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Few-cycle pulses present an essential tool to track ultra-
fast dynamics in matter and drive strong field effects.
To address photon-hungry applications, high average
power lasers are used which, however, cannot directly
provide sub-100 fs pulse durations. Post-compression
of laser pulses by spectral broadening and dispersion
compensation is the most efficient method to overcome
this limitation. Here, we demonstrate a notably com-
pact setup which turns a 0.1 GW peak power, picosec-
ond laser into a 2.9 GW peak power, 8.2 fs source. The
120-fold pulse duration shortening is accomplished in a
two-stage hybrid multi-pass, multi-plate compression
setup. To our knowledge, neither shorter pulses, nor
higher peak powers have been reported to-date from
bulk multi-pass cells alone, manifesting the power of
the hybrid approach. It puts, for instance, compact, cost-
efficient and high repetition rate attosecond sources
within reach. © 2022 Optica Publishing Group
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Few-cycle pulses have pushed the frontiers of nonlinear op-4

tics far beyond the perturbative regime. The (temporary) de-5

tachment of weakly bound electrons from the nuclei by strong6

fields leads to the creation of large electric dipole moments [1].7

The atomic polarization is switched by few-cycle pulses on sub-8

femtosecond timescales without prior distortions of the interact-9

ing matter [1]. Many unique applications emerged, most promi-10

nent, the generation of coherent extreme ultraviolet or X-ray11

radiation and its temporal confinement to attosecond durations12

[2]. This, in turn, enabled tracking of ionization dynamics and13

performing electron microscopy with highest temporal and spa-14

tial resolution [3, 4]. Beyond that, few-cycle pulses prospectively15

enable PHz bandwidth signal processing in semiconductors, di-16

electrics and novel quantum materials [5, 6]. Initial few-cycle17

sources relied on broadband laser gain media that are difficult18

to scale in average power [1]. However, high pulse repetition19

rates are important to achieve good signal-to-noise ratios de-20

spite the low efficiencies of extremely nonlinear processes or21

limitations caused by Coulomb interactions after ionization [4].22

The advancement of ultrafast lasers in the past years to substan-23

tially higher average powers [7], has allowed to overcome the24

repetition rate short-coming of few-cycle sources, but has also25

imposed the challenge to reduce the inherent pulse durations26

of power-scalable lasers from hundreds or thousands of fem-27

toseconds to the sub-10 fs regime. One approach to accomplish28

this is optical parametric chirped pulse amplification [8]. It pro-29

vides wavelength tunability and excellent pulse contrast but is30

a relatively inefficient, complex method. Alternatively, nonlin-31

ear spectral broadening and pulse post-compression present a32

direct, cost-efficient path to the few-cycle regime [9]. In partic-33

ular, the multi-pass cell (MPC) spectral broadening technique34

has combined large pulse compression factors, i.e. the input to35

output pulse duration ratios, and high power efficiencies in an36

outstanding manner [10–12]. Recently, several few-cycle pulse37

generation schemes by means of MPCs have been reported [13–38

17]. However, all experiments were based on gas-filled MPCs39

which require hundreds of µJ of pulse energies as well as a cham-40

ber that needs to be evacuated and refilled with up to several41

bars of nonlinear gas. In contrast, bulk material based few-cycle42

or even single-cycle pulse generation was demonstrated in the43

past years by the multiple plate continuum approach [18–20].44

We have recently shown that combining the multiple plate and45

the bulk MPC techniques can clearly overcome the compression46

factors that are achievable by the methods alone in a single stage47

[21, 22]. Here, we apply this novel hybrid approach to demon-48

strate more than hundred times duration reduction of powerful49

ultrashort pulses, that is from the picosecond regime to 8.2 fs50

FWHM duration. Moreover, we report the first bulk-based MPC51

that delivers sub-10 fs pulses with multi-GW peak powers.52

The compression setup was based on an Yb:YAG laser and53

two spectral broadening stages (Fig. 1a). The laser and the first54

MPC stage (MPC 1) were similar to the setup reported in ref.55

[21]. The front-end of the amplifier was improved, which led to56

15 % more pulse energy than in [21] and pulses with down to57

1 ps FWHM duration. The amplifier emitted laser bursts every58

100 ms with a variable number of pulses and a 1 MHz pulse59
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Fig. 1. a. Two-stage pulse compression setup. Both MPC mir-
ror pairs are separated by circa 38 cm. The compressor and
MPC 2 mirrors were chirped. The silver mirrors are denoted
by Ag. All other mirrors were quarter-wave stacks. Thin-film
polarizers (pol) were used. b. A 200 mm beam ROC at one
MPC mirror was assumed and the ROC after one pass was pre-
dicted by ABCD matrices for different beam sizes. For mode-
matching in presence of self-focusing, the beam radius on the
mirrors in MPC 1 was reduced by about 30 % (intersection
blue and black lines) and increased in MPC 2 by circa 15 %
(intersection red and black lines) in relation to Kerr lens-free
mode-matching. c. ABCD matrix calculations of beam sizes in
MPCs 1 and 2 for mode-matching in presence (nonlinear) and
absence (linear) of the Kerr effect.

repetition rate. We adjusted the number of pulses to the dynamic60

range of our measurement devices and typically worked with61

150 - 200 pulses per burst. MPC 1 consisted of two quarter-62

wave stack dielectric mirrors with 200 mm radius of curvature63

(ROC) and five 1 mm thin anti-reflection coated silica substrates.64

The sixth plate used in ref. [21] mainly introduced additional65

chirp without lowering decisively the 43 fs Fourier transform66

limit (FTL) of the MPC 1 output spectrum (Fig. 2, blue line).67

After 68 reflections from chirped mirrors with -200 fs2 group68

delay dispersion (GDD), the pulses were compressed to 46 fs69

(Fig. 3a,d). We used input pulses longer than 1 ps to get best70

compression after MPC 1 at the full input power. This resulted in71

a pulse energy of 75 µJ available for few-cycle pulse compression.72

The drawback of this configuration was an increase of the M2-73

parameter from 1.1 to 1.5 after MPC 1 (Table 1), which we related74

to parasitic four-wave mixing in our previous publication [21].75

For 1 ps pulse duration and 96.5 µJ energy at the MPC 1 input,76

we compressed the pulses to 45 fs while maintaining clearly77

better M2-values of about 1.3 (Table 1). In this configuration,78

Table 1. Results of the M2-measurements.

amplifier MPC 1a MPC 1b MPC 2a,c

M2
x 1.16 1.43 1.28 1.45

M2
y 1.13 1.56 1.32 1.58

a 128.5 µJ at MPC 1, b 96.5 µJ at MPC 1, c detection up to 1.1 µm
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Fig. 2. The Yb:YAG amplifier spectrum measured with a com-
pact grating spectrometer compared to the broadened spectra
after MPCs 1 and 2 which were measured with an optical spec-
trum analyzer (OSA). The red and the violet lines represent
two different MPC 2 settings. The narrower spectrum resulted
in the shortest pulses, the broader spectrum covered the full
mirror bandwidth. The spectra are offset for the sake of clarity.

61.5 µJ pulses could be sent into MPC 2.79

To accomplish the large compression factors in MPC 1, we80

used nonlinear mode-matching. That means, we adjusted the81

distances and refractive powers of the mode-matching lenses82

under consideration of self-focusing in the nonlinear media [21].83

The same was done for MPC 2. However, the relative beam84

size changes with respect to the linear mode-matching setting,85

which does not account for Kerr lensing, were opposite in both86

stages (Fig. 1b,c). In MPC 1, the five silica plates near the cavity87

center formed a weak waveguide. Therefore, the beam size in88

the center was larger compared to the linear case. Details are89

provided in ref. [21]. In contrast, MPC 2 hosted only two silica90

plates which were located closer to the MPC mirrors than to the91

beam center. Consequently, the Kerr media merely added to the92

refractive power of the MPC mirrors causing a smaller beam93

waist. Nonlinear mode-matching was hence akin to gas-filled94

MPCs [23]. We had to separate the 1 mm thin silica plates in95

MPC 2 by about 22 cm to preserve the compressibility of the96

pulses. The spectrum measured after 7 roundtrips of the 75 µJ,97

46 fs pulses is plotted in Fig. 2 (red line). The corresponding 7.4 fs98

FTL was enabled by octave-spanning chirped mirrors (CMs,99

Laseroptik) with 200 mm ROC, which strongly reduced the net100

dispersion per pass in MPC 2. To suppress the GDD oscillations101

inherent to single broadband CMs, an MPC mirror pair with102

complementary dispersion design was used.103

We characterized the compressed pulses by second harmonic104

frequency-resolved optical gating (FROG) with a 10 µm thin105

BBO crystal cut at θ = 29◦. The dispersion-free FROG setup is106

described in ref. [24]. The shortest pulse duration we retrieved107

was 8.2 fs FWHM (Fig. 3a) corresponding to more than 120 times108

overall reduction of the pulse duration taking the feasible 1 ps109

pulses from the amplifier as reference. A pair of glass wedges110

(Fig. 1a) was used to find the best compression point. We com-111

pared the retrieved pulse durations from multiple FROG traces112

at different wedge positions (Fig. 3b) and obtained very good113

consistency of the results, such that we infer a ±0.2 fs uncer-114

tainty of the 8.2 fs duration. To our knowledge, only bulk-MPCs115

with at least twice as long pulses were reported before [25, 26].116

We determined a pulse energy of 56 µJ after MPC 2. The corre-117

sponding 75 % transmission of the stage included three bounces118

off silver mirrors. To minimize the reflection losses of the Kerr119

media, we placed the silica plates at Brewster’s angle into MPC 2.120

Assuming 97.2 % and 99.6 % reflectivity of the silver and chirped121

mirrors, respectively, we deduce an average Fresnel loss of 0.5 %122



Letter Optics Letters 3

- 3 0 0 - 2 0 0 - 1 0 0 0 1 0 0 2 0 0 3 0 00 . 0

0 . 4

0 . 8

1 . 2

1 . 6

2 . 0

2 . 4

2 . 8

4 6  f s

Po
we

r (G
W)

T i m e  ( f s )

 A m p l i f i e r
 M P C  1
 M P C  2

8 . 2  f s

- 2 - 1 0 1 2

1 0 - 2

1 0 - 1

1 0 0

No
rm

aliz
ed 

AC
 sig

nal

D e l a y  ( p s )

 A m p l i f i e r  M P C  1  M P C  2

1 0 0 0 1 0 2 0 1 0 4 0 1 0 6 00 . 0
0 . 5
1 . 0
1 . 5
2 . 0
2 . 5
3 . 0

No
rm

aliz
ed 

pow
er

W a v e l e n g t h  ( n m )

 O S A
 F R O G

M P C  1

8 0 0 9 0 0 1 0 0 0 1 1 0 0 1 2 0 00 . 0
0 . 3
0 . 6
0 . 9
1 . 2
1 . 5
1 . 8

e .d .

c .

b .

No
rm

aliz
ed 

pow
er

W a v e l e n g t h  ( n m )

 O S A
 F R O G

a .

M P C  2

5 6 7 88 . 0
8 . 4
8 . 8
9 . 2
9 . 6

Pu
lse

 du
rat

ion
 (fs

)

T r a n s l a t i o n  s t a g e  p o s i t i o n  ( m m )
0 . 6

0 . 8

1 . 0

FR
OG

 err
or 

(%
)

Fig. 3. a. Retrieved pulses by FROG from the amplifier and af-
ter both compression stages. The 1 ps long amplifier pulses are
only partially shown on the time axis. b. Retrieved pulse dura-
tions (red diamonds) and FROG errors (black crosses) for dif-
ferent amounts of glass in the beam path. A glass wedge with
12◦ apex angle on a translation stage was moved in 250 µm
steps, corresponding to approximately 1 fs2 GDD difference.
The dashed line is computed from the electric field of the best
retrieved pulse (translation stage position 7.25 mm) and the
theoretical dispersion of the inserted glass. c Autocorrela-
tion (AC) signal extracted directly from the FROG scans. For
MPC 2, a step width of 50 fs was set for the 10 ps delay range.
d./e. Comparisons between the retrieved spectra after MPC 1
/ MPC 2 and the measured OSA spectra. To limit the FROG
grid size to 10242, a delay range of 700 fs was scanned which
explains that the spectral power of the retrieved near-center
wavelengths is lower than in the OSA measurement.

per silica-air interface. This shows that polarization rotation123

due to out-of-plane propagation in the MPC is a minor concern.124

We attribute this to the tenfold ratio between MPC length and125

Herriott-pattern diameter. The CM reflectivities were calculated126

from the broadened spectrum and the mirror design. How-127

ever, we measured 76.3 % transmission of a 12 roundtrip Kerr128

medium free MPC while we predicted 80.3 % transmission from129

the theoretical reflectivity, implying an average 0.2 % difference130

per pass. Nevertheless, the >99 % reflectivity of the CMs is an131

advantage over (enhanced) silver mirrors, which have been so-132

far used in all MPCs for sub-10 fs pulse generation [14–17]. We133

note that the CM design exhibits a 0.6 % lower reflectivity at134

1030 nm than at the wings of the spectrum after MPC 2. This135

helps to remove several percent of the residual narrow band136

radiation emitted by the Yb:YAG amplifier from the compressed137

pulses. In-fact, the autocorrelation traces of Fig. 3c show that a138

side pulse with 1-2 ps delay from the main peak is suppressed139

by 5 dB in comparison to pulses after MPC 1 which is also due140

to the peak power enhancement of the main pulse. From the141

pulse energy, the FROG retrieval, which covered a 700 fs delay142

range, and the autocorrelation measurement over a 10 ps range,143

we derive a peak power of about 2.9 GW which surpasses the144
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Fig. 4. a. Experimental (red line) and simulated (blue/black
lines) output spectra of MPC 2. The black dashed line in-
cluded only averaged properties of the complementary CM
pair. b. Corresponding pulses. The pulses plotted with black
and blue lines result from self-compression at the end of the
seventh MPC roundtrip. ∆τ denotes pulse duration.

present bulk-MPC record of 2.5 GW [27]. Owing to the small net145

dispersion per pass, we could readily broaden the pulse spectra146

to fully cover the CM reflectance band from about 0.6 µm to147

1.4 µm by reducing the plate distance and increasing the num-148

ber of passes in MPC 2. An experiment was conducted with149

1 ps pulses from the laser, 45 fs, 61.5 µJ pulses from MPC 1, 12150

roundtrips in MPC 2 and 12 cm distance between the two Kerr151

media. This yielded an octave-spanning spectrum with a single-152

cycle FTL (violet line in Fig. 2). However, a FROG measurement153

showed that it is not possible to compress the pulses close to154

the spectrum’s FTL by the CMs we used. We attribute this to155

spatio-temporal couplings that arose from increased intensities156

in the Kerr media. Tailored CMs could compensate for the char-157

acteristic bulk-broadening phase [28]. Alternatively, the use of158

thinner Kerr media like in the multiple plate continuum method159

promises to push achievable durations in MPC 2 toward the160

single-cycle regime [20].161

Figure 4 compares the experimental results (red lines) with162

SISYFOS simulations [21, 29] of MPC 2. The shortest pulses163

attainable for two 1 mm thin silica plates were computed in the164

course of the seventh roundtrip through MPC 2 omitting the165

need for post-compression (blue and black lines in Fig. 4). The166

net anomalous dispersion was about -10 fs2 per pass in the sim-167

ulations. The CM compressor and the glass wedges required in168

our setup indicate, however, that the experimental net dispersion169

per pass was closer to 0 fs2. We attribute the small difference to170

the imprecise knowledge of the CM mirror dispersion which we171

did not measure. Nevertheless, the overall agreement between172

experimental and simulated spectra and pulse shapes is very173

good. We investigated if the GDD oscillations exhibited by a174

single CM are detrimental for pulse compression. The blue lines175

in Fig. 4 show the simulation results under consideration of both176

complementary mirror designs, whereas the black dashed lines177

show the results for considering only the averaged reflectivity178

and GDD of the CM pair. Only minor differences in spectrum179

and compressed pulse shapes are visible, and thus we conclude180

that the GDD oscillations of the CMs only marginally influenced181

the compression results. For the most part, the simulation meth-182

ods are described in ref. [21]. Owing to shorter input pulses, the183

Raman response of silica was included in addition to the Kerr ef-184
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hind MPC 2. The homogeneity was calculated like in ref. [22]
over the full width 0.5 % maximum of the wavelength inte-
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several grating positions of the spectrograph and stitched to-
gether in post-processing. The y-axis plot was rotated by 0.43◦

degree in post-processing of the data. The used Si-based cam-
eras could not respond to wavelengths > 1.1 µm.

fect. Reflectivity and GDD used in simulations were blue-shifted185

from the CM design by 2 THz owing to slightly lower deposi-186

tion rates close to the curved mirror edges. The FROG retrieval187

from MPC 1 and a fundamental Gaussian were used as pulse188

and beam shapes, respectively. The simulated pulse energy was189

set to 33.4 µJ in order to match the experimental intensities in190

the Kerr media. First, the beam area in mode-matched MPCs191

scales with the M2 factor (here 1.5). Second, Brewster’s angle192

of incidence results in a beam area 45 % larger than for normal193

incidence and a 21 % longer optical path through the silica plates194

which was also taken into account.195

We eventually measured the spectral homogeneity of the196

experimental output beam shown in Fig. 5a with a 4f-imaging197

spectrograph [21, 22]. Despite Brewster’s angle orientation of198

the Kerr media, the horizontal (x-) and vertical (y-) beam axes199

exhibited a very good > 96 % spectral homogeneity of the output200

beam as usual for MPC compression (Fig. 5b). The determined201

M2 values were nearly identical to the ones after MPC 1 (Table 1).202

In conclusion, we have turned a ps laser into a few-cycle203

light source by a sub-m2 footprint two-stage hybrid multi-plate204

MPC setup that yielded a record-high more than 120-fold pulse205

duration shortening. The demonstrated multi-GW peak power206

is well suited for high harmonic generation and probing other207

strong field phenomena. With better phase control over the at-208

tainable octave-spanning spectra and the carrier-envelope offset,209

a compact MHz rate attosecond source is in reach.210
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