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Nonlinear post-compression in multi-pass cells in
the mid-IR region using bulk materials
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We numerically investigate the regime of nonlinear pulse
compression at mid-IR wavelengths in a multi-pass cell
(MPC) containing a dielectric plate. This post-compression
setup allows for ionization-free spectral broadening and self-
compression while mitigating self-focusing effects. We find
that self-compression occurs for a wide range of MPC and
pulse parameters and derive scaling rules that enable its
optimization. We also reveal the solitonic dynamics of the
pulse propagation in the MPC and its limitations and show
that spatiotemporal/spectral couplings can be mitigated for
appropriately chosen parameters. In addition, we reveal the
formation of spectral features akin to quasi-phase matched
degenerate four-wave mixing. Finally, we present two case
studies of self-compression at 3-µm and 6-µm wavelengths
using pulse parameters compatible with driving high-field
physics experiments. The simulations presented in this paper
set a framework for future experimental work using few-
cycle pulses at mid-IR wavelengths. © 2022 Optica Publishing
Group
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Nonlinear post-compression methods have enabled routine gen-
eration of high-energy few-cycle pulses [1] for a variety of
atomic, molecular, and optical science experiments [2], as
well as the generation of isolated attosecond pulses. The most
ubiquitous nonlinear post-compression implementation consists
in coupling intense laser pulses into gas-filled hollow-core
fibers [3]. These pulses undergo nonlinear propagation in the
waveguide resulting in spectral broadening, mainly due to the
interplay between dispersion and self-phase modulation (SPM).
This compression technique has led to the generation of 3.8-
fs pulses at 800 nm with 6.1 mJ of energy at 1 kHz [4] using
meter-scale fibers, 25-fs pulses with 70-mJ energy at 1.03 µm
using stretched hollow-core fibers [5], and 75-µJ pulses at 3.1 µm
using anti-resonant hollow-core fibers [6]. Filamentation in bulk
material in the anomalous dispersion regime has also been
demonstrated, yielding self-compressed few-cycle pulses in the
mid-IR spectral range [7,8].

Recently, nonlinear compression in multi-pass cells (MPC)
has emerged as a powerful and versatile post-compression tech-
nique [9–12]. During nonlinear propagation in an MPC, the
normally strongly correlated effects of SPM and self-focusing

can be mitigated by spreading the nonlinear phase accumulation
over many passes, allowing for SPM to occur freely while self-
focusing only weakly perturbs the cavity mode. At energies in
the few tens of microjoules and near-infrared (NIR) wavelengths,
MPCs containing a thin plate of dielectric have been reported to
compress pulses with a peak power an order of magnitude larger
than the critical power for self-focusing (Pcr) without suffering
strong nonlinear spatial effects [9,10,13,14,15]. Gas-filled MPCs
have enabled the compression of 18-mJ pulses from 1.3-ps to 41-
fs duration [16] at a wavelength of 1.03 µm. Self-compression
has also been reported in an MPC operated with a dielectric
plate using 25-µJ energy pulses at 1.5-µm wavelength [17]. At
still higher pulse energies in the 1–10 mJ range, for mid-IR
pulses in the 3–4 µm wavelength range, ionization-assisted spa-
tiotemporal localization in gas-filled capillaries has also been
observed that can enhance the nonlinear upconversion process
of soft x ray high harmonic generation [18,19].

In this Letter, we numerically investigate for the first time
the regime of self-compression of mid-IR pulses in MPCs con-
taining a dielectric plate. We investigate the required balance
between pulse parameters, MPC design, and material choice to
achieve self-compression. We derive general rules to achieve
self-compression and show that the propagation in the MPC is
solitonic up to a certain peak intensity level. We also investigate
the spatiotemporal/spectral couplings that ultimately limit this
concept, as well as the stability of the compression with respect
to input energy fluctuations. A case study for two realistic laser
inputs at 3-µm and 6-µm wavelength is presented that confirms
this method as an excellent pathway toward few-cycle mid-IR
pulses.

We developed a 4D code that simulates the evolution of the
pulse envelope, based on the numerical model proposed in [15],
accounting for diffraction, dispersion, and linear absorption,
which are evaluated in the Fourier domain, and the self-phase
modulation, self-focusing, and self-steepening effects, which are
evaluated in the space-time domain. Accounting for all the above
phenomena allows our code to accurately describe the dynamics
of few-cycle pulses. Nonlinear propagation is simulated via the
Fourier split-step method [19]. The linear dispersion and nonlin-
ear contribution of air, the gas filling the MPC, are assumed to be
negligible. We tested our code against the experimental results
published in [9] and find quantitative agreement. Given the large
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Fig. 1. Layout of the simulated MPC. ROC, radius of curvature.

parameter space to be investigated, we restrict this study to a sin-
gle cavity design consisting of a symmetrical cavity featuring
two mirrors with radii of curvature 200 mm separated by 350
mm (Fig. 1). The plate is always placed at the center of the cav-
ity and is characterized by its Sellmeier equation and nonlinear
refractive index. We also limit our study to the wavelengths of
3 µm and 6 µm. The material and thickness of the plate as well
as the pulse energy are left as free parameters. The input pulses
are temporally Gaussian with a 120-fs duration unless otherwise
specified, and the Gaussian input beams are mode-matched to
the cavity. The numerical values of the material properties used
in the simulations are gathered in Table S1 (Supplement 1).

We first investigate the parameter space defined by the plate
thickness (t= 0.2–5 mm) and pulse energy (E= 1–250 µJ). For
a given {t, E} pair, we let the pulse make 45 passes through the
MPC and record after each pass the pulse duration (full width at
half maximum, FWHM) and the pulse cleanliness—defined as
the ratio of the energy contained within the FWHM of the tem-
poral intensity profile to the total pulse energy. Note that with
this definition, a perfect temporal Gaussian exhibits a cleanli-
ness of 76%. We discard all data for which the spatial intensity
profile was altered during propagation—clearly identified when
the beam size at the MPC mirrors deviates by 1% from the linear
propagation size—and select the pulse with the highest cleanli-
ness to pulse duration ratio as the optimally compressed pulse.
We iterate this process to generate the 2D maps shown in Fig. 2.

The four plots shown on Fig. 2 exhibit an area in the upper
right corner (high energy, thick plate) in which the data have
been discarded because the spatial intensity profile was degraded
by self-focusing upon propagation. In the lower right corner
(low energy, thick plate), the pulse intensity is too low for the
nonlinear spectral phase to balance the group velocity disper-
sion (GVD) of the material; therefore, the pulse only temporally
broadens. In the lower left corner (low energy, thin plate), the
pulse is propagating undisturbed experiencing limited linear and

Fig. 2. Mapping of the optimal self-compression regime for
pulses at 3-µm wavelength in (top left) CaF2 and (top right) YAG
and at 6-µm wavelength in (bottom left) ZnS and (bottom right)
ZnSe.

nonlinear phases. In the upper left corner (high energy, thin
plate), self-compression is achieved in some cases. However,
the pulses obtained in this regime typically exhibit a broad spec-
trum that is sub-optimally compressed, owing to the mismatch
between GVD and the nonlinear phase. Between these four lim-
iting areas, we observe a region where self-compression occurs.
The location of this region in the {t, E} diagram depends on
the nonlinear and dispersive properties of the plate material.
The materials exhibiting the largest nonlinear indices (ZnSe
and ZnS) show a limited region where self-compression occurs,
confined in the low energy region of the map.

For materials featuring a large GVD at the wavelength of oper-
ation, we find that the region to obtain self-compression shifts
toward thinner plates—to limit the linear spectral phase accumu-
lation—and higher energy—to balance the linear spectral phase.
This is illustrated in Fig. 2 top row, where compression can
still be achieved with a 3-mm piece of CaF2 (GVD3µm =−104
fs2/mm) while compression can hardly be achieved in YAG
(GVD3µm =−353 fs2/mm) for plates thicker than 1 mm. Ulti-
mately, the upper bound for tolerable GVD is related to the
onset of ionization in the material—typically in the few TW/cm2

intensity range for YAG [7]. We also confirm that for materials
with a large ratio of third-order dispersion (TOD) to GVD (≳30
fs), the TOD results in post/pre-pulses on the self-compressed
temporal intensity profile.

The {t, E} maps shown in Fig. 2 provide some insight on the
interplay between the material and pulse properties but fail to
convey the dynamics of the pulse-shortening pass after pass. To
investigate this dynamic, we rely on the soliton number N. We
use the definition for N employed in [17], setting N =

√︁
LD/LNL,

where LD = T2
0/β2 is the dispersion length and LNL = λ0/(πn2I)

is the nonlinear length, where T0 is the FWHM duration of the
input pulse, β 2 the GVD, λ0 the central wavelength, n2 the
nonlinear refractive index of the plate material, and I the input
peak intensity. For all materials and wavelengths studied, we
find that solitonic propagation occurs. For N < 1, the pulse only
spreads temporally, until reaching N= 1, which results in the
formation of a first-order soliton (Fig. 3). Increasing the pulse
energy to reach N= 2 results in the formation of a second-order
temporal soliton. For our particular case featuring 120-fs pulses,
the soliton duration reached ∼50–60 fs for all cases investigated
but could not be further shortened. Increasing the pulse energy
further (N ≈ 2.59), the pulse duration breathes over the course
of a few tens of passes. In this regime, few-cycle pulses can be
obtained if the propagation is interrupted after the appropriate
number of passes. For values of N> 3, self-compression can
be obtained but no soliton is produced: after self-compressing,
the pulse breaks up temporally under the effects of higher order
dispersion terms. We refrained from further scaling the energy as
it could yield spatiotemporal dynamics not captured by our code
[20]. Figure 3 illustrates the various regimes of self-compression
as a function of N using a 0.5-mm-thick CaF2 plate at 3 µm.
Notice that while the plate thickness does not affect the solitonic
propagation in the time domain, it must remain thin enough to
avoid falling into the white region of Fig. 2.

Based on the above findings, we perform self-compression
simulation for a 100-fs (10 optical cycles) laser system operating
at 3 µm and a realistic energy level of 150 µJ. Such systems, oper-
ating at 100-kHz repetition rate and above, have been reported
[6,21] and find applications in e.g., photoionization studies in
the tunneling regime. We also perform a simulation for a 200-fs
(10 optical cycles) system operating at 6 µm and 50 µJ of energy
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Fig. 3. Evolution of the temporal profile versus number of passes
in the cavity for various input energies computed for a 0.5 mm-
thick CaF2 plate at 3 µm wavelength. Transition from (top) absence
of compression to (middle) soliton to (bottom) first-order soliton.

to demonstrate the wavelength scalability of our approach. For
both simulations, we keep the cavity design shown in Fig. 1 con-
taining a 1-mm-thick plate of CaF2 and ZnS for the 3-µm and
6-µm case, respectively, yielding a cavity operating in a moderate
nonlinear regime (N= 3.56 and N= 4.45, respectively).

These parameters allow input peak intensities below
1 TW/cm2 which, in conjunction with the limited thickness of
the plate, are expected to prevent filamentation to occur. The
pulse peak power is 27 times larger than Pcr for CaF2. We find
that after 6.5 round trips, the pulse duration is 19 fs with a pulse
cleanliness of 65% [Fig. 4(a)], the FWHM spectral width has
increased from 133 nm to 624 nm [Fig. 4(b)], and the perfect
Gaussian spatial input intensity profile is unaffected. For the 6-
µm wavelength simulation, the input pulse intensity is limited to
0.1 TW/cm2, 32 times larger than Pcr for ZnS. We find that after
8.5 round trips, the input optical pulses are compressed to 42 fs
(∼2 cycles) with a pulse cleanliness of 69% [Fig. 4(c)] and the
spectral width at FWHM is increased from 267 nm to 1117 nm
[Fig. 4(d)] while the spatial profile is again left undisturbed
and spatiotemporal/spectral couplings are largely mitigated. The
bandwidth of the nonlinearly compressed pulses exceeds, by a
factor of two, the bandwidths reported from ultrafast mid-IR
OPCPAs to date at 5-µm [22] and 7-µm [23] wavelength, thereby

Fig. 4. Input (gray-shaded region) and output (blue line) (top left)
temporal and (top right) spectral intensity profiles of a 3-µm wave-
length self-compressed pulse along with the output spatial intensity
profile in the inset; input (gray-shaded region) and output (blue line)
(bottom left) temporal and (bottom right) spectral intensity profiles
of a 6-µm wavelength self-compressed along with the output spatial
intensity profile in the inset.

Fig. 5. (left column) Spatiospectral and (right column) spatiotem-
poral lineouts of (top row) a self-compressed 150-µJ, 3-µm pulse
in a 1-mm-thick CaF2 plate and (bottom row) a self-compressed
50-µJ, 6-µm pulse in a 1-mm-thick ZnS plate. The insets show the
corresponding 2D spatiotemporal/spectral profiles

confirming that our approach is a unique pathway to obtain few-
cycle pulses in the mid-IR spectral range. Notice that for both
simulations, if it was experimentally found that ionization takes
place with the parameters chosen here, the cavity design can
readily be modified to reduce the peak intensity and still achieve
self-compression. The cavity design details are not specific to
mid-IR operation—hence beyond the scope of this paper—and
have already been investigated in [15].

Pulse compression is typically used to increase the peak
intensity of an optical pulse. Such increase should occur with
the spatial intensity profile of the beam remaining free from
spatiotemporal/spectral couplings upon compression. We per-
formed simulations and retrieved the 2D spatiotemporal/spectral
profiles of the self-compressed pulses. To analyze our simu-
lations, these profiles are integrated along the second spatial
dimension, and lineouts of the pulse temporal and spectral pro-
files at the center of the beam and at 1/e2 of the peak intensity are
retrieved. We observe limited couplings (Fig. 5) despite oper-
ating orders of magnitude above the critical power. We note that
the spatial phase acquired in a single pass is more relevant to
destabilizing the cavity than the total phase acquired throughout
the propagation. These observations hold true for all materials
and wavelengths in Fig. 2.

Our simulations also allow retrieving the full spectral infor-
mation of the pulses at each pass. We observed that in a regime
slightly detuned from optimum self-compression—typically
when using plates slightly longer than those providing
optimum self-compression all other parameters being kept
equal—spectral sidebands appear after a few round trips in the
MPC. Similar spectral sidebands have been reported from pulses
emerging from gas-filled MPCs—both experimentally [16] and
numerically [24]—and those were attributed to quasi-phase
matching of degenerate four-wave mixing where the period
of the interaction is one trip through the cavity. Our simula-
tions provide the first observation of the formation of similar
sidebands in an MPC containing a dielectric plate and a confir-
mation of the mechanism of their formation. Indeed, we verified
that the spectral location of the sidebands satisfies both energy
and momentum conservation for degenerate four-wave mixing,
ω0 ± (ω0n2I/c|β2 |)

1/2 [20], whereω0 is the central frequency and
c is the speed of light in vacuum. This parasitic process appears
to remain of low magnitude but is universal in MPCs. We show
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Fig. 6. Spectral evolution during propagation of a 120-fs, 3-µm
pulse with 30 µJ in a 2-mm-thick YAG plate. The spectral evolution
shows the emergence of spectral side bands that satisfy energy
and momentum conservation for a degenerate FWM quasi-phased
matched interaction. The plot on the right is a lineout of the spectrum
at the 30th pass in the MPC.

Fig. 7. Pulse duration and pulse cleanliness of a 3.0-µm pulse
with 80 µJ of energy after 15 passes through a sapphire MPC with a
(left) 1% energy instability and (right) 10% energy instability. The
gray-shaded region shows the 1-fs temporal resolution of the code.
(For an alternative presentation of the data, please refer to Fig. S1
in Supplement 1)

an example of such side bands formation by propagating 30-µJ
energy, 3-µm wavelength pulses in an MPC containing a 2-mm
YAG plate (Fig. 6).

Due to the nonlinear nature of the compression process, the
effect of energy instability on the output pulse must be consid-
ered. This is investigated by introducing either a 1% variance
[Fig. 7(a)] or a 10% variance [Fig. 7(b)] on the input pulse
energy of a 3-µm pulse with 80 µJ of energy (N= 3.13), and
calculating the pulse duration and pulse cleanliness after 15
passes through an MPC containing a 0.5-mm-thick sapphire
plate. In the 1% case, there is no measurable effect on the pulse
duration, and the pulse cleanliness is maintained within 0.5%,
which is suitable for most laser applications. In the 10% case,
the energy fluctuations begin to affect the balance between SPM
and dispersion, as the pulse duration is stable to within 2 fs
(7%) and the pulse cleanliness is maintained within 5%. While
these simulations provide some insight on the robustness of the
MPC approach with respect to energy fluctuations, they do not
capture the whole dynamics; for instance, our code does not
capture either the Raman effect or the dependence of the car-
rier envelope phase to input energy. Similarly, our code does
not account for atmospheric absorption—a typical issue when
operating in the mid-IR—that can induce heating—and hence
beam wandering—and additional complex dispersion.

In conclusion, we have shown that self-compression at mid-
IR wavelengths in MPCs with a dielectric plate can occur for a
broad range of MPC and pulse parameters, yet remains limited
to the few tens of µJ energy. We showed that self-compression
can be achieved with low spatiotemporal/spectral couplings at
3 µm and 6 µm granted that the plate material is chosen to have
an adequate balance between GVD and n2 in that spectral range.

Additionally, we showed that the duration of the self-compressed
pulse is hardly affected by pulse energy variations. Future work
will consist of incorporating additional nonlinear effects, such
as the Raman effect, and verifying these results experimentally.
The work presented here provides a roadmap for upcoming
filamentation-free self-compression experiments in the mid-IR.
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