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Multi-pass cells (MPCs) have emerged as versatile systems
for nonlinear pulse compression supporting large single-
stage compression factors. However, their performance is
limited at extreme B-integrals by the onset of secondary
nonlinear effects, which lead to the appearance of parasitic
spectral peaks. In this Letter, we report the experimental
observation of vector modulation instability (VMI) as a pri-
mary limiting mechanism in gas-filled MPCs operating at
B-integrals >30 radians. The VMI signal is polarized or-
thogonally to the input beam and distinct from spectral fea-
tures arising due to quasi-phase-matched four-wave mixing
(QPM-FWM). We experimentally show that the VMI gain
scales with accumulated B-integral, rather than with only
gas density or peak power. Crucially, employing a circularly
polarized input pulse suppresses VMI. This mitigation strat-
egy, combined with dispersion management, is confirmed via
simulations as a way for single-stage compression factors to
exceed 40. Published by Optica Publishing Group under the terms of
the Creative Commons Attribution 4.0 License. Further distribution of
this work must maintain attribution to the author(s) and the published
article’s title, journal citation, and DOI.
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Ytterbium (Yb)-based laser systems have become a workhorse
for high-average-power ultrafast applications. However, due
to their limited emission bandwidth, these lasers are gener-
ally limited to durations of several hundred femtoseconds. To
reach the lower femtosecond or even few-cycle regime required
for advanced ultrafast applications, efficient nonlinear post-
compression is essential. Multi-pass cells (MPCs) have emerged
as a powerful tool for achieving the required high compression
factors within a single stage or using cascaded stages. Their de-
sign is simple, yet highly effective, typically consisting of two
concave mirrors and a nonlinear medium, either a noble gas
or a transparent bulk material. Figure 1 gives a comprehensive
overview of several state-of-the-art MPC systems compiled from
recent literature [1-31]. While most single-stage MPC systems
deliver compression factors between 15 and 25, a few notable
outliers approach 40.
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Fig.1. Summary of reported single-stage MPC post-compression
systems, using gas (blue) or bulk material (red) as nonlinear medium
(NLM). Marked with o are systems where the full power is com-
pressed, while ¢ used only an attenuated beam for compression.

Pushing toward these record compression values fundamen-
tally requires accumulating a large nonlinear phase shift. The
maximum achievable compression in a single cell is often ini-
tially constrained by practical factors: the pressure limits of the
gas vessel, bulk material thickness (before self-focusing domi-
nates), or the damage threshold of the optics. While these are
often mitigated by scaling the cell geometry or switching non-
linear media, a more fundamental limitation arises at very high
B-integrals: secondary nonlinear effects result in the appearance
of parasitic spectral peaks. These peaks were first reported in
MPCs by Kaumanns et al. [1], who reached a compression fac-
tor of 32 (B > 50 radians), and were later reported by RuBbiildt
et al. [2] and Koltalo et al. [28] at factors around 20 (B > 30
radians). Because the B-integral B scales linearly with the max-
imum compression factor, these effects become unavoidable
when attempting to reach record compression values. Initially
attributed to ionization in [1], the mechanism is later described
as a quasi-phase-matched four-wave mixing (QPM-FWM)
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process, driven by the periodic nature of the nonlinear interac-
tions and dispersion within the MPC [32].

In this Letter, we discuss a different nonlinear effect observed
in MPCs operating at extreme B-integrals: vector modulation
instability (VMI). We show the emergence of spectral peaks
caused by VMI, occurring at a polarization perpendicular to that
of the linearly polarized input beam. We observe VMI together
with QPM-FWM, albeit with different scaling properties. By
systematically varying the gas pressure in the MPC chamber, we
demonstrate that the VMI gain is fundamentally driven by the
total accumulated B-integral rather than independently by gas
density or peak input power. Furthermore, we experimentally
demonstrate how VMI can be mitigated. Finally, if QPM-FWM
can also be suppressed, we show via simulations that it is possi-
ble to push single-stage compression factors beyond the current
records reported in Fig. 1.

Modulation instability (MI) is a fundamental nonlinear phe-
nomenon arising from the interplay between optical nonlinearity
and dispersion during wave propagation. Under suitable condi-
tions, small-amplitude fluctuations, originating from technical
or quantum noise, experience gain over a finite frequency range
and evolve into symmetric spectral sidebands, drawing energy
from the central frequency. While traditional scalar MI requires
anomalous dispersion, VMI represents another form of instabil-
ity that readily occurs in the normal-dispersion regime, driven
fundamentally by cross-phase modulation (XPM) between or-
thogonal polarization states [33,34]. Even when the input beam
is nominally linearly polarized, fluctuations or slight depolar-
ization can seed an orthogonal polarization component. Un-
der extreme nonlinear accumulation, XPM induces exponential
growth of this perpendicular component. QPM-FWM observed
in MPCs is analogous to M1 in dispersion-oscillating fibers [35],
where periodicity allows MI to occur even in the absence of
anomalous dispersion.

Adapting the derivation from [36] considering non-
birefringent materials, the VMI gain g(w) can be expressed as:

4y P
e

where f3, is the group-velocity dispersion, y =n,k,/A.q¢ is the
nonlinear coeflicient, and P,, is the peak power. In the case of a
MPC, 8, and y are averaged over one roundtrip [37]. The peak
gain occurs symmetrically at the frequencies:

2y P
=+ 2, 2

yielding a maximum gain value of g, =2y P,/3. This reveals
that for gas-filled MPCs, the peak gain value g, scales linearly

with the accumulated B-integral (= fOL y P,dz). Furthermore, as
shown in Eq. (2), the spectral position of this peak gain w,,,
is independent of the gas pressure. Because both the nonlinear
parameter y and the dispersion j, scale linearly with gas den-
sity, their ratio remains constant, effectively canceling out the
dependence on the cell’s operating pressure.

To confirm these VMI characteristics, we experimentally
study the onset of VMI using an argon-filled MPC. The exper-
imental setup, depicted in Fig. 2, was specifically designed to
detect onset and parameter scaling of VMI. The driving source
is a Ytterbium-based laser delivering 1-ps pulses centered at
1030nm, operating at 40kHz repetition rate. To systematically
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Fig. 2. Experimental setup. Diag.: diagnostics, each consisting of
a power meter and a spectrometer. TFPs: thin-film polarizers.
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vary the accumulated B-integral without altering the input pulse
duration or spatial profile of the laser, the input power is con-
trolled using an attenuator, consisting of a half-wave plate and
a polarizer, capable of tuning the average power up to 120W
(corresponding to pulse energies up to 3 mJ).

The linear (s-polarized) input beam is sent into the gas-filled
MPC using a mode-matching telescope (MMT) designed to
achieve an approximately equal spot size on the MPC mirrors for
all beam passes through the MPC. The MPC comprises two con-
cave mirrors with a 500 mm radius of curvature, housed within
a sealed chamber designed for stable operation across various
gas pressures up to about 4bar. After propagating through 26
roundtrips inside the MPC, the spectrally broadened output is
recollimated and directed into a high-contrast polarization diag-
nostic setup. Accurately characterizing VMI requires detecting
a very weak p-polarized signal emerging from a predominantly
s-polarized background. To achieve the necessary extinction ra-
tio, the beam is split using a series of three cascaded thin-film
polarizers (TFPs). Each TFP individually reflects 99.5% of the
s-polarized light and transmits 95.0% of the p-polarized light.
The separated beams are then simultaneously routed to power
meters and silicon-based spectrometers to monitor the onset of
depolarization along with spectral features.

Using 3 bars of argon in the MPC chamber, the input power is
increased until a limit of spectral broadening is reached, which
is observed at about 65 W total output power, corresponding to
approximately B = 45rad. The limit is observed in different ways
simultaneously: the beam suddenly flickers and becomes unsta-
ble, while the spectrum stops broadening as parasitic spectral
peaks appear. Monitoring the total power distributed between
the s- and p-polarized outputs reveals the physical mechanism
behind this limit (Fig. 3). At lower input powers, the output re-
mains s-polarized, similar to the input. However, as the total
output power exceeds approximately 65 W, a sudden depolariza-
tion occurs. This sharp threshold behavior is characteristic of an
exponential gain process like VMI, which rapidly diverts signif-
icant optical power from the primary s-polarized pump into the
initially unseeded p-polarized mode.
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Fig. 4. Measured MPC output spectra for s- and p-polarization,
with 3 bars of argon in the MPC. The locations of the spectral peaks
in (c) located outside the SPM-broadened spectrum at 968 nm and
979nm are marked with two vertical lines in all panels. The VMI
gain computed using Eq. (1) is shown in (d).

The measured spectra of the s- and p-polarized outputs are
shown in Fig. 4. In both spectra, peaks separate from the self-
phase modulation (SPM) spectrum can be observed. The theo-
retically predicted VMI peak gain position shown in Fig. 4(d)
aligns remarkably well with the experimentally measured p-
polarized peak shown in Fig. 4(c). The spectral peak appearing
in the s-polarized output (the input polarization axis) can be
attributed to QPM-FWM [32]. It should be noted that the spec-
trometers utilized in this setup are silicon-based, featuring a
sharp drop in quantum efficiency near 1100 nm. In addition, the
p-polarized transmission of the TFPs is >95% only between
980 and 1080nm, and reduces to <10% outside the range of
940 to 1120nm. Consequently, the long-wavelength VMI and
likewise the QPM-FWM peaks are barely visible. Also, due
to the limited extinction ratio, some parts of the input beam
still leak through, appearing in wavelengths where no gain is
expected.

Equation (2) predicts the frequency at which VMI reaches its
peak gain to scale with the square root of the peak power P,,.
However, the peak gain value scales linearly with the B-integral,
meaning the peaks should be visible at different power levels
when the gas pressure is changed. To observe this, the pressure
in the MPC chamber is changed to different values: 4, 3.5, 3,
and 2.5 bars of argon, and the power is again increased until
the spectral broadening limit discussed before is observed. Note
that the limit is based on visual observation; hence, the total B-
integral for each case is slightly different. The results are shown
in Fig. 5. As expected, while the peaks emerge at progressively
higher average powers for lower gas pressures, they appear at the
same accumulated B-integral, indicated by the same amount of
SPM spectral broadening achieved for all cases. Furthermore,
the spectral positions of the VMI peaks only shift slightly further
from the central wavelength due to the /P, dependence. This is
in contrast to the behavior of QPM-FWM peaks visible in the
s-polarized measurements: because phase-matching conditions
are highly sensitive to gas dispersion, the QPM-FWM peaks
shift drastically in wavelength and change in amplitude as the
gas pressure is changed. This is evident from the QPM condition,
APBL + B =2msr, where m is an integer, B is the B-integral per
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Fig.5. Measured MPC output spectra for the s- and p-polarization
at (a) 2.5 bars, (b) 3 bars, (c) 3.5 bars, and (d) 4 bars of argon, and
with an average power tuned to the onset of VMI for each gas pres-
sure. The spectral position of the peaks in (a) located at 957 nm and
977 nm, is marked in all panels by two vertical lines. The spectra in
(e) correspond to the same gas pressure as in (d) of 4 bars but using
a circularly polarized input.

pass and AS = f(w,) + f(w;) —2ﬂ(wp) with the subscripts
signitying the signal, idler, and pump frequencies. Note that the
occurrence of MPC output beam instability and additional spec-
tral peaks was also interpreted as multi-photon ionization and/or
plasma generation in the past [1]. However, since the discussed
effects occur at very different peak power levels as shown in
Fig. 5 (the corresponding peak focus intensity ranges from 0.8 to
1.5 x1013 W/cm?), a strongly intensity-dependent process like
ionization does not seem to play a role.

As established in fiber optics [33], VMI driven by cross-
phase modulation can be suppressed by using a circularly po-
larized input beam. To test this mitigation strategy, a quarter-
waveplate was used to generate a circularly polarized input. In
this case, higher input power is needed to achieve the required
B-integral, since a circularly polarized beam has a lower ef-
fective nonlinear refractive index compared to the linear case.
With different input powers, the same amount of broadening
is achieved in the two cases shown in Figs. 5(d) and 5(e), al-
though in the latter case, the VMI signal disappeared. However,
while VMI is avoided, QPM-FWM peaks in Fig. 5(e) are still
prominently observed, matching with Fig. 5(d), as the phase
matching conditions of the two cases are very similar. The differ-
ence between the two spectra in Fig. 5(e), with the QPM-FWM
peaks more prominent only in s-polarization, can be explained
by the limited p-polarized transmission of the TFPs beyond
980-1080nm. While circular polarization solves the VMI limi-
tation, further spectral broadening also requires suppression of
QPM-FWM.

As QPM-FWM requires dispersion between the input pulse
and the FWM emission bands [32], suppression of QPM-FWM
can be expected if the MPC is operated close to zero dispersion
across the bandwidth supported by the MPC. Using a hybrid
pulse propagation model described in [32] but adapted to in-
clude polarization vectors, we simulate the case in Fig. 4, with
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Fig. 6. (a) Simulation of MPC spectral broadening using the

experimental parameters reported in Fig. 4. (b) Output spectra ob-
tained using a circularly polarized input pulse, 5 bars of argon,
and mirrors with —50 fs2. (c) Corresponding compressed pulses by
group-delay dispersion optimization.

linearly polarized input and 3 bars of argon similar to the ex-
periment. The simulated output spectra are shown in Fig. 6(a).
The QPM-FWM peak is marked with the vertical line at 934 nm
and the VMI peak at 970nm. In the case shown in Fig. 6(b),
the MPC mirrors compensate for a dispersion of —50fs”. In
this case, parasitic spectral peaks are not observed. The small
residual dispersion translates into a QPM-FWM peak gain be-
ing shifted outside of the mirror reflectivity bandwidth, and
using circular polarization clearly eliminates VMI. This allows
us to increase the input power further to 100W while increas-
ing the gas pressure to 5 bars, resulting in a compression factor
of more than 40, reaching beyond current records summarized
in Fig. 1. Spectral broadening is now mainly limited by the
bandwidth of the dielectric mirrors, which in both the experi-
ment and this simulation reflect >99.5% only between 950 and
1120nm.

In conclusion, we have presented the first observation of
VMI in gas-filled MPCs and identified this process as a fun-
damental mechanism that limits spectral broadening at extreme
B-integrals. Our experimental results demonstrate that the VMI
gain is inherently dependent on the accumulated B-integral.
This could be confirmed by the emergence of strong, cross-
polarized parasitic peaks at the same degree of spectral broad-
ening across varying pressures of argon. Furthermore, we veri-
fied that switching to circularly input polarization successfully
suppresses the onset of VMI. However, even with VMI miti-
gated, QPM-FWM continues to restrict the maximum achiev-
able broadening in current setups. To overcome this remaining
limitation, our simulations indicate that designing MPC mir-
rors to compensate for the dispersion accumulated within the
gas effectively suppresses QPM-FWM. By eliminating the ef-
fects of both VMI and QPM-FWM, our simulations indicate the
possibility to compress 1-ps pulses to durations below 2515, a
single-stage compression factor greater than 40, which would
significantly surpass the capabilities of demonstrated MPC sys-
tems.
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