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Nonlinear compression of laser pulses with tens of milli-
joule energy in a gas-filled multipass cell is a promising
approach to realize a new generation of high average power
femtosecond sources. For the first time, to the best of our
knowledge, we demonstrate nonlinear broadening of pulses
with about 18 mJ of energy at a 5 kHz repetition rate in an
argon-filled Herriott cell and show compressibility from
1.3 ps to 41 fs. In addition to the large compression factor,
the output beam has an outstanding quality and excellent
spectral homogeneity. Furthermore, we discuss prospects
to scale the energy to the 100 mJ level in the near
future. © 2018 Optical Society of America

https://doi.org/10.1364/OL.43.005877

Nonlinear pulse compression is routinely implemented in fiber-
based setups with remarkable results in terms of beam quality,
broadening factors, and output energy. Using capillary optical
fibers, output energies up to 5 mJ and output pulse durations in
the few-cycle regime have been reached for near-infrared laser
sources in the kilohertz regime [1]. Using planar hollow wave-
guide structures [2], more than 10 mJ of output energy have
been achieved. Even further energy scaling would yield a
unique combination of femtosecond pulse duration with a high
peak and average power, leading to a significant increase of pho-
ton flux for Thomson X-ray sources [3], which represents the
main application for the system presented in this Letter.

In addition to fiber-based approaches, the application of
multipass cells for the nonlinear compression of laser pulses re-
cently attracted increasing interest. Multipass cells are capable
of preserving a nearly Gaussian mode in the presence of non-
linear effects without a spatial filter or optical fibers [4–6] and
are well suited for a large range of pulse energies and repetition
rates at high transmission values on the order of 90% [7–12].

In a first experimental realization, 850 fs pulses were com-
pressed in a Herriott cell to 170 fs with M 2 values around 1.3,
at 37.5 μJ pulse energy and 10 MHz using fused silica as a
nonlinear medium [7]. Subsequent setups based on solid non-
linear materials achieved pulse durations between 18 and 115 fs

with microjoule-scale pulse energy and tens of megahertz
repetition rate [8–10]. For such setups based on a solid non-
linear medium placed into the propagation path, beam quality
preservation is only accomplished for certain cell configurations
[6], specifically, configurations close to imaging and strong cou-
pling to higher order modes (e.g., by strong nonlinearities) have
to be avoided. Due to these restrictions, a solid-based scheme
is typically used for lasers with pulse energies below one
millijoule [7,8].

Higher input energies can be realized in gas-filled multipass
cells as proposed in Refs. [4] or [5]. In contrast to multipass
spectral broadening in solids, the beam continuously interacts
with the nonlinear medium in gas-filled cells allowing imaging
setups and higher nonlinearities per pass [4,5]. Experimentally,
gas-filled multipass cells could reach 1.9 mJ output energy with
37 fs pulse duration [11] and 136 μJ output energy with 33 fs
pulse duration [12]. However, while nonlinear broadening
in a gas-filled multipass cell is a promising approach for
high-energy nonlinear compression, energy scalability beyond
5 mJ as shown by capillary optical fibers [1] has not yet been
demonstrated.

In this Letter, we present nonlinear spectral broadening with
input energies of 18.6 mJ and a throughput of over 95% at a
5 kHz repetition rate based on a multipass cell inside a chamber
filled with 600 mbar of argon and a subsequent compression of
attenuated pulses from 1.3 ps to 41 fs. This corresponds to an
order of magnitude more input energy and an almost four times
higher compression factor than previous nonlinear compression
experiments in multipass cells. At the end of this Letter, we will
discuss possible optimizations to enable >100 mJ of output
energy with a 5 kHz repetition rate and 40 fs pulse duration.

The nonlinear broadening was performed in a Herriott cell
[13], as depicted in Fig. 1. The cell consists of two concave
rectangular mirrors with a radius of curvature (RoC) of 1.5 m
and a size of 300 mm × 130 mm placed in a 4 m long and
0.68 m wide low pressure chamber with a 2 mm thick fused
silica window for incoupling. The calculated Gaussian eigen-
mode for a wavelength of 1030 nm exhibits about a
0.37 mm 1∕e2 diameter in the focus and a 5.4 mm 1∕e2 diam-
eter on the mirror surface. Thus, the Herriott cell forms a near
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concentric cavity operated close to its stability edge. The cham-
ber is filled with 600 mbar of argon for the following results (if
not mentioned otherwise), but can be used with pressures up to
1 bar. The mirrors were ion-beam-sputtering-coated in house
with zero group delay dispersion (GDD) at 1030 nm and
jGDDj < 50 fs2, as well as a reflectivity of >99.9% between
965 and 1100 nm. The laser-induced damage threshold was
measured to be about 0.25 J∕cm2 in experimental conditions.

The beam is mode matched to the eigenmode of the
Herriott cell by a 6 m RoC concave mirror (mirror 1 in
Fig. 1). A 1″ plane mirror placed in front of the large rectan-
gular mirror steers the beam into the Herriott cell. The cell is
aligned such that the beam pattern on mirrors 2 and 3 is ellip-
tical. This pattern ensures an efficient usage of mirror space,
while still having a large beam separation at the point of
incoupling/outcoupling and a preservation of the q-preserving
properties of the Herriott cell. After 45 passes (one pass is one
transition through a focus), a second plane mirror guides
the beam onto a 6 m RoC concave collimation mirror.
Thus, the output beam size matches the input beam size.

The Yb:YAG thin-disk amplifier presented in [14], in com-
bination with a modified frontend based on a fiber laser oscil-
lator, is used as a source. The system delivers up to 200 mJ of
pulse energy at a 5 kHz repetition rate with 1.3 ps full width at
half-maximum (FWHM) pulse duration. Its spectrum is cen-
tered at 1030 nm with a bandwidth of 1.1 nm (labeled Input in
Fig. 2) and its 1∕e2 diameter is 11 mm. A low order waveplate,
in combination with a thin film polarizer, is used to control the
input power into the multipass cell. To guarantee reliable op-
eration, the peak fluence on mirrors 2 and 3 was adjusted to
66% of the damage threshold or, equivalently, 0.17 J∕cm2

corresponding to a pulse energy of 18.6 mJ.
The measured output energy of 17.8 mJ yields a transmis-

sion of 95.7%, which fits the expected linear losses determined
by the number of passes and the reflectivity of the mirrors.
Thus, no significant nonlinear losses, e.g., due to ionization,
were detected. For further analysis, the output beam is attenu-
ated using a pair of uncoated fused silica wedges and reduced in
size by a factor of four using a lens telescope.

The measured output spectrum, as shown in Fig. 2, is a re-
sult of self-phase modulation (SPM) with a Fourier limit of
39 fs. Compared to the input Fourier limit of 1.3 ps, this is

equivalent to a broadening factor of over 33. SPM causes a
time-domain phase modification that has the same shape as
the pulse intensity, thereby broadening the spectrum. In this
experiment, the textbook equation for SPM (Ref. [15], p. 91),

I�ω� ≈ jF �A�t� exp�iφjA�t�j2��j2, (1)

with the Fourier transform F �·�, the normalized input pulse
amplitude A�t�, and a total nonlinear phase shift φ, qualita-
tively reproduces the output spectrum, except for a central peak
that is caused by a low-intensity background originating from
amplified spontaneous emission as well as post- and pre-pulses.
A fit of the measured output spectrum (Fig. 2) to a theoretical
spectrum I�ω� calculated by Eq. (1) reveals an accumulated
phase shift of φ ≈ 55 rad. This is in agreement with the
expected phase shift [5] of 59� 6 rad for 45 dispersion-
free passes of the Gaussian eigenmode in 600 mbar of argon
(n2, 1 bar ≈ �10� 1� × 10−24 m2∕W [16]). The spatially aver-
aged nonlinear phase shift per pass is φpass ≈ 1.2 rad, which is
more than three times higher as compared to the systems pre-
sented in [7–12] (φpass ≈ 0.2–0.4 rad), allowing high broaden-
ing factors with a comparably small number of passes.

Typically, secondary SPM effects such as optical wave break-
ing and self-steepening pose limitations for high broadening
factors ([15], p. 100 ff ). However, the agreement between a
spectrum described by Eq. (1) and our measurement confirms
that in our experiment processes other than pure SPM have
only a minor impact on the output. The main reason for
the lack of secondary effects is the weak GDD of about
1150 fs2 for 45 passes at 1030 nm in argon [17], the negligible
GDD of the mirrors, and the picosecond-scale pulse duration.
For these parameters, the nonlinear phase shift of ∼55 rad
is far below the calculated critical values for wave breaking
(φWB ≈ 589 rad [18]) and self-steepening (φSS ≈ 555 rad
[Ref. [15], p. 117]). The insignificant influence of dispersion
[19] and self-steepening on the output bandwidth enable the
observed high broadening factor.

The spatio-spectral homogeneity of the beam was measured
using an imaging spectrometer (Acton Research Corporation)
(Fig. 3). The spatial resolution was 36 μm, and the spectral
resolution was 0.24 nm. A figure of merit called homogeneity
is defined as V � �R A�λ�A0�λ�dλ�2∕�

R
A�λ�2dλ R A0�λ�2dλ�

Fig. 1. (a) Scheme of the multipass cell setup (top view) with energy,
repetition rate, and Fourier limits (FL) of the input and output pulse.
Mirrors 1 and 4 are concave 6 m RoC, and mirrors 2 and 3 are concave
1.5 m RoC. The separation between mirrors 2 and 3 is ∼1.99 times
their RoC (≈3 m). (b) Beam pattern on mirror 2. The spots are labeled
according to the number of passes through the focus. After 45 passes,
the beam is picked by a plane outcoupling mirror.

Fig. 2. Measured input (orange) and output (blue) spectra.
Additionally depicted are the retrieved spectrum (black) and phase
(green) from the SHG-FROG measurement of the compressed pulse.
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[8] where A�λ� is the spectral amplitude, and A0�λ� is the refer-
ence amplitude at a maximum intensity of the beam. The
output spectrum features high homogeneity values over 90%
within the 1∕e2 diameter for both axes. The intensity-weighted
averages of V over the beam are 96.7% for the x-axis and
97.3% for the y-axis.

The excellent spatial quality of the beam is confirmed by an
M 2 measurement (Ophir Spiricon M 2-200 s, Fig. 4). The M 2

of the laser source is 1.10 × 1.09 [14]. It slightly increases after
propagation through the multipass system in vacuum condition
to 1.15 × 1.11. The increase is attributed to the imperfectness
of curved optics, in combination with 45 mirror bounces. After
filling the chamber with 600 mbar of argon, the M 2 further
increases to 1.17 × 1.18. This minor change is attributed to
the nonlinear effects that are not compensated for by the
multipass setup.

To analyze the compressability, the attenuated pulses with
an energy of 20 μJ are guided through a chirped mirror
compressor (17 mirrors with a total GDD of −9400 fs2 and
a total reflectivity of 98%) and characterized using a second-
harmonic-generation frequency-resolved optical gating (SHG-
FROG) setup. The attenuation avoids nonlinear contributions
of air and damages of the used chirped mirrors. A compressor
suitable for high energies is currently under development.

Figure 5(b) shows the SHG-FROG measurement and retrieval
with a SHG-FROG error of 1.5% on a 512 × 512 grid. The
retrieved spectrum, together with the retrieved phase, is de-
picted in Fig. 2 and shows excellent agreement with the mea-
sured spectrum. The retrieved pulse is depicted in Fig. 5(a).
The FWHM pulse duration of 41 fs is close to the Fourier limit
of 39 fs, while the peak power of the measured pulse is 62% of
the measured Fourier limited power. Perfect compression is
hindered by the phase oscillations visible in Fig. 2 that are
hardly removable by common compression techniques. The
duration and power are in accordance with the simulated values
of 41.6 fs and 67%, correspondingly. The simulation is per-
formed by approximating the field amplitude of the broadened
pulse by the expression Aout�t� � A�t� exp�iφjA�t�j2� [see
Eq. (1)] with φ � 55 rad and A�t� being the input pulse am-
plitude [see Fig. 5(a)] and removing the GDD component of
the phase term.

The output energy is limited by the gas ionization and
mirror damage threshold. In our experimental conditions
(45 passes in argon), gas ionization at high intensities causes
a spontaneous sudden and intense drop of output energy to
almost zero. The lowest output energy at which a sudden drop
of energy occurred is referred to as breakdown energy. In our
configuration, the measured breakdown energy for argon at
600 mbar is about 18.3 mJ (see Fig. 6). The observed relatively
strong pressure dependency of p−1∕2.5 deviates from the ex-
pected value of ∼p−1∕14 for pure multiphoton ionization [20],
but can be explained by the decreasing waist size due to the
Kerr effect or the onset of cascade ionization [20]. Although
the energy in the presented setup is close to the measured

Fig. 3. Spatial wavelength distribution for the x and y axis of the
output beam. The blue curve on the right shows the normalized
sum along the wavelength axis of the image on the left. The white
area marks the positions where this normalized sum is bigger than
1∕e2. The green curve shows the corresponding homogeneity value.

Fig. 4. Beam quality factor (M 2) of the output beam. The inset
shows the beam profile in the focus (z � 0).

(a)

(b)

Fig. 5. (a) Fourier-limited pulse calculated from the output spec-
trum shown in Fig. 2 (black), together with the retrieved compressed
pulse (blue) and a simulation of the nonlinear compression (gray). The
arrows mark the FWHMdurations of the Fourier-limited pulse (black)
and the compressed pulse (blue). The measured input pulse and its
FWHM duration are shown in the inset. (b) Measured (left) and
the retrieved (right) SHG-FROG intensity for the compressed pulse
in (a).
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breakdown energy, no breakdown was observed during our
measurements (>3 h).

To test the broadening limits of the presented system, the
pressure was further increased to 700 mbar. The input energy
was reduced to 17 mJ to avoid a gas breakdown. TheM 2 value
changed slightly to 1.16 × 1.19, indicating good beam quality
preservation. Yet, the increase of the pressure results in a
distorted spectrum with new wavelengths around 950 nm
(see Fig. 6) and degraded compression that occurs most prob-
ably due to the limited bandwidth of the used mirrors.
Therefore, a more broadband coating might lead to a higher
compression factor.

In order to work with higher input energies, larger beam
diameters in the focus are required. Due to diffraction this leads
to smaller beam diameters on the mirrors and overall results in
an energy scaling proportional to the square root of the mirror
damage threshold. As an example, increasing the damage
threshold from 0.25 to 1 J∕cm2 would allow a two times higher
energy. A second possibility to increase the energy throughput
is the usage of a different gas. In our experiments, helium had a
breakdown value on the order of two–three times higher than
argon at the same pressure (similar results were obtained in
[21]). Analogous to the scaling with mirror damage threshold,
the energy throughput increases with the square root of the
breakdown value. Disadvantageous is the 28 times lower non-
linear refractive index of helium compared to argon
(0.36 × 10−24 m2∕W for helium [22] and 10 × 10−24 m2∕W
for argon [16]) which could be compensated for using a cham-
ber compatible with several bars of pressure. This pressure
range exceeds the current capabilities of our setup and will
be incorporated in a future implementation of the multipass
cell. A third option is to increase the setup length, yielding
a linear increase of energy throughput. Combining an im-
proved damage threshold with an 8 m long chamber that is
prepared for high pressures should enable energies beyond
100 mJ with a compression from 1.3 ps to about 40 fs.

In conclusion, we demonstrated the scaling of nonlinear
broadening in gas-filled multipass cells to 17.8 mJ pulse energy
with a repetition rate of 5 kHz. A compression factor of over 31
was achieved with output pulses of 41 fs FWHM duration for
an input duration of 1.3 ps. The throughput of the cell was

95.7% with nearly Gaussian output beams showing M 2 values
of 1.17 × 1.18. The output beam was spatially homogeneous
with intensity-weighted average homogeneities of about
97%. To the best of our knowledge, this is the highest output
energy spectrally broadened with preserved beam quality. Even
higher energies can be obtained by optimizing the mirror dam-
age threshold, lengthening the setup, and changing the gas
from argon to helium. The possible output energy after these
changes is >100 mJ with high repetition rates of multiple kilo-
hertz. The energy scalability of multipass cells has the capability
to combine femtosecond-scale pulse durations with the high
average power of ytterbium amplifiers and, by this means,
to provide unprecedented laser properties.
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