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Positively chirped femtosecond pulses at 1030 nm are
wavelength-converted using spontaneous and stimulated
Raman scattering in a KGW crystal inserted inside a
multipass cell. Recirculation in the cell and the Raman
material allows both a high conversion efficiency and
good spatial beam quality for the generated Stokes beams.
The converted pulses can be compressed to sub-
picosecond duration. Multipass cells could be an
appealing alternative to other Raman shifter
implementations in terms of thermal effects, control of the
Raman cascade, and overall output beam quality.
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Nonlinear Raman frequency shifting is a widely used method to
extend the wavelength coverage of laser sources in temporal
regimes ranging from CW [1] to femtosecond pulses [2]. However,
when the pump pulse duration is shorter than the Raman mode
dephasing time, which is inversely proportional to the Raman gain
bandwidth, stimulated Raman scattering (SRS)-induced frequency
conversion is challenging due to the Raman transient regime,
especially with femtosecond pump pulses. In this regime, the
threshold pump intensity is increased compared with the steady-
state case [3], and electronic third-order effects such as self-phase
modulation (SPM), cross-phase modulation (XPM), and self-
focusing can become predominant. These intensity-dependent
effects can be alleviated by chirping the femtosecond input pump
pulse. In this case, the generated Stokes pulses can be compressed
since they partly inherit the chirp of the pump pulse [4]. This has
been shown in single pass solid-state Raman crystals [5,6,2], fiber
amplifiers [7], and high pressure gas-filled cells [4,8] and
waveguides [9].

Performing SRS in solid-state media [10] is a robust, compact,
and simple method to implement wavelength conversion since
there is no controlled gas pressure or guiding structure. Several
centimeters-long rods of Raman material are typically used in single
or double pass, and power scaling can be limited by the onset of self-
focusing effects [6]. Moreover, the converted output spatial beam
quality is often degraded especially in single pass schemes where

only a pump beam is irradiating the Raman medium while Stokes
signals arise from noise [5]. However, it is possible to enhance the
conversion efficiency and the spatial quality of the generated Stokes
signals by providing a spatially coherent seed beam for the SRS
process, through Raman amplification of supercontinuum pulses
[2] or multistage Raman conversion schemes [11].

Recently, multipass cells (MPC) have been used to perform
temporal compression of femtosecond laser pulses through the
accumulation of SPM, with either solid [12,13] or gaseous [14,15]
media as the nonlinear material. The distribution of nonlinearity
over a large number of beam foci was shown to result in
homogeneous and high quality output beams. When a solid
material is used, the pulse peak power is not limited to the critical
power of the material due to the recirculation in a bulk medium
with a thickness well below the self-focusing distance [12,13].
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Fig. 1. Experimental setup.

In this work, we demonstrate the first Raman wavelength
conversion inside a 3 mm-long potassium gadolinium tungstate
(KGW) crystal inserted in a MPC, in the stretched femtosecond
pulse regime. Due to the large number of passes in the Raman
medium provided by the MPC scheme, a large interaction length is
achievable while operating at peak powers well above the critical
power for self-focusing. In addition, co-propagation of the pump
and Stokes beams inside the MPC leads to a spatial filtering effect
that results in a high spatial quality of the converted beams. This
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property is illustrated with an experimental comparison with a
single pass scheme in a 20 mm-long KGW. The output beams in the
MPC scheme are spatially and temporally characterized,
demonstrating beam quality factors M2 < 1.2, compressibility down
to subpicosecond durations, and conversion efficiencies of 44% and
30% for the first and second Stokes line for a linear polarization
along the KGW Ng axis.
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Fig. 2. Left column: (top) Average power of the pump and Stokes lines
for the 768 cm? shift as a function of the total output power and
(bottom) corresponding measured spectra; Right column: (top)
Average power of the pump and Stokes lines for the 901 cm* shiftasa
function of the total output power and (bottom) corresponding
measured spectra.

Raman medium. The number of roundtrips in the MPCis 18, leading
to a total propagation distance of 10.8 cm in KGW. The transmission
of the MPC in linear regime, including the KGW crystal, is 80%. The
KGW crystal is chosen due to its high Raman gain, high damage
threshold, and moderate thermal conductivity. It is cut normal to
the Np axis, so one can obtain Raman shifts of 768 cm™ and 901 cm-
! when the input laser polarization is aligned with the Ng and Nm
axes respectively [2]. Access to both Raman shifts in the experiment
is allowed by using a half-wave plate placed before the MPC setup.
At maximum input power, the estimated peak power is 6 MW,
which is much higher than the critical power in the KGW of around
400 kW. The self-focusing distance in these conditions is estimated
to be 6.7 cm, 20 times longer than the crystal length. The beam
exiting the MPC is collimated with a 750 mm-focal length lens and
sent to various devices for characterization.
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Fig. 3. Measured spatial beam profile of the (a) pump, (b) 1stStokes and
(c) 2nd Stokes lines at the MPC output; (d) Experimental spectro-imaging
measurement in logarithmic (dB) scale.

The scheme of our experimental setup is shown in Fig. 1. The
input pulses are generated from a high-energy ytterbium-doped
fiber chirped pulse amplifier (FCPA) delivering a maximum average
power of 19 W with a 150 kHz repetition rate, corresponding to 126
W pulse energy, at 1030 nm central wavelength. The compressor of
the FCPA is offset to positively chirp the 320 fs pulses to obtain a
duration of 18.7 ps, larger than the Raman dephasing times in KGW,
of the order of a few ps [2]. The measured spatial quality factor of
the laser beam is M® = 1.06 in both horizontal and vertical
directions. The pump beam is first directed to the MPC through an
arrangement of three lenses in order to match the stationary beam
of the MPC, resulting in a beam diameter of ~400 um at the waist.
The MPC is a Herriot cell [16] and consists of two concave mirrors
with a radius of curvature of 300 mm separated by 504 mm and
coated with a low group velocity dispersion dielectric stacks on a
1000-1300 nm bandwidth, allowing a high reflectivity of >99.95%
at the pump and both the first and second Stokes wavelengths. A 3
mm-thick anti-reflection coated KGW crystal with an aperture of 25
mm x 25 mm is added near the center of the MPC as a nonlinear

Fig. 2 displays the average output power of the pump and
Stokes lines as a function of the total power at the MPC output as
well as the obtained spectra at maximum input power. For the 768
cm? shift, a maximum conversion efficiency of 44.6% and 30% is
obtained at an input energy of 93 pJ and 126 pJ with spectra
centered at 1120 nm and 1220 nm for the 1t and 2 Stokes lines
respectively. The maximum conversion efficiency drops to 42%
and 17.4% for the 901 cm™ shift corresponding to an input energy
of 112 pJ and 126 pJ, with spectra centered at 1135 nm and 1263
nm for the 1stand 2" Stokes lines respectively. This difference in the
conversion efficiencies is explained by the fact that the steady-state
Raman gain coefficient is higher for the 768 cm line than for the
901 cm line.

In the following, we focus on the 768 cm Stokes lines for
further spatial and temporal characterizations. The spatial profiles
measured at the output of the MPC for the pump at low power and
for the Stokes lines at maximum conversion efficiency are shown in
Fig. 3. A measured beam diameter of 2.3 by 2.4 mm, 2.5 by 2.6 mm,
and 2.6 by 3.9 mm at 1/€? is obtained at the MPC output for the
pump, 15t Stokes and 2" Stokes, respectively. This increase in beam
size is coherent with the fact that a larger central wavelength
translates into faster divergence for a given waist size. The reason



for the larger ellipticity of the 21 Stokes beam is unclear, and it is not
observed for the 2n Stokes beam of the 901 cm! shift. The M? beam
quality factors are measured by acquiring the beam profiles using
an InGaAs camera translated through a focus. The measured beam
quality factor of the 15t Stokes and 2" Stokes lines is M? = 1.05 x 1.03
and M? = 1.06 X 1.05, respectively. This shows the preservation of
the beam quality of the pump beam in the generated Stokes signals
with a more pronounced ellipticity observed in the 2n Stokes. A
spatio-spectral measurement is performed for the 15t Stokes line by
using an imaging spectrometer setup. It consists of an f-f
arrangement composed of an 800 lines/mm grating, a 100 mm
focal length cylindrical lens and an InGaAs camera with a 30 um
pixel size. The result, presented in Fig. 3(d), shows no spectral
inhomogeneity in the beam.

The spatial properties of the Stokes beams are remarkable
compared to previously reported single pass Raman conversion
experiments, we therefore perform an experimental comparison to
check this result. The same input chirped pump pulses are focused
into a 20 mm-long KGW crystal with a 400 mm-focal length lens
(upper part of Fig. 1). The KGW crystal is positioned slightly after
the waist at a location where the beam diameter is ~ 400 um, to
obtain a comparable intensity compared to the MPC case. The beam
is then collimated and sent for characterization.
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Fig. 4. Measured spatial profiles of the (a) pump and (b) 1st Stokes line
at the same position after collimation at the output of the 20 mm KGW
crystal.

and a beam size thatis comparable to the pump beam. Although this
process reduces the Stokes signal growth compared to a single pass
setup, this is compensated by the fact that multiple passes in the cell
result in a larger interaction distance with the nonlinear material.
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Fig. 5. Spectrogram of the (a) chirped input pump, non-compressed (b)
1st Stokes and (c) 2nd Stokes at the MPC output.

Only the first Stokes line is observed at full pump pulse energy,
with a converted power of 2 W, corresponding to a conversion
efficiency of 10%. The measured beam profiles of the pump at low
power and 15t Stokes at maximum power are measured at the same
position after collimation, and shown in Fig. 4. The diameter of the
obtained Stokes beam is 3.3 by 3.2 mm at 1/e? much larger than the
measured diameter of the pump beam, of 0.4 mm. The beam quality
factor of the Stokes beam is M? = 2.7 X 2.5 along the horizontal and
vertical directions, respectively. These spatial features can be
interpreted as follows. The local Raman gain coefficient is
proportional to intensity, which leads to a much larger gain at the
beam center. As a result, for small enough pump depletion, the
Raman converted beam in single pass is much smaller than the
pump beam, which translates to a much larger beam after
diffraction and collimation. In addition, for non-seeded setups, the
process starts from quantum noise, so that the spatial coherence is
low, resulting in mediocre beam quality factors. In contrast, in the
MPC setup, the generated Stokes beam in the first passes is then co-
propagated with the pump, and spatial filtering imparted by the
Raman gain at each pass progressively induces spatial coherence

We now examine the temporal and spectral properties of the
wavelength-converted beams at the output of the MPC setup. The
pulses are characterized with a home-built second harmonic-
generation frequency resolved optical gating (FROG) setup, at
maximum conversion efficiency for each of the Stokes lines. The
obtained pulse duration at FWHM is 8.8 ps and 6.3 ps for the 1stand
2nd Stokes lines, respectively. This is because the delayed Raman
response induces more efficient conversion at the trailing edge of
the input pulse, which results in shorter converted pulsewidths.
Spectrograms obtained from the FROG-retrieved fields are plotted
in Fig. 5 for the initial pump pulse, 1% Stokes beam, and 2" Stokes
beam. In the three cases, the instantaneous frequency increases
over time with the same average slope, confirming that the input
chirp is imprinted onto the converted pulses. However, we notice a
staircase-like structure in the instantaneous frequency of the
generated 1stand 2" Stokes which has not been reported before to
our knowledge. Although we do not have a definite explanation at
this time, this characteristic could be related to the fact that the input
chirped pump pulse does not exhibit a smooth temporal intensity
profile. SPM and XPM effects can then act on the spectrograms as
instantaneous frequency shifters, imparting these frequency
oscillations around the main chirp slope.
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Fig. 6. Left column: (a) FROG-retrieved temporal intensity profile and
(c) FROG-retrieved spectral intensity profile of the compressed 1st
Stokes at 93 pJ input energy; Right column: (b) FROG-retrieved
temporal intensity profile and (d) FROG-retrieved spectral intensity
profile of the compressed 2nd Stokes at 126 pJ input energy.

Finally, the Stokes beams at the MPC output are temporally
compressed using a pair of diffraction gratings in transmission, at
an input energy corresponding to maximum efficiency for each line.
The optimal compression point is searched by fine adjustment of
the incident angle on the gratings and of the distance separating
them. Compression of the 1%t Stokes beam is carried out using a pair
of gratings with 1570 lines/mm and yields a pulse duration of 520
fs at FWHM as shown in Fig. 6(a). The compressor throughput is
80%. For the 2 Stokes beam, a pair of gratings with 1400
lines/mm is used, resulting in a duration of 800 fs at FWHM, as
shown in Fig. 6(b), with a compressor efficiency of 66%. The
obtained temporal pulse quality is mediocre, with large pedestals
and side pulses. This can be traced back to the time-frequency
structure evidenced by the spectrogram, showing a non-
homogeneous chirp rate, or equivalently a higher order spectral
phase, that cannot be compensated by the gratings pair. We also
notice that the obtained spectra for both the 1t and 2 Stokes
possess a peak structure, as shown in Fig. 6(c) and (d), in agreement
with the independently measured spatially-resolved spectrum
shown in Fig. 3(d). This structure is likely related to the SPM/XPM-
induced spectrogram shaping observed in Fig. 5.

In conclusion, we report the use of a solid-state material-based
MPC to perform Raman frequency conversion. This allows efficient
generation of the Stokes lines while preserving the beam quality
due to the spatial filtering action provided by propagation inside the
MPC. These setups could be used in other temporal regimes, e. g.
with ps or ns pulses. Other efficient Raman materials such as
diamond or molecular gases such as hydrogen could also be used to
extend the possibilities in terms of target wavelength and input
pulse energy. MPCs could also provide interesting capabilities: by
carefully designing the MPC mirror coatings, it might be possible to
stop the Raman cascade at a given Stokes line thereby optimizing
the energy transfer towards this line. Finally, since Raman

scattering is an inelastic process, scaling the average power can be
limited by thermal effects [17,18]. In this MPC scheme, the thermal
load is distributed to distinct spots at each pass through the Raman
material, which could be advantageous. We therefore believe that
Raman conversion is an interesting application of nonlinear MPCs.
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