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We demonstrate nonlinear pulse compression of an 8 kHz Nd:YVO4 picosecond laser using the multi-pass-cell (MPC) tech-
nique with fused silica as the nonlinear medium. The pulse duration is compressed from 12.5 ps to 601 fs, corresponding to a
pulse shortening factor of 20.8. The output pulse energy is 154 μJ with an efficiency of 74.5%. To the best of our knowledge,
this is the highest pulse compression ratio achieved in a single-stage MPC with bulk material as the nonlinear medium. The
laser power stability and the beam quality (M2) before and after the MPC are also experimentally studied. Both the laser
power stability and the beam quality are barely deteriorated by the MPC device.
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1. Introduction

Femtosecond laser pulses operated at several kilohertz repetition
rate with hundreds of microjoules pulse energy have attracted
great interest in the fields of material process[1], spectroscopy[2],
mid-infrared generation[3], and so on. So far, the applications
mentioned above are employing Ti:sapphire or ytterbium
(Yb)-doped femtosecond amplifiers. The femtosecond lasers
based on Ti:sapphire or Yb-doped gain media have reached a
high level of technological maturity and are commercially avail-
able[4–6]. Nevertheless, the price of the Ti:sapphire amplifier and
the Yb-doped amplifier is relatively high. Neodymium (Nd)-
doped picosecond amplifiers with hundreds ofmicrojoules pulse
energy exhibit the advantages of low cost and compact configu-
ration profiting from its chirped pulse amplification (CPA) free
structure. So, spectral broadening of the picosecond amplifier
and then chirped removal would be an ingenious route to obtain
femtosecond laser pulses with around hundreds of microjoules
pulse energy. The peak power of the laser pulse with pulse
duration of 10 ps and pulse energy mentioned above is several
tens of megawatts. In this peak power level, the gas-filled
Kagome hollow-core photonic crystal fiber (HC-PCF) has
been reported as a feasible compression scheme[7,8]. However,

Kagome HC-PCF is sensitive to the beam fluctuation of the
input laser, because its core diameter is only tens of microns.
In 2016, Schulte et al. implemented an innovative scheme for
spectral broadening called the multi-pass-cell (MPC), which
consists of two concave mirrors (CMs) and nonlinear bulk
media[9]. This device is mostly ideal for the spectral broadening
of laser pulses with a peak power of tens of megawatts. It can be
designed to have an adequate aperture to make the unit insen-
sitive to the fluctuation and beam quality of the coupled laser
beam[9]. Both the numerical simulations and experimental
results indicate that the homogeneous spectral broadening
across the beam spatial profile can be realized if the per pass
nonlinear phase is small enough, like 0.1π[10,11]. Therefore,
the spectral broadening factor and the pulse duration compres-
sion ratio are positively correlated with the number of times the
lasers pass through the nonlinear bulk materials. Currently, the
maximum round trips of the MPC with bulk media are 29 (57
passes), which result in a pulse compression ratio of 7.5[11]. A
higher compression ratio is achievable by cascading the MPC
device. For example, Fritsch et al. achieved 13.8 times pulse
compression by cascading three-stage all-solid-state MPCs[12],
and Vicentini et al. demonstrated 20.9 times pulse compression
by cascading two-stage bulk medium-based MPC devices[13].
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Nevertheless, cascaded MPCs suffer from a few complications,
such as large footprint, high cost, and intricate configuration. In
2018, Lavenu et al. scaled the MPC technology to higher pulse
energy with the noble gas as the nonlinear media[14]. The MPC
device with noble gas as the nonlinear media has the potential to
achieve stable and reliable spectral broadening with higher sin-
gle-pass B integrals, since the self-focusing thresholds of the
gases are about three orders higher than that of bulk media. It
means that a higher compression ratio with single-stage gas-
filled MPCs could become true. For example, nonlinear pulse
compression of a Yb-doped thin disk regenerative amplifier with
single-stage gas-filled MPCs and a compression ratio of 31.7 is
experimentally achieved by Kaumanns et al.[15], and Balla et al.
demonstrated a compression ratio of 92.3 using a two-stage cas-
caded gas-filled MPC[16]. Nevertheless, these devices are more
suitable for the spectral broadening of high peak power lasers,
such as several hundred megawatts to several gigawatts.
In this Letter, an 8 kHz Nd:YVO4 picosecond laser with

12.5 ps pulse duration and 1.65W average power is coupled into
a fused-silica-based MPC device to nonlinearly compress the
pulse duration. Fifty-six round trips in our MPC are experimen-
tally achieved by employing 3 inch (1 inch = 2.54 cm). diameter
CMs as the MPC mirrors. At the output, the average power and
the pulse duration are 1.23 W and 601 fs, corresponding to an
overall transmission of 74.5% and a compression ratio of 20.8,
respectively. To the best of our knowledge, this is the highest
achieved pulse compression ratio in single-stage MPCs with
the bulk material as the nonlinear media. The long-term power
stability and the beam quality (M2) of theMPC device are exper-
imentally studied. The root-mean square (RMS) of the laser
power drift before and after the MPC unit is 0.61% and
0.66%, respectively, which indicates that the power fluctuation
is hardly aggravated by the MPC device. Meanwhile, the beam
quality (M2) is also slightly deteriorated by the MPC device.

2. Experimental Setup

The layout of the experimental setup is shown in Fig. 1. The seed
is a passively mode-locked Nd:YVO4 picosecond oscillator,
which delivers 2 W average power and 8.2 ps pulse duration
at 68 MHz repetition rate. The central wavelength and full
width at half-maximum (FWHM) bandwidth of the seed are
1064.12 nm and 0.27 nm, respectively. A thin film polarizer
(TFP), Faraday rotator (FR), and half-wave plate (λ=2) form
an optical isolator to prevent the laser pulse from returning to
the seed. The structure of the regenerative cavity is the same
as that in Ref. [17], which comprises two CMs (M1, M4), two
convex mirrors (M2, M3), two TFPs (TFP3, TFP4), two dichroic
mirrors (DM1, DM2), and a Pockels cell (PC). The regenerative
cavity is operated at 8 kHz repetition rate. Under the pump
power of 15 W, 1.65 W amplified seed power is dumped from
the regenerative cavity. The bandwidth (FWHM) of the seed
narrows to 0.192 nm, as shown in Fig. 2(a). The amplified pulse
duration is measured to be 12.5 ps by using an intensity auto-
correlator (PulseCheck-50, A. P. E. GmbH). Since the maximal

Fig. 1. Experimental setup: Nd:YVO4 regenerative amplifier followed by the
MPC and grating compressor. TFP1–TFP5, thin film polarizers; FR1, FR2,
Faraday rotators; λ=2, half-wave plate; PC, Pockels cell; M1–M4, regenerative
cavity mirrors; DM1, DM2, dichroic mirrors, with high transmission (HT) at
808 nm and HR at 1064 nm; LD, laser diode at 808 nm; L1–L4, lenses; CM1,
CM2, concave mirrors.

Fig. 2. Characterization of the Nd:YVO4 regenerative amplifier. (a) Spectrum
and (b) intensity autocorrelation trace.
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delay scale of the intensity autocorrelator is ±25 ps, and the mea-
sured intensity value of the delay point ±25 ps is nonzero, a
larger sech2 fitting scale of ±50 ps is executed, as shown in
Fig. 2(b). Then, the laser beam is mode matched to the
Herriott typeMPCwith three lenses (L1, L2, L3). TheMPC con-
sists of CM1 and CM2 with 76.2 mm diameter and 300 mm
radius of curvature. CM1 and CM2 are coated with high-reflec-
tion (HR) coating at 1064 nm with a reflectivity greater than
99.9%. The distance between CM1 and CM2 is set to be about
500mm. So, the eigenmode of theMPC is calculated to be 2w1 =
0.95mm and 2w0 = 0.39mm on the CMs and in the waist,
respectively. One piece of fused silica with 25 mm thickness
and 50.8 mm diameter is placed on the waist as the nonlinear
medium, and both end faces are coated with high transmission
(T > 99.9%) at 1064 nm. The laser pulse coupled in and out of
the MPC is achieved with two plane mirrors of 3 mm width. In
our experiment, 56 round trips are realized by finely tuning the
distance of the unit, corresponding to the laser pulse that passes

111 times through the nonlinear media. So, the total propagating
distance in the fused silica and in the air is about 2.78 m and
52.73m, respectively. More round trips are theoretically feasible,
but the coupling in/out mirrors will severely clip the laser beam.
The laser beam from the MPC is collimated by the lens L4. A
Treacy type compressor consisting of two 1000 line/mm trans-
mission gratings (T-1000-1040-31.8 × 12.3-94, Lightsymth) is
used for removing the chirp of the spectrally broadened pulses.
This is because the required group delay dispersion (GDD) is on
the order of the 106 fs2; such a large amount of GDD is difficult
to compensate using the chirped mirrors or Gires–Tournois
interferometer (GTI) mirrors. The laser is incident on the gra-
tings at a Littrow angle of 32.1°. The distance of the two gratings
is set to be 215 mm, and the GDD and third-order dispersion
(TOD) of the grating pair are −1.5 × 106 fs2 and 4.6 × 106 fs3,
respectively.

3. Experimental Results

The laser power after the lens L4 is 1.37 W when the incident
power is 1.65 W, corresponding to a transmission of 83%.
The lossmainly comes from the 222 passes through the end faces
of the fused silica and 110 times reflection on CM1 and CM2.
For example, we assume that the reflectivity of CM1 and
CM2 and transmittance of the fused silica are 99.95%, and then

Fig. 3. Characterization of the laser pulses after the compression unit.
(a) Spectrum after MPC device; inset: calculated FTL pulse duration.
(b) Intensity autocorrelation trace after compressor (black) and convolution
of the FTL pulse (red).

Fig. 4. Long-term power stability of the (a) Nd:YVO4 picosecond laser and
(b) MPC.
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the transmittance can be estimated to be 0:9995332 = 84.7%. The
other optical elements like lenses and coupling in/out mirrors
can also result in a small loss. As the laser power decreases in
the MPC device, the per-pass nonlinear phase is also gradually
decreasing. The average per-pass and total nonlinear phases are
estimated to be 0.1π and 11.1π (beam averaged values), respec-
tively. Spectral broadening to 4.69 nm (half the intensity of the
outer spectral maxima) is experimentally achieved, as shown in
Fig. 3(a), corresponding to a spectral broadening factor of 24.2.
The Fourier transform limited (FTL) pulse duration of the
broadened spectrum is calculated to be 596 fs, as shown in
the inset of Fig. 3(a). A shortest intensity autocorrelation trace
of 798 fs is compressed, as shown in Fig. 3(b). The pulse duration
of 601 fs is inferred, assuming that the deconvolution factor of
the compressed pulses is the same as the FTL pulses (0.753). So,
the pulse duration compressed by a factor of 20.8 is deduced.
The laser power after the grating compressor is 1.23 W, corre-
sponding to a transmission of 89.8%. The total transmission of
the compression device is calculated to be 74.5%.

The long-term power stability is measured, as shown in Fig. 4.
Within 2 h, one measurement point is recorded per second, and
the RMS stability before and after the MPC is 0.61% and 0.66%,
respectively, which indicates that the laser power drift is little
affected by the spectral broadening process.
The beam quality (M2) before and after MPC is measured to

be 1.94 × 1.91 and 1.84 × 1.94, respectively, as shown in Fig. 5. It
is observed that the beam quality is hardly deteriorated by the
MPC device. At the same time, it is also proved that the MPC
device has a lower requirement for the beam quality of the
incident laser.

4. Conclusion

In summary, the spectral bandwidth of an 8 kHzNd:YVO4 pico-
second laser is broadened from 0.192 nm to 4.64 nm by using a
fused-silica-based MPC device, corresponding to a spectral
broadening factor of 24.2.Meanwhile, the pulse duration is com-
pressed from 12.5 ps to 601 fs, corresponding to a pulse shorting
factor of 20.8. After the compressor unit, the pulse energy is
154 μJ. Such a laser source has the potential to be applied in
many scientific and industrial fields like nonlinear optics and
welding processes.
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