test
experiment, thus demonstrating the insensitivity of the coating to the beam divergence in the
range of the radius of curvature chosen for the mirrors.

5.2 XUV reflectivity measurements

The reflectivity values expected at such short wavelengths can be reduced because of the
surface irregularities, which approach the scale of the XUV wavelength. For instance, the
lowest roughness of a fused silica substrate from Layertec GmbH is equal to 0.15 nm and, due
to the coating procedure, the roughness can be substantially increased at the upper layer of the
GIP surface. Surface imperfections cause scattering of XUV light and result in reduced XUV
reflectivity. The GIP coating realized was measured at PTB Bessy to check the influence of
coating imperfections and chemical composition on the reflectivity in the XUV range. Figure
5 shows a comparison of the measured and calculated XUV reflectivity of s-polarized
radiation in the range from 1 nm to 30 nm at 75° and 80° angles of incidence. In the region
from 26 nm to 30 nm the measured reflectivity is around 10% higher. This may be explained
by the different chemical compositions of the material tabulated in [13].

70 L 1 " 1 . 1 " 1 L 1
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60+ ‘ -
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50 - measured 75° | L
& |
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Fig. 5. Comparison between the measured XUV reflectivity and that calculated at 75°, 80°
angles of incidence.

Additionally, the measured angle reflectivity at 13 nm wavelength shown in Fig. 6 is in
excellent agreement with calculations based on tabulated optical constants. The difference
between the measured reflectivity at 30 nm wavelength and that calculated is pronounced
especially at small angles of incidence and vanishes at large incidence angles.

The GIP approach allows XUV light to be coupled out in an ultrabroad spectral range. At
80° angle of incidence, the spectral range from 13 nm to at least 120 nm is covered with an
efficiency of more than 40% (see Fig. 3). For comparison, the Brewster plate method shows
>10% efficiency in the range 30 to 80 nm (Fig. 1, right). Due to the large angle of incidence
and s-polarized XUV radiation the reflection spectrum of the GIP can be even more extended,
into the VUV range and beyond.
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Fig. 6. Measured and calculated angle reflectivities of SiO, for s-polarized 13 nm and 30 nm
XUV radiation.

5.3 Limitations and extension of GIP to other spectral ranges

The implementation of a GIP inside an enhancement cavity is straightforward. It can be
placed between a focus and a concave mirror in a standard symmetric or asymmetric cavity
configuration similar to that shown in Fig. 1. An asymmetric cavity configuration (for
instance, radius of curvature of the first concave mirror 100 mm and of the second one 200
mm) allows one to extend the distance d between the focus and the concave mirror in order to
be able to place the GIP closer to the mirror, thus increasing the spot size on it and decreasing
the damage probability. Such asymmetric configuration leads to the negligible increase of the
beam divergence not influencing the transmission of the GIP. Additionally, due to the large
angle of incidence, the size of the beam on the GIP (in the plane of the beam in Fig. 1) will be
even larger. For example, for a 2-mm beam at 85° angle, the beam size on the GIP will be as
large as 23 mm. It is a nontrivial technological task to make it both thin (thus suppressing
nonlinear effects) and of high optical quality. However, the technology of coating very thin
(<70 um) crystals is routinely used in thin disk laser technology and allows high optical
quality to be achieved.

The damage threshold of the AR coating has to be addressed as one of the main limitations
of power scaling with GIP. An AR coating has a higher damage threshold in comparison with
a high reflectance coating containing many layers, and approaches the damage threshold of
the bulk material. This fact has been observed in our labs and was proven by others [22]. The
specific value of the AR damage threshold is the subject of further investigation. The grazing
angle of incidence increases the effective interaction area at the GIP surface and as a
consequence reduces the peak intensity at the sample, leading to higher damage threshold.

The GIP provides the possibility of controlling the dispersion via the AR coating.
Specially designed AR coating can provide noticeable negative group delay dispersion in
transmission, similar to the case with dispersive mirrors [23]. The nonlinear phase of the
circulating pulse in a cavity as well as material dispersion can be compensated by a properly
designed AR coating. In general, nonlinear effects are a common limitation for all bulk output
couplers, which has been investigated in detail [24]. In a GIP, the main contribution to the
nonlinear phase is the substrate, due to its thickness in comparison with the AR coating. Not
only nonlinear but also thermal effects in a substrate may also limit power scaling. The
influence of the thermal effects can be to some extend suppressed in the thin, efficiently
cooled GIP. Fused silica as a typical substrate material was chosen for the first proof-of-
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principle realization of a GIP. Other prospective materials such as crystalline quartz, CaF, and
glasses with low absorption (Suprasil 3002) can be used to avoid thermal lensing and
nonlinear phase distortions.

The theoretically designed AR coating has a residual reflection of around 40% for p-
polarized DF light and has no reflection for the s-polarized light, thus making GIP a polarizer.
Polarization sensitivity is a necessary condition for the Hansch-Couillaud method of locking
an enhancement cavity to the seeding oscillator [25]. The XUV radiation generated is
polarized parallel to the linearly polarized DF, in our case s-polarized. Delivering the out-
coupled XUV beam to the experiment involves further XUV optics, which in general have
better reflectivity for s-polarization. In order to realize an enhancement factor around 10°, the
residual GIP losses for DF have to be of the order of 0.05%. Numerical calculations show that
this value is attainable and an advanced GIP can be manufactured with modern coating
technologies.

As mentioned above, the reflection spectrum of GIP can cover VUV, UV and other
spectrum ranges. The reflection of these spectral components should be considered not only
from the upper AR layer of GIP as was considered for XUV, but from the whole AR
multilayer structure. In our specific case, the upper layer of fused silica starts to become
transparent at around 150 nm. Above this wavelength interference between reflections from
different alternating layers cannot be neglected. Unfortunately, in our specific case there is a
lack of knowledge about the optical constants of Nb,Os below 400 nm. It is worth noting here
that by exchanging the alternating material Nb,Os with Ta,Os (the optical constants of this
material are known in the spectral range from 150 nm to 8000 nm) the design shown in Fig. 4,
has >50% reflectivity in the ranges 135-140, 142-152, 155-175, 185-215, 240-290, 300-315,
380-480, 500-600, 1200-1700 and 2000-3300 nm, and smooth reflectivity >30% in the whole
range 3500-8000 nm. By varying designs and materials one can expect other broadband
smooth ranges of high reflectivity. New UV-VIS-MIR components can be generated inside
the enhancement cavities by using nonlinear crystals instead of a gas medium.

6. Conclusion

We have described an extension of the Brewster plate previously used as an XUV output
coupler inside enhancement femtosecond cavities where high harmonics of the fundamental
radiation are generated. The proposed GIP, or grazing-incidence coated plate, has low losses
for the fundamental light circulating inside the cavity and serves as a highly efficient,
extremely broadband output coupler for XUV. Potentially, the short-wavelength reflectivity of
GIP can reach the keV range. Due to several advantages the GIP concept allows further
power/energy scaling inside the enhancement cavity. Further steps feasible with this concept
can cover the VUV-UV spectral ranges and far beyond. GIP can be designed for either s- or p-
polarization. Owing to its polarization properties, GIP can be used not only as a dichroic beam
splitter but also as a beam combiner or a filter.
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