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Abstract: Since its first demonstration in 2016, the multi-pass spectral broadening technique
has covered impressive ranges of pulse energy (3 pJ — 100 mJ) and peak power (4 MW — 100
GW). Energy scaling of this technique into the joule-level is currently limited by phenomena such
as optical damage, gas ionization and spatio-spectral beam inhomogeneity. These limitations
can be overcome by the novel multi-pass convex-concave arrangement, which exhibits crucial
properties such as large mode size and compactness. In a proof-of-principle experiment, 260 fs,
15 uJ and 200 pJ pulses are broadened and subsequently compressed to approximately 50 fs with
90% efficiency and excellent spatio-spectral homogeneity across the beam profile. We simulate
the proposed concept for spectral broadening of 40 mJ and 1.3 ps input pulses and discuss the
possibility of further scaling.
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1. Introduction

High energy, high-peak power ultrafast lasers are in demand for many applications such as
laser-based plasma accelerators as well as particle, THz and X-ray sources [1]. In particular, high
repetition rates and short pulse durations are sought after [1]. These are needed to make laser
plasma accelerators compatible with real-world applications, and to improve existing scientific
applications, for example, to push the cut-off wavelength of high-harmonic generation beyond
the water-window and advance attosecond science. Industrial applications call for reasonable
wall-plug efficiency and maintenance costs of their laser systems. This, in turn, implies the use
of Yb-based, diode-pumped platforms. However, these laser systems are intrinsically limited in
the shortest pulse duration achievable by the narrow bandwidth of the emission cross-section,
requiring an external mechanism to shorten the pulses below the sub-ps level. Nonlinear spectral
broadening via self-phase modulation (SPM) followed by pulse compression is a well-established
approach. Different concepts can be used to execute this method, such as free propagation in
bulk or thin multi-plates, solid- or hollow-core fibers, and multipass cells [2—4]. Scaling these
techniques toward high energy and high average power lasers is an ongoing research challenge.
Free propagation in single and multi-plate was scaled towards the J-level pulse energy range [5-8].
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However, these approaches require clean flat-top beam profiles to avoid self-focusing and spectral
inhomogeneities. Waveguides possess several advantages and can be reliably employed as a
post-compression technique up to tens of millijoules [9,10]. In particular, using this technique
the first isolated attosecond pulses were created [11], however, due to intrinsic small beam size
necessity, it generally complicates the handling of high-average-power sources operating at
high repetition rate. A good summary and analysis of the existing post-compression techniques
can be found in [12,13]. The multipass cells provide an alternative method for SPM-based
spectral broadening with many new possibilities such as dispersion engineering, huge peak-, and
average-power adaptability, and scalability [3,12,14—-16]. The technique is based on free-space
propagation through a nonlinear medium (either dielectric bulk material or gases) in a multi-pass
or quasi-waveguide arrangement [17]. The multi-pass setup repeatedly generates foci with
sufficient intensity to accumulate SPM, while simultaneously distributing the nonlinear phase
shifts over multiple passes with intermittent free-space propagation in the quasi-waveguide,
which supresses the self-focusing and its detrimental effects. Dispersion compensation within
the multi-pass arrangement as well as subsequent chirp removal of the SPM-induced phase leads
to a temporal compression of the output pulses and it has been demonstrated down to a few-cycle
pulses [18-21].

The highest energies at which this method has been successfully applied are 40 mJ, 5 kHz, 1.3 ps
pulses compressed to 34 fs, and 112 mJ, 1.3 ps pulses spectrally broadened to an equivalent 37 fs
Fourier-transform limit [15,22-24]. The applicability of the multi-pass method in the high-energy
range is mainly limited by two detrimental effects: laser-induced damage of optical surfaces and
ionization of the nonlinear material [25]. At high peak power levels (>10'> W), ionization is
currently the main bottleneck preventing further scaling [23]. So far, most of multi-pass cells
implemented for the broadening experiments use a Herriott-cell (HC) arrangement with two
concave mirrors (cav-cav configuration). The properties of their eigenmodes are determined by
the radii of curvature (ROC) of each mirror and their separation. Increasing both parameters
scales up the focus size with the square root of the cell length and thereby avoids ionization,
although at the cost of an extremely large setup spanning up to ten meters [22,24].

HCs are similar in nature to optical resonators and are normally designed by using two concave
mirrors. However, convex-concave (vex-cav) configurations can also be realized and can be
similarly derived using the same equations as for concave-concave cells (see Appendix A and B)
and, in general, for any other stable resonator configuration. This alternative configuration is
characterized by its large mode volume [26]. This would allow an increase of the input energies
toward values that were not achievable previously. No foci are present in the vex-cav multi-pass
cell arrangement, which mitigates the ionization problem. In this configuration, virtual foci are
located outside the cell behind the convex mirror M2 (see Fig. 1). Besides lowering the peak
intensity and thus avoiding ionization, the lack of foci allows the setup to be folded multiple
times, decreasing its length and making it manageable for practical applications. The folding is
possible since the point of highest fluence is on the convex cell mirror, therefore a folding mirror
may be inserted anywhere in the cell and experience lower fluences.

Ml d J

i

Fig. 1. Schematic side view of a: a) vex-cav Herriott-type multi-pass cell and b) cav-cav
multipass cell. Mirror M2a (shown here) corresponds to the convex mirror and M2b to the
concave option, respectively, while M1 remains unchanged.
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The vex-cav geometry was previously suggested for nonlinear multi-pass cells [25] with the
emphasis on their spatio-temporal coupling, however, experimentally it was not realized. Here
we experimentally demonstrate that the vex-cav configuration has excellent spectral homogeneity
in the output beam, comparable to the well-established cav-cav arrangements. This work is
the continuation of our patent [27] which showed the first proof of principle experimental
demonstration of this concept.

2. Convex-concave setup

The goal of this work is to provide experimental evidence that the novel convex-concave
configuration can be employed for spectral broadening and pulse compression and provide
similar results as the traditional concave-concave cells. To demonstrate it, an experimental
comparison is conducted between the spectral broadening and compression results obtained with
both HC geometries. The two HC schematics are depicted in Fig. 1 and Table 1 outlines the
main parameters used and the results obtained in both configurations.

Table 1. Parameters used for spectral broadening in convex-concave and concave-concave cells.?

Vex-Cav cell | Eigenmode VC Cav-Cav cell | Eigenmode CC Input pulse

R; -200 mm wi 336 um R; -200 mm wi 358 um Ep 15

Ry +250 mm | wy 182 um R; -250 mm wy 471 ym Ppeak 54 X 100 W
Leen 114 mm | wegn 170 pm Leet 378 mm | Wegn 164 pm Tiwhm 260x 10713 s
M 4 Fpeak (on M2) 2.9 mJ cm™2 | My 14 Fpeak (on M1) 0.8 mJ em™2 | & 1030 nm

Ny 19 Ipeak 100 GWem™2 Ny 19 Ipeak 130 GWem™ Ppcak/Perit ~14

N [%] ~91 Bint 0.51 rad N [%] ~90 Bint 0.5 rad Thickness FS 3 mm

“Ri: ROC of cavity mirror i = 1,2; Ly total cell length; My: cell configuration number (see Appendix B); Ny:
number of roundtrips; 1 : efficiency; (eigenmode) wi: beam width on cavity mirror i = 1,2; Wegn: eigenmode waist in
the focus; Bini: B-integral per pass; Ipeak,Fpeak: peak intensity and fluence. (input pulse) Ep,Ppeaks Trwhms Ao» Ppeak /Perit:
input pulse energy, peak power, duration, central wavelength and peak over critical power ratio.

The vex-cav multipass cell was designed to broaden the output pulses from a commercial laser
(Light Conversion Pharos) delivering 15 W average power and 260 fs FWHM pulse duration
at 1 MHz repetition frequency, corresponding to 56.4 MW peak power. A broadening factor
of 5 was chosen due to a simple one-stage implementation and the possibility of comparison
with the previously demonstrated configurations showing similar broadening factors [2,314].
The broadening setup consists of two HC mirrors and a fused silica (FS) plate for the nonlinear
broadening medium. The left mirror (M1) is spherically concave with a -200 mm radius of
curvature and 50.8 mm diameter. The right mirror (M2a) is spherically convex with a+ 250
mm ROC and 25.4 mm diameter. M1 has a dispersive coating introducing -140 fs? group delay
dispersion (GDD) per reflection, in order to compensate the dispersion of the 3 mm thick FS
plate. The coating on M2a is highly reflective (HR) with nearly zero dispersion. The separation
between the two mirrors is adjusted to 114 mm, providing 19 reflections per mirror and 38 passes
through the anti-reflective (AR) coated FS plate. The input and output coupling is performed by
a rectangular scraper mirror in front of M1. The Gaussian eigenmode of the cell is defined by a
beam radius of 336 um on M1 and wy = 182 ym on M2a. The laser mode is matched to the HC
eigenmode by a Galilean-type beam expander. The FS plate is located at a distance d = 110 mm
from M1. The eigenmode has a beam radius of w = 193 pm at this position (see Fig. 1).

The broadened output spectrum spans from 990 nm to 1070 nm (Fig. 2(a)), shaded area)
with a corresponding Fourier-transform limit (FTL) of 49 fs, which amounts to a compression
factor of 5.5. Pulse compression is achieved by six dispersive mirrors with -400 fs> GDD each,
resulting in a measured pulse duration of 53 fs FWHM (Fig. 2(b)), solid line), with a transmission
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efficiency through the HC and the compression stage of 91%. Over 80% of the remaining energy
is contained in the main pulse, as shown by the retrieved trace of a frequency-resolved optical
gating (FROG) device (pulseCheck 15, APE GmbH). A small second order chirp is still present,
however with mirrors delivering -400fs? it could not be completely compensated. Using mirrors
with less GDD per bounce could improve the compression and potentially get closer to the FTL
duration. The FROG device was not synchronized to the pulse train from Pharos laser which
could have caused the modulation pattern in the measured FROG traces. However, the results
were verified with a commercial autocorrelator and present good agreement.
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Fig. 2. a) Measured (shaded area), simulated (red line) and FROG-retrieved (green line)
output spectrum and reconstructed spectral phase (dashed line) for the concave-convex
configuration at an input energy of 15 uJ. The FROG error is 7 x 1073 on a 256 x 256 grid.
b) FROG-retrieved temporal profile (solid line), temporal phase profile (dashed line) and
FTL reference (shaded area). Measured duration of 53 fs with a FTL of 49 fs. ¢) Measured
and d) retrieved FROG traces.

In order to cross-check the experimental results with the vex-cav geometry, numerical
simulations of nonlinear pulse propagation are conducted with the SISYFOS [28] code, which
includes both transverse dimensions and the Kerr effect presented in the FS plate. The spatial
grid was restricted to a single quadrant by exploiting the mirror symmetry of the beam. The code
has been previously benchmarked and was applied to bulk and multi-pass cell (MPC) broadening
simulations [29-31] in different energy ranges and configurations. The simulation results are
shown in Fig. 2; it uses a nonlinear refractive (n,) index of 2.3 x 1072 m?/W for the FS plate and
assumes vacuum between the cell mirrors, neglecting the air nonlinearity. The code predicts
accurately the amount of broadening and the output duration from this configuration.

In contrast to the single-pass broadening [32,33] the multi-pass broadening accumulates
the nonlinear phase shift over many passes, overcomes the onset of self-focusing, and thus
provides excellent spatio-spectral homogeneity of the output beam. The onset of inhomogeneous
broadening manifests itself as a strong variation of the spectral shape across the radial beam
profile, leading to a significant beam quality deterioration [32,33]. Numerical simulations
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performed for cav-cav configurations show that the expected beam quality factor M? strongly
depends on the acquired nonlinear phase ¢ after the bulk spectral broadening [17,14, 34,35].
Therefore, in a multi-pass geometry, a low peak nonlinear phase-shift per pass through the
nonlinear medium is essential for high throughput efficiency and high beam quality [2]. In the
current setup, a nonlinear phase of ¢ = 0.25 rad per pass is adopted while the gas-filled multi-pass
cells can tolerate up to 1 rad per pass [23].

A 400 um core diameter multi-mode fiber is used to scan over the beam with a step size of 0.2
mm, using the procedure described in [4]. The spectra were recorded with a spectrometer (Ocean
Optics Flame-T series) and for each measurement 1;(1) the overlapping percentage with the
central intensity spectra L () (spectrum in the centre of the beam) was calculated, according
to the following formula:

2 _
V= [f\/l,l(/l)*l/’ff (/l)d/l] [m(/l)dzl [ ()da 1 (1)

The results for both axes are plotted in Fig. 3. The homogeneity is additionally quantified by
means of the intensity weighted overlap average Vay, = 211 x V/ 3 1[4]. We obtain Vi'® =99%
and V;Vg = 98% for the tangential and sagittal directions respectively, which are comparable to
state-of-the-art cav-cav systems with similar broadening factors in bulk material. Moreover, the
spectral overlap exceeds 90% in the beam diameter of ~3 mm defined as 1/e%, which indicates a
remarkable homogeneity. Similar values were found using the SISYFOS code, which predicts a
homogeneity well above 90% (see Fig. 3).
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Fig. 3. Relative intensity (left axis) and spectral overlap V (right axis) across the beam
profile along both transverse axes for the concave-convex configuration. Simulation (in
black) using SISYFOS code. Indicative lines showing 1/e2 intensity level of the output
beam.

3. Concave-concave setup

Even though the spectral homogeneity of the vex-cav system is comparable to those reported in
other publications [3,4,22], we also set up a cav-cav configuration to make a direct comparison to
this well-established geometry. The design goal was to find a cav-cav HC configuration providing
the same broadening factor and enabling a compressed pulse duration of approximately 57 fs,
comparable to the result obtained with the vex-cav geometry. Parameters such as the number of
passes through the nonlinear material, the input pulse duration and energy, and the dispersion
properties within the HC were preserved, as seen in Table 1. The cell length was adjusted
accordingly to yield a similar eigenmode. Mirror M1 was the same in both experiments, but
for the cav-cav configuration we replaced mirror M2a by mirror M2b with -250 mm ROC and a
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highly reflective dielectric coating. The overall dispersion within the HC stayed approximately
the same. The mirror separation was adjusted to 378 mm, which enabled the same 19 reflections
per mirror and 38 passes through the nonlinear medium. The FS plate is placed at a distance
d=110 mm from M1. The Gaussian eigenmode of the cell is characterized by a beam radius
of wi = 358 um and wy =471 um on M1 and M2b respectively as well as w = 195 pm in the
nonlinear material.

Fig. 4(a) shows the output beam spectrum. The spectrum spans from 990 nm to 1070 nm, with
a corresponding FTL of 53 fs. Using the same dispersive mirror compressor with a total GDD
compensation of -2400 fs?, we achieve a compressed pulse duration of 57 fs FWHM, representing
a pulse-shortening factor of 5. Some residual chirp is still present, similar to the previous case.
Fig. 4(b) shows the FROG retrieved temporal pulse profile. A 90% overall transmittance through
the HC was measured. The spectrum is once again predicted using the simulation code. The
calculated spectral overlap for both axes and the corresponding prediction from the simulations
is plotted in Fig. 5. The calculated effective overlaps for this configuration are Vi = 99%
and szwg = 99%. These values are comparable to state-of-the-art measurements for spectral
broadening in multipass systems. The spectral overlap parameter, V?:f , is a good indicator of the
quality of the output beam. Increasing the nonlinearity, i.e., operating the cell using a B-integral
above 0.6 rad per pass, leads to parameter values well below 90%, in the linear mode-matching
regime. Larger nonlinearities can be attained by using non-linear mode matching, as shown in
Viotti et al. [21], while preserving the output beam homogeneity.
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Fig. 4. a) Measured (shaded area), simulated (red line) and FROG-retrieved (green line)
output spectrum and reconstructed spectral phase (dashed line) for the concave-concave
configuration at an input energy of 15 pJ. The FROG error is 6 X 1073 on a 256 x 256 grid.
b) FROG-retrieved temporal profile (solid line), temporal phase profile (dashed line) and
FTL reference (shaded area). Measured duration of 57 fs with a FTL of 53 fs. ¢) Measured
and d) retrieved FROG traces.

Based on these measurements, the vex-cav configuration performs similarly to traditional
cav-cav setups under the presented conditions. In either situation, the 260 fs input pulses were
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Fig. 5. Relative intensity (left axis) and spectral overlap V (right axis) across the beam
profile along both transverse axes for the concave-concave configuration. Simulation (in
black) using SISYFOS code. Indicative lines showing 1/¢2 intensity level of the output
beam.

compressed to ~50 fs with similar efficiencies (over 90%), which is in line with the design target
and the data reported in the other publications. More remarkably, the overall homogeneity values
Vi’ and V?,Vg are both similar and above 98% and it is accurately predicted by the simulations.
The proposed vex-cav broadening cell combines the excellent stability and robustness of HC-based
systems while still maintaining the beam homogeneity.

4. Energy scaling in convex-concave multipass cells

Essentially, solid-state spectral broadening in cav-cav geometry is not limited by the input peak
power and importantly by Ppeak/Peric. For example, previous demonstrations [2,14] showed
Ppeak/Peric to be in the range 1-20 and even up to 1800 [23]. Importantly, the B-integral per
pass should stay in the range of <0.6 rad to avoid any spatial beam deteriorations. Here we
experimentally demonstrate that the same considerations apply to vex-cav configurations and
show its operation in the regime Ppeak/Peric = 200 using a solid nonlinear medium. Moreover, we
show that this novel configuration can be employed using gaseous media in the same fashion as
the traditional cells with no loss in homogeneity. The setup consists of a concave mirror with a
ROC of -1000 mm and a convex mirror of +3000 mm ROC both with 25.4 mm diameter, which
allows an increased mode size inside the cell. The mirrors have a HR coating with no GDD
compensation. The separation between them is only L =283 mm yielding N = 13 bounces per
mirror. The Gaussian eigenmode of the cell is characterized by a beam radius of w; = 497 um
on the concave mirror and w, = 402 um on the convex mirror. Importantly, compared to cav-cav
cells the eigenmode of vex-cav cell has only small variation of the beam diameter inside the
cell. The maximum input energy into the cell was limited to 200 pJ out of a Light Conversion
PHAROS laser.

The maximum input energy into the cell was limited to 200 pJ out of a Light Conversion
PHAROS laser. The 260 fs long pulses were broadened in a solid medium or in gas in two
separate experiments. In the first case, a 1 mm FS plate was placed 40 mm from the convex
mirror. In the second case, the cell was filled with 7 bar of Argon. The input peak power is 720
MW resulting in a Ppeax/Peri ratio of 200 in case of the FS (~3.6 MW) and a ratio of 0.33 for the
Argon. The compilation of the used parameters is presented in Table 2.

A B-integral per pass of approximately 0.5 rad was possible, in both cases, leading to a spectral
coverage from 980 to 1070 nm as shown in Figure 6(a). An excellent homogeneity is preserved
with both values V5'® and V§'™® above 90% (Fig. 7(a)) and Fig. 8(a)), in the 1/e? region, with
the transmission over 93%. The evolution of the spectrum across the x-direction is shown in
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Table 2. Experimental parameters for a Herriott-cell
configuration, with either an FS plate or gas as nonlinear
medium, for an input energy of 200 uJ.

Cell configuration | Eigenmode Input pulse

R; -1000 mm wi 497 um E, 200 W

R; + 3000 mm wo 402 pm Ppeak 7.2% 108 W
Leer 283 mm Wegn 397 m Tiwhm 260x 10713 s
M 2 Fpeak 7.9% 1072 Tem™2 | X9 1030 nm

Ny 13 Ipeak 26X 10T W em™ | Ppegk/Peri¢ (FS) 200
n [%] 93 Bine ~0.5 rad Ppcak/Perit (Ar) 0.33

Fig 7(b) and Fig. 8(b). Small changes in the spectrum are observed, however, these variations are
expected and the spectrum preserves its general shape.
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Fig. 6. a) Measured (shaded area) and simulated (solid line) output spectra for the vex-cav
configuration at an input energy of 200 pJ, for solid- (top) and gas-based (bottom) broadening.
b) Measured output duration and the respective FTL comparison for solid and gas media.

Once again, both the output spectrum and the homogeneity are well simulated using the
SISYFOS code, assuming a nonlinear refractive index of ny = 9.3 x 10723 m?/W for Argon and the
previously mention value for the FS plate. Only the nonlinear medium dispersion was considered
(GVD (FS) =18.97 fs*/mm and GVD (Ar) =0.016 fs?>/mm), assuming a flat phase from the
mirror reflection. The simulations successfully predict the homogeneity values in the center of
the laser beam profile, however the tails will present slightly larger experimental fluctuations than
the simulations results. For the solid-based broadening, the cell was running in vacuum to avoid
any influence of the ambient air. The output pulses were compressed to sub-60 fs, in both cases,
using chirped mirrors delivering -3200 fs> of GDD. The output duration and the corresponding
FTL are plotted in Fig. 6(b).
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profile along both transverse axes for the vex-cav configuration using 200uJ of input energy
in case of 1 mm FS plate as nonlinear medium. Indicative lines showing 1/e? intensity level
of the output beam. Simulation, using SISYFOS code, of the spectral overlap across the
radial profile shown in black. b) Spectra across the beam profile for different distances from
the center.
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Fig. 8. Relative intensity (left axis) and spectral overlap V (right axis) across the beam
profile along both transverse axes for the vex-cav configuration using 200uJ of input energy
in case of 7 bar of Argon. Simulation, using SISYFOS code, of the spectral overlap across
the radial profile shown in black. Indicative lines showing 1/e? intensity level of the output
beam. b) Spectra across the beam profile for different distances from the center.
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5. Compact footprint for 40 mJ pulse broadening

For peak powers exceeding 1 GW, gas is commonly employed as a nonlinear medium. In
previous publications [36,37] describing nonlinear broadening in cav-cav cell configurations and
addressing sub-100-mJ-level energies, the damage threshold of the mirrors was found to be one
of the peak power scaling limitations. In Kaumanns et al. [15], this limitation was circumvented
by increasing the length of the cav-cav HC to 8 m, to enable 40 mJ input pulse energy in a 250
mBar argon atmosphere. This approach reduces the fluence on the mirrors by keeping a large
spot size on their surface, although this is done at the cost of footprint. Moreover, while this
approach can be employed to reduce the fluence on the cell mirrors, it directly leads to increased
ionization effects in the focus, limiting the maximum allowed pulse energy for gas-based MPCs.

Here we propose an alternative vex-cav setup for the tens of millijoule energy range, with
parameters summarized in Table 3. The mirrors have ROC of -30 m and +30 m, respectively,
and they are separated by 4.1 m, allowing 46 passes through 500 mBar of Argon. The proposed
setup could be implemented using 10 x 10 cm? cell mirrors. It is possible to predict the output
spectrum and the beam spectral homogeneity using the previously mentioned code. The results
are presented in Fig. 9. We predict an output spectrum spanning from 1010 nm to 1045 nm,
supporting an FTL pulse of 76 fs, resulting in a compression factor of 17. The simulated
broadening presents an excellent homogeneity, comparable to previously shown experimental
results (above 90%). The evolution of the spectrum across the beam profile is shown in Fig. 9(c).
Manufacturing mirrors with such a long radius of curvature can be challenging. The exact
radius of curvature of the mirrors can be measured after the manufacturing, and the final cell
configuration can be fine-tuned accordingly.
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Fig. 9. a) Simulated output spectrum. b) Uncompressed output pulse duration and the
Fourier transform limit. c¢) Spectral evolution across the beam profile showing excellent
behavior. d) Fluence evolution on the convex mirror at each roundtrip.

The nominal design of the cell has a Gaussian eigenmode with 5.8 mm diameter on the convex
mirror and a 6.8 mm diameter on the concave one, shown in Table 3. However, depending
on the operation regime and using gas as nonlinear medium, for Ppeax/Peit ratios close to ~1,
self-focusing effects need to be taken into account. In this case, to achieve the minimum fluence
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Table 3. Proposed parameters for a Herriott-cell
configuration for an input energy of 40 mJ.

Cell configuration | Eigenmode Input pulse

R; -30.00 m wi 3.4 mm Ep 40 mJ

R 30.00 m w2 2.9 mm Ppeak 2.9% 1010 W
Leen 4.1m Wegn 2.2 mm Tiwhm 1.3% 10712 5
My 1 Fpeak 0.3 cm™2 Ao 1030 nm

Ny 23 Tpeak 2.1 10" Wem™ | Ppear/Perig ~1

1M [%] ~90 Bine 0.25 rad P=0.5 bar

on the convex mirror and small oscillations over all passes through the cell, Kerr nonlinearity
is taken into consideration and a nonlinear mode-matching is necessary [30]. The method is
described in more details in [30], and it is reached by adjusting the input beam size at the convex
mirror plane. In particular, a beam diameter of 4.6 mm was used for this set of simulations.
Using this approach, the evolution of the fluence on the convex mirror is shown in Fig. 9(d).
A maximum fluence of 0.8 Jem™2 for 40 mJ is predicted; however, this value is still below the
laser damage threshold (Fy,) for highly reflective mirrors in the picosecond range (1 Jem™2) [15].
The cell footprint is smaller than the traditional cav-cav geometry from [15]. Moreover, this
setup offers the additional advantage of folding to even a smaller footprint, in a simple, elegant
way similar to Cassegrain telescope geometry shown in Fig. 10. Multiple foldings are possible,
converting large footprint systems into compact and less costly setups.

a) M1

Fig. 10. Folding geometry for a concave-convex Herriott cell. The total distance between
mirrors is given by d0=d1 +d2.

Additionally, the convex-concave concept has been experimentally scaled to 2 mJ energy
range and 2.9 GW peak power by using ambient air as a broadening medium [38]. In this case,
pulses with Ppea/Perit ratio of 0.6, were successfully compressed from 670 fs down to 134 fs
with excellent spatio-spectral homogeneity.

Additional techniques can be employed to achieve even further scaling. Kaumanns et. al [24]
and Huabao et. al. [39] showed that using first-order helical Laguerre—Gaussian modes can
provide a solution for using peak powers above the critical power of the gaseous broadening media,
without loss of the beam profile quality. Moreover, employing this technique at longer wavelengths
could be beneficial. Material critical power has a quadratic dependence in wavelength, P ~ A2,
which allows further scaling in peak power for the same Ppeai/Perit Tatio, avoiding self-focusing
and laser breakdown in gas, which was numerically calculated in a multipass scheme based on
vex-cav configuration by Hasting et. al. [40]. These additional techniques combined and further
mirror ROCs scaling could provide a path toward J-level spectral broadening in a compact and
efficient footprint.
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6. Conclusion

In conclusion, we experimentally demonstrated and systematically studied a convex-concave
configuration for the spectral broadening and compression of ultrashort pulses. In two proof-
of-principle experiments, we demonstrated compression of pulses with 15 uJ and 200 puJ of
energy from 260 fs to 50 fs at 15 W average power with an efficiency above 90%. Excellent
spatio-spectral homogeneity of the output beam was measured for both solid- and gas-based
broadening. The vex-cav multi-pass configuration extends the onset of SPM in air and the
peak power limit for the broadening in the bulk material. We foresee that the main implication
of the energy scaling concept will be the extension of spectral broadening and compression
in high-energy range, circumventing the current gas ionization and optical damage threshold
limitations.

Appendix A

For a general HC configuration the transfer matrix is given by:

1 0 1 Lcell 1 0 1 Lcell

Tu=| . -
_ 2Lcon-Ry _ 2L('{‘”(LL'(‘”—R2)
Ry R>
2QLeei-Ra=R1)  ALeco>~4Lecen Ra=2L Ry +Ro R,
RyRy RoR;

where Ly is the length of the Herriott cell and R, are the respective ROCs of the mirrors.
The eigenmode is reproduced at each roundtrip through the cell and fulfills the condition:

A'Qeig"'B
T:i(Geig) = Geig = ~———=
(qe g) Geig C. Geig + D
(A=D) 7 +/(A-D)*+4BC
Geig = 2°C

Here A, B, C, D are the elements of the matrix.
The eigen waist is calculated as:

2 1/4
Wi = (Lcell/lO)l/ [ Lcell (Lcell - Rl )(Lcell - RZ)(Lcell - Rl - RZ) /
eig = | — -
¢ T —2Lcei*R1R: + Lee R12Ry + LeeyR1 R2?

The waists on each mirror can be derived as:

_ (Lceu/lo)l/z [ 82 }1/4
wp = |—— —_—

T gi1(1 - g1g2)
Wo = (Lcell/IO)l/2 |: 81 ]1/4
T &1 -g1g2)
With g; » being:
L
gip=1- Rclelzl

The Rayleigh length results as:

2
Z2 _ W4 (l) _ Leen (Rl — Leen )(RZ = Leen )(Rl +Ry — Lcel])
A T (R + Ry = 2Leen)*
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Appendix B

Starting by recognizing that for an optical setup with no change of environment, its transfer
matrix has the det[T,] = 1 and that corresponds to the product of the eigenvalues of the matrix.
It means that the eigenvalues are in the form :

€12 = exp(Fibluay)

Here we can consider the 6,4, as any real number.
Moreover, for any periodic optical system the re-entrant condition is given by:

1 0
0 1

N,
Ty =T, =

Combining the above equations and knowing that the trace of the matrix is equal to the sum of
the eigenvalues, it is possible to calculate:

tr[T] = A+ D =€ + & = exp(—ifaqy) + exp(+i6aqy) = 2 cos(Byay)
From the Euler identity, for any number of roundtrips Ny:
€12 = exp(FibuayNyt) = 1 = 0ag,Ny: = 21M,, with M, € N,
From this we derive that the angular advance 6,4, is given by:

0 _ 27TM”
adv = N, B

and we can define My, as the cell configuration number.

This derivation is general and is valid for concave-convex and concave-concave cells and for
any stable resonator configuration. The values of A and D of the transfer matrix are not limited,
and the reentrance condition can be fulfilled. The ROC is negative for the convex mirrors. The
length of cell and the angular advance only depend on the ROCs of the mirrors and the number
of roundtrips N,,.
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