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Spectral broadening of µJ-level pulses around 8
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Abstract: A 2.6-fold spectral broadening of mid-infrared femtosecond µJ-level pulses has been
achieved using an unfolded multi-pass configuration of germanium plates and zinc selenide
lenses. This method maintains a throughput higher than 60% while preserving the spatial quality
and the temporal duration of the input beam. Numerical simulations match the experimental
results and show the potential to tailor the parameters of the cell to obtain different spectra.
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1. Introduction

Nonlinear multi-pass cells (MPCs) have been a very successful tool in recent years to spectrally
broaden and post-compress near-infrared (NIR) pulses [1]. They are based on self-phase
modulation (SPM) in third- order nonlinear media that can be solid or gaseous depending on the
pulse energy [2]. At every pass, the medium imparts a tiny amount of nonlinear phase to the
circulating pulse that eventually results, after a large number of passes and proper dispersion
control, in large B-integrals and broadening factors up to about 40 [3]. Importantly, this comes
together with very high throughputs [4], average optical powers up to the kW level [5], high
spatio-spectral homogeneity [6], and the possibility to reach the single-cycle regime upon suitable
post-compression [7–9]. MPCs have been successfully implemented so far in the NIR region,
mostly from Yb lasers with high average and peak power [10] and more recently from Tm-based
lasers at 2 µm [11].

Nonlinear MPCs would be of great interest also in the mid-infrared (MIR) region, in the range
from 5 to 12 µm, where a variety of linear and nonlinear spectroscopies call for high-energy
broadband pulses. Examples of such experimental techniques are vibrationally resonant sum-
frequency generation to explore surfaces and interfaces [12,13], high-harmonic generation from
solid media to study band structures and electronic properties of materials [14–16], time-resolved
IR and 2D IR spectroscopies to monitor chemical reactions by their characteristic molecular
vibrational fingerprints [17–19], Fourier transform and photothermal infrared microscopies to
map the chemical composition of biomedical samples such as cells and tissues [20,21]. Due to
the absence of native sources of femtosecond laser pulses in the MIR, ultrashort MIR pulses are
typically produced by difference-frequency generation (DFG) between pump and signal pulses in
the NIR, where gain and bandwidth are traded off by group velocity matching conditions [22].
This trade-off is typically solved by the use of a short DFG crystal to attain the target bandwidth
and by a high number of nonlinear amplification stages to boost the energy of the NIR pulses that
are mixed for DFG [23–25]. This increases the system complexity to a level that is acceptable for
fundamental science but it is unsatisfactory for applications, e.g., in the biomedical field.
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An alternative more straightforward approach is to use a longer DFG crystal to achieve the
desired MIR pulse energy [26,27], at the expense of its bandwidth, and to subsequently expand the
optical bandwidth in a spectral broadening stage based on SPM. This approach has been pursued
by single passes through bulk media, carefully balancing crystal length, input pulse energy,
focusing conditions and central wavelength as a function of linear and nonlinear properties of the
material chosen [28,29]. In general, however, single passes in bulk media result in a radially
changing spectral content and in a degraded beam spatial quality [30,31]. This occurs also when
cascaded quadratic processes are used to imprint SPM effects, with the additional constraint
of a fine tuning of the phase mismatch between the interacting waves [27,32]. A completely
different method to increase the MIR pulse energy and bandwidth is to start from high-energy
laser sources at 2 µm [33,34]: in a long wavelength pumping scenario, thanks to much more
favorable group-velocity matching conditions, interpulse DFG is indeed an effective way to
generate ultrabroadband pulses in the MIR with efficiencies that can be higher than 1% [35]. As
a downside, complexity and cost issues are here shifted to the laser source, due to the limited
commercial availability of ultrafast Tm-, Ho- and Cr-based sources. In this paper we explore the
feasibility to broaden MIR pulses at wavelengths from 7 to 8 µm in a multi-pass scheme. While
previous numerical studies had investigated pulse compression based on spectral broadening at
3 and 6 µm in a MPC system [36], this is, to the best of our knowledge, the first experimental
demonstration of a MPC approach in the MIR spectral range. We chose germanium (Ge) as a
third-order nonlinear medium because of its ultrabroad transparency range, from 2 to 14 µm, its
almost frequency independent positive dispersion across the entire range and its huge nonlinear
refractive index [37–40], which is about three orders of magnitude higher than that of fused silica
[1], allowing the energy threshold for spectral broadening to be reduced to the µJ level, even at
long wavelengths. Rather than using a conventional MPC consisting of two reflecting mirrors [1],
we preferred an unfolded variant where a sequence of Ge plates is alternated with zinc-selenide
(ZnSe) lenses of short focal length, on the one hand to partially compensate for Ge dispersion
along the cell and on the other hand to impart, thanks to the tight focusing, a sufficient nonlinear
phase per pass with pulses of 1 µJ energy. After 6 passes we observe a broadening factor of 2.6
at 7.5 µm, together with a fully preserved spatial quality and a satisfactory throughput of 66%.
Spectral broadening is also observed changing the central wavelength in the region from 6.9 µm
to 8 µm, demonstrating the robustness of the system. The spectral shape at the cell output is
smooth and very well reproduced by numerical simulations. Potential improvements of this first
implementation are discussed with the help of simulations and literature.

2. Experimental setup and methods

2.1. Generation of MIR pulses

The narrowband MIR pulses to be spectrally broadened through the Ge-based unfolded MPC
are generated by DFG between an Yb laser and the output of a non-collinear optical parametric
amplifier (NOPA), as shown in Fig. 1 [41]. The system is powered by a regeneratively amplified
femtosecond Yb:KGW laser (Carbide, Light Conversion), delivering 200-µJ, 230-fs pulses at 1.03
µm with a repetition rate of 25 kHz. The NOPA is pumped by the second harmonic (SH) of the
Yb laser and seeded by the NIR part of a white light continuum (WLC). The former is generated
in a 2-mm-thick β-barium borate (BBO) crystal (θ = 23.4◦), the latter in a 10-mm-thick YAG
plate. Parametric amplification takes place in a 3-mm-thick BBO crystal cut for type I phase
matching (θ = 23.4◦) with a non-collinear interaction angle of ∼ 3◦ (external) and produces
broadband pulses with center wavelength around 1.2 µm and energy of 350 nJ. These pulses are
used as a signal for the collinear DFG stage, which is pumped by 90 µJ of the laser fundamental
wave at 1.03 µm. The nonlinear interaction takes place in a 7-mm-thick lithium thiogallate (LGS)
crystal cut for type II phase matching (θ = 90◦, ϕ = 38.4◦, Ascut Ltd) and generates µJ-level
idler MIR pulses. The pump and signal FWHM beam diameters at the LGS position are 1500
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µm and 880 µm respectively, whereas the generated MIR beam has a diameter of 470 µm. The
second stage employs a strict collinear geometry to avoid angular dispersion of the idler pulses.
The generated idler pulses are tunable in the spectral range between 6 and 9 µm and exhibit a
FWHM spectral bandwidth ranging from 160 nm at 6.3 µm to 475 nm at 8.7 µm, as shown in
Fig. 2. This significant increase in bandwidth upon tuning the idler towards longer wavelengths
is due to the decreasing GVM between the signal and idler, resulting in a larger phase matching
bandwidth [42]. The broadest spectra of MIR pulses are observed near 8.5 µm, where the signal
and idler have the same group velocity.
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Fig. 1. Block diagram of the optical setup. Several opto-mechanical elements of the actual
setup are not represented for the sake of clarity.

2.2. Unfolded multi-pass cell

The unfolded MPC is made of six 3-mm-thick AR-coated Ge plates alternated with seven zinc
selenide (ZnSe) lenses (f = 40 mm, 2.4 mm thickness, from Thorlabs) placed at a confocal
distance from one another. The Ge plates are positioned halfway between the lenses, where the
beam diameter (FWHM) is calculated to be 350 µm, a value that corresponds in our experimental
conditions to a nonlinear phase shift per pass not exceeding the threshold of 0.2 π for spatial
distortions of the beam [1].

In this design, the positive group delay dispersion (GDD) of Ge is countered by the negative
GDD of ZnSe between 6.5 µm and 9 µm, as shown in Fig. 2. This compensation limits temporal
broadening of the pulse while propagating through the MPC, thereby maintaining an almost
constant peak intensity across the Ge plates. Additionally, lenses allow for shorter focal lengths
as compared to the concave mirrors typically used in conventional folded MPC. This results in
smaller beam diameters and, consequently, greater intensities in the third-order nonlinear media
even with low-energy pulses.

2.3. Simulation of the spectral broadening

To gain a better understanding of the non-linear broadening, we performed simulations of the
pulse propagation through the MPC, using a custom-made Matlab script based on the split-step
Fourier method that treats dispersion to all orders and SPM only in the time domain. The MIR
pulse before the MPC is described in the frequency domain as:

Ẽ(ω) = ẼTL(ω)eiφ(ω) (1)

where ẼTL(ω) is the electric field of a transform-limited pulse evaluated from the experimental
spectrum in absence of MPC, and ϕ(ω) is the spectral phase caused by linear dispersion in the
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Fig. 2. On the top: GDDs introduced by a single pass through the cell elements: Ge (dashed
red line), ZnSe (dashed blue line), and the combined total dispersion (dashed black line) On
the bottom: different spectra produced by the MIR DFG stage.

optical elements that precede the MPC, namely LGS, ZnSe and Ge:

ϕ(ω) = kLGS(ω)dLGS + kZnSe(ω)dZnSe + kGe(ω)dGe (2)

In Eq. (2), ki(ω) are extracted from the Sellmeier curves of the three media, dZnSe = 4 mm and
dGe = 1 mm are the thicknesses of a collimating lens and of a Ge plate that filters out the pump
and the signal after the DFG stage, respectively, while dLGS is a free parameter that corresponds
to the effective propagation length in LGS, which is remarkably shorter than the actual crystal
thickness (equal to 7 mm) in a DFG process with high parametric gain. We extracted dLGS by
making the computed field Ẽ(ω) consistent with the experimental autocorrelation of the pulses
before the MPC. This approach neglects the dispersion that the DFG process transfers with an
opposite sign to the idler pulses in the presence of frequency chirped signal pulses, but this
contribution is minimal as compared to that given by the highly dispersive LGS crystal at the
adopted MIR wavelengths (GVD ≈ −2000 fs2/mm at 7.5 µm). Furthermore, in the presence of
initially chirped signal pulses, our approximation would only result in an over-(under-) estimation
of the LGS effective length, without affecting the final Ẽ(ω).

Once Ẽ(ω) is known, the simulation provides the linear and nonlinear pulse evolution across a
sequence of six 3-mm-thick Ge windows and a corresponding number of 2.4-mm thick ZnSe
lenses. In the split-step method, we subdivide the Ge plates into slices of infinitesimal thickness.
For each slice, we introduce the phase terms induced by the linear dispersion and by the nonlinear
SPM. The former, is treated in the frequency domain as explained before, while the latter is
computed in the time domain under a simple plane-wave approximation as:

ϕSPM = −
2π
λ0

n(I)dGe (3)

where λ0 is the central wavelength of the pulse and

n(I) = n0 + n2I(t) (4)

in which I(t) is the time dependent intensity profile of the propagating pulse, n0 is the refractive
index at the central wavelength, and n2 is the nonlinear refractive index. In our simulations we
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considered n2 = 1 · 10−17 m2/W [37] because it provided the closest match to our experimental
spectra, better than other values reported in the literature, such as 0.5 · 10−17 m2/W [38] and
2 · 10−17 m2/W [39]. The calculation of the linear and nonlinear dispersion is repeated six times,
for every Ge plate, adding after each plate the linear dispersion contribution of the ZnSe lenses.
In this way we get an insight into the spectral and temporal evolution of the pulses at each passage
for different pulse energies, and we may eventually compare experimental and numerical spectra.

3. Results and discussion

To validate our approach, we first investigated the broadening through the MPC of pulses centered
at 7.5 µm, in a regime of slight positive dispersion.

The top panel of Fig. 3 shows the measured and simulated broadened spectra (represented by the
blue and red lines, respectively) alongside the original spectrum before broadening (represented
by the black dashed line) for pulses centered at 7.5 µm. At the output of the MPC the pulses
exhibit a broadening factor of 2.6 in the spectral FWHM, with an appreciable power throughput of
66% and a spectrum covering the range between 6.7 µm and 9 µm without any significant gaps or
irregularities. The bottom panel of Fig. 3 displays the experimental autocorrelation of the pulses
injected into the MPC together with those measured and simulated at its output. The FWHM
of the autocorrelation of the input pulse centered at 7.5 µm is 366 fs, and that of the broadened

Fig. 3. (a) Input experimental spectrum (dashed line), experimental (blue) and simulated
(red) output spectra for pulses center at 7.5 µm. (b) Corresponding autocorrelations.
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Fig. 4. Input (dashed), experimental (blue) and simulated (red) spectra for pulses center at
6.9 µm (top) and at 8 µm (bottom).

pulse is 264 fs, resulting in pulse durations of 259 fs and 186 fs, respectively. This shows that the
pulse duration is only slightly altered by the MPC, indicating effective compensation of the Ge
dispersion with that introduced by ZnSe. The output pulse is chirped, but further compression
can be achieved using an additional post-compression stage. Overall, there is a good agreement
between experiments and simulations for both spectral and temporal behavior.

Similar results were obtained using input pulses with different central wavelengths, as shown
in Fig. 4. In particular, at 6.9 µm the FWHM bandwidth increases by a factor of 2.2, with spectra
ranging from 6.2 to 7.9 µm, whereas at 8 µm the broadening is by 1.9 times, with an extension
from 6.9 to 9.8 µm. The broadened spectrum obtained from pulses centered at 8 µm displays a
peculiar modulated structure with decreasing peaks towards longer wavelengths, which is typical
when the net linear dispersion tends to be zero under SPM [43].

Interestingly, the spectral broadening is achieved without significantly affecting the spatial
beam quality, as demonstrated in Fig. 5, which compares the beam profiles before and after
passage through the MPC. The top panels show the measured beam spot at the input (left) and
output (right) of the MPC, while the bottom panels present the corresponding cross-sectional
intensity profiles. The beam spot images reveal that the spatial distribution remains nearly
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Fig. 5. (Top) Measured spot of input (left) and output (right) beam. (Bottom) Vertical (red)
and horizontal (blue) cuts of the figures above.

unchanged after passage through the MPC, with both input and output beams maintaining a
well-defined, symmetric Gaussian profile, as also highlighted by the comparison between the
horizontal and vertical cross-sectional profiles, indicating that the spectral broadening process
does not introduce significant distortions or degradation in beam quality, as it is typical of the
MPC configuration.

Figure 6 presents the simulation results for increasing numbers of passes through the system
for input pulses at 6.9, 7.5, and 8 µm. After one pass, the spectral broadening is negligible for
pulses at 6.9 and 7.5 µm, while the central peak of pulses at 8 µm shows a slight narrowing,
accompanied by the emergence of a small sideband at 8.4 µm. As the number of passes increases,
significant broadening of the spectrum is observed for all three wavelengths. Notably, after four
passes the broadening becomes appreciable, with the spectral features beginning to emerge: the
broadened spectra obtained from the pulses centered at 6.9 and 7.5 µm display no gaps, whereas
for pulses centered at 8 µm the central peak narrows and shifts to shorter wavelengths with
sidebands appearing at longer wavelengths. The absence of saturation in the spectral broadening,
even after six passes, suggests that increasing the number of passes could further enhance the
broadening effect. The simulations show that, for input spectra centered at 7.5 and 8 µm, the
optical bandwidth progressively increases until reaching a number of 24 passes, i.e. until the
added nonlinear phase per pass becomes negligible due to the coating losses at the ZnSe and
Ge interfaces. The spectral extension does not anyway exceed the 6-10 µm range, while the
throughput drops to 20 %. Starting from spectra centered at 6.9 µm, there is instead no significant
spectral gain beyond the adopted 6 passes, due to the net positive dispersion in the cell. To
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Fig. 6. Simulation of spectral broadening at increasing number of round trips with different
pulses centered at 6.9 µm (a), 7.5 µm (b) and 8 µm (c), starting from the input spectrum at
the bottom and going up to 6 passes on the top.

optimize the spectral broadening for a given number of passes, and thus for a given throughput,
one might use Ge plates of increasing thickness throughout the cell or differentiate the position
of Ge plates between each lens pair, choosing the beam-waist position (where the intensity is
maximum) only for the last plates. This would lead indeed to a constant amount of nonlinear
shift per pass despite the progressive pulse energy loss across the cell.

For pulses centered at 7.5 µm the dependence of spectral broadening on fluence was also
investigated, by acquiring broadened spectra at different input pulse energies and comparing
them against simulations. Figure 7 compares the experimental (left panel) and simulated (right
panel) spectra obtained upon varying the input energy from 0.4 to 1.1 µJ. In the experimental
results, as the input power increases, a progressive broadening of the spectral width is observed,
with the broadest spectrum occurring at the highest energy of 1.1 µJ. The spectral profiles also
show slight changes in shape, particularly at higher powers, where there is a small decrease in the
intensity of the main peak, accompanied by the emergence and growth of two slightly higher
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Fig. 7. Spectral broadening at different input energies, from bottom to top respectively of
0.16, 0.40, 0.52, 0.64, 0.76, 0.88, 1.01, and 1.04 µJ, experimental (left) and simulated (right).
The spectra in both panels are represented using a gradient from cooler to warmer colors,
corresponding to increasing input energies

additional peaks, consistent with the SPM features. The simulated spectra, in agreement with
the experimental data, exhibit a consistent broadening trend with increasing input power. The
simulations predict the emergence of additional spectral features and overall spectral broadening,
which closely align with the experimental observations. However, some differences in the fine
structure of the spectral profiles can be noted, particularly in the exact positioning and prominence
of the additional peaks. Overall, the comparison between the experimental and simulated results
demonstrates a good agreement, especially in terms of the general broadening behavior with
increasing fluence. The differences observed in the finer spectral features may be attributed to
experimental conditions not fully captured in the simulations, or simplifications in the modeling
process.

While the general agreement between experimental and simulated results is reassuring, the
application of our MPC method to higher pulse energies is subject to some constraints, particularly
for wavelengths below 8 µm, where four-photon absorption may play a significant role. Based on
the four-photon absorption coefficient of 0.01 cm5/GW3 at 6 µm reported in Ref. [38], a relatively
low multiphoton absorption of 6% per plate is estimated in our experimental conditions (namely
pulse energy of 1 µJ, pulse duration of about 250 fs and FWHM diameter around 350 µm). After
6 passes this corresponds to a 69% throughput that is consistent with our results, considering
the good quality of the adopted anti-reflection coatings. At a doubled pulse energy, however,
the single-pass transmission would drop to 72%, yielding an overall cell throughput of only
14% that might be detrimental for the applicability of the method. This deserves to be further
investigated using either higher pulse energies or smaller focal spots that might be obtained
with lenses with shorter focal length. As the wavelength exceeds 8 µm, constraints associated
with four-photon absorption are no longer applicable, reducing the likelihood of encountering
significant non-linear absorption issues. In fact, five-photon absorption mechanisms, which
could potentially arise at these wavelengths, are less probable and, to the best of our knowledge,
undocumented in the literature.
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4. Conclusion

In this work we presented an extended multi-pass scheme for mid-infrared pulses based on
germanium and zinc selenide, which achieves a 2.6 broadening factor in the 6 to 9 µm spectral
range. The broadening is achieved with moderate energy (µJ level) femtosecond pulses, opening
the possibility to use this system with high repetition rate lasers. The spatial quality of the laser
beam is fully preserved by the multi-pass cell, despite the fact that the broadening is achieved
through self-phase modulation in the germanium plates. Our simulations show the potential to
tailor the broadening by scaling the power and/or increasing the number of passes inside the cell.
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