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Abstract
The device of multi-pass-cell (MPC) could broaden the spectra of ultrafast laser pulses based on the self-phase-modulation 
(SPM) effect, which is composed of two concave mirrors and nonlinear mediums. In this paper, the pulse duration of 172 fs 
is compressed from a 11.3 ps Nd:  YVO4 regenerative amplifier at the repetition rate of 1 kHz by using two stages of MPC 
systems. The pulse duration is shortened by a factor of 66, and the pulse energy of 117 μJ is obtained with a total efficiency 
of 51%. With high average power Nd-doped laser systems at 10 ps level, this method has the potential to generate high power 
femtosecond lasers with high efficiency, compact configuration, and low cost.

1 Introduction

Ultrafast femtosecond laser systems with hundreds of micro-
joules energy operated at several kilohertz repetition rate are 
of great importance to many applications like medical sci-
ence [1], industrial processes [2, 3], mid-infrared generation 
[4] and impulsive coherent vibrational spectroscopy [5, 6]. 
To boost the energy of the femtosecond oscillator to hun-
dreds of microjoules or higher, the chirped pulse amplifica-
tion (CPA) technology based on bulk gain mediums is gen-
erally applied. All kinds of costly dispersive elements like 
chirped mirrors, Gires-Tournois (GTI) mirrors, transmission/
reflection gratings and chirped fiber Bragg grating (CFBG) 
are normally employed in CPA devices, which increases the 

complexity and cost of the laser system [7–9]. However, the 
mode-locked Nd:  YVO4 oscillators can radiate 10 ps pulses 
without dispersive elements, which can be amplified to 
hundreds of microjoules or even several millijoules directly 
without CPA technology [10, 11]. In addition, combining 
with nonlinear spectral broadening and pulse compressing 
technologies, the 10 ps level ultrafast laser sources would 
become attractive devices for generating compact and cost-
efficient femtosecond lasers.

Several nonlinear spectral broadening processes have 
been reported, such as cross-polarized wave genera-
tion (XPW), cascade second-order nonlinear effect and 
self-phase modulation (SPM). Limited by the conversion 
efficiency (≤ 33% [12]) and the spectral broadening ratio 
(≤ 1.73 [13]), XPW is seldomly used for spectral broaden-
ing [14]. The maximum pulse compression ratio based on 
the cascaded second-order nonlinearity is only 6.3 to date. 
To get this ratio, 3 stage BBO crystals were employed [15]. 
Compared to the above two principles, SPM has the advan-
tages of a higher spectral broadening factor and less energy 
loss. Several kinds of devices have been demonstrated based 
on the SPM effect, such as the solid-core photonic crystal 
fiber (PCF) [16–18], the gas-filled Kagome hollow-core 
PCF [19–23], the noble gas-filled hollow-core capillar-
ies (HCF) [24–30], the solid thin plates(STP) [31–33] and 
the MPC [34–43]. An overview of the reported input laser 
pulse parameters of different devices based on SPM effect 
is shown in Fig. 1. Limited by the self-focusing threshold of 
the glass material (a few MW), the solid core PCF is nor-
mally utilized for the spectral broadening of the femtosecond 
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oscillator. The Gas-filled Kagome PCF can transmit laser 
pulses with the peak power ranging from megawatts to sev-
eral gigawatts since the self-focusing threshold of noble 
gases is about three orders of magnitude lower than that 
of glass. Nevertheless, the Kagome PCF is sensitive to the 
beam pointing fluctuations of the input laser, because its 
core diameter is generally less than 100 μm. The HCF can 
be implemented to broaden the spectrum of the high peak 
power laser pulse (∼100 MW-TW) with a transmission of 
only ∼50%, and meanwhile it has poor long-term stability 
and bulky configurations. The STP can also applied in the 
high peak power laser systems, such as the kilohertz Ti: Sap-
phire amplifier. However, the output beam profile normally 
has a ring structure, and only the central part can be used in 
the experiments.

The above limitations can be mitigated by using the Her-
riott-type MPC, which is composed of nonlinear mediums 
(solid or gas) and two concave mirrors. During laser pulse 
propagation through the MPC, a small amount of nonlin-
ear phase could be accumulated by one pass through the 
nonlinear medium. After several round trips, the strong and 
efficient spectral broadening can be achieved. This device 
was first demonstrated by Jan Schulte et al. in 2016, and 
they compressed the pulse duration of an Yb: YAG Innoslab 
amplifier from 850 to 170 fs with a transmission of > 90% 
[34]. The advantages of the MPC are as follows. First, the 
output laser pulses from the MPC show an excellent beam 
profile and spectral-spatial homogeneity since the single-
pass nonlinear phase shift is smaller like 0.1π [37]. Second, 
the MPC can be constructed to have an ample aperture to 
make the device insensitive to the fluctuation and beam qual-
ity of the coupled laser beam [34]. Thirdly, the design flex-
ibility of the MPC is terrific. There is a specific Gaussian 

eigenmode inside the MPC when the distance between the 
two concave mirrors is fixed. So, the per pass nonlinear 
phase is adjustable by changing the position of nonlinear 
elements along the axis of MPC. And the number of passes 
through the nonlinear medium can be changed by tuning the 
distance of the MPC mirrors with only a few millimeters. 
Therefore, the exact nonlinear phase could be accumulated 
by fine-tuning these parameters before the nonlinear loss 
occurs or the beam quality deteriorates significantly.

Benefiting from the above advantages, the MPC can 
efficiently broaden the spectrum of the laser pulses in a 
large peak power range. So far with the MPC devices, the 
peak power range of 10–302 MW in solids and 485 MW 
to 50 GW in noble gases have been reported [34–43]. For 
a pulse of 10 ps, its peak power will be tens of megawatt 
if the energy is several hundred microjoules. So, the MPC 
device with the solids as the nonlinear medium would be 
the best choice for our purpose. At present, the maximum 
incident pulse duration is 860 fs [36] and the optimal pulse 
compression ratio is 21 [42] based on the MPC with solids 
as the nonlinear mediums.

In this letter, we compress the pulse duration of a Nd: 
 YVO4 picosecond laser from 11.3 ps to 172 fs by a two-stage 
MPC with the fused-silica as the nonlinear medium, and 
the pulse duration is shortened by a factor of 66. The output 
pulse energy is 117 μJ with an incident energy of 230 μJ, 
corresponding to an overall efficiency of 51%. Our laser 
system is simple and compact. This is the first time that the 
MPC device has been employed to compress pulse around 
10 ps. Moreover, this is the highest pulse compression ratio 
achieved in the MPC with solids nonlinear mediums.

2  Experimental setup

The experimental setup of the nonlinear temporal compres-
sion of a Nd:  YVO4 picosecond amplifier is depicted in 
Fig. 2. A Nd:  YVO4 based picosecond oscillator providing 

Fig. 1  Overview of the input laser pulse parameter of different 
devices based on SPM effect

Fig. 2  Experimental setup for nonlinear pulse compression a Nd: 
 YVO4 picosecond laser using two stages MPC, CM1-CM4: concave 
mirrors
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2 W average power at the central wavelength of 1064 nm is 
used as the seed. The oscillator generates 8 ps pulses with a 
repetition rate of 68 MHz. The seed is directly injected into 
a 1 kHz Nd:  YVO4 regenerative amplifier without stretching 
the pulse width. The regenerative cavity is the same as that 
of 1 kHz amplifier in [44]. The pulse energy is amplified to 
230 μJ and the pulse duration is stretched to 11.3 ps (Pulse-
Check-50, A. P. E. GmbH) due to the gain narrowing effect, 
as shown in Fig. 3a. The spectrum of the amplified pulse 
has a bandwidth of 0.26 nm (FWHM) (OSA, YOKOGAWA 
AQ6370C), as shown in Fig. 3b, which supports the Fourier 
transform-limited (FTL) pulse duration of 5.9 ps. The mode 
matching of the picosecond laser to the first stage MPC is 
achieved using three spherical lenses (L1, L2, L3). The pulse 
duration will be broadened by the dispersion of the Kerr-
mediums while the spectral broadening occurred. This will 
bring down the peak power of the input pulses and weaken-
ing the spectral broadening performance. Luckily, the pulse 
temporal broadening is negligible in our MPC device since 
overall silica length is much less than the dispersion length, 
which means it is unnecessary to compensate the material 
dispersion of Kerr-mediums by customized chirped concave 

mirrors. So, easily available and affordable concave mir-
rors CM1-CM2 (CM508-150-E03, Thorlabs) are employed 
as MPC mirrors. The diameter and radius of curvature of 
CM1-CM2 is 50.8 mm and 300 mm, respectively. The dis-
tance between the CM1 and CM2 is 500 mm, and the beam 
diameter of the Gaussian eigenmode inside the MPC1 is 
2ω1 = 0.95 mm and 2ω0 = 0.39 mm on the surfaces of con-
cave mirrors and in the middle of the MPC1, respectively. 
Two 10 mm thick fused-silica with 50.8 mm diameter are 
placed in the middle of the MPC1 as the nonlinear medium, 
each end faces of which are coated with antireflection in the 
range of 1028–1064 nm. The Kerr-lens with a focal length 
309 mm changes the beam diameter to 2ω1 = 0.82 mm and 
2ω0 = 0.43 mm, respectively. The picosecond pulse cou-
pling into and from the MPC is realized with two 6 mm 
diameter plane mirrors. The laser is aligned to pass through 
26 roundtrips inside the MPC1, corresponding to 51 times 
passes through the fused-silica, and the total optical path 
in the fused silica and in air is 1.02 m and 24.48 m, respec-
tively. A pair of 1000 line/mm transmission gratings is used 
for removing the positive chirp introduced by the SPM effect 
and the fused-silica material dispersion. After grating com-
pressor1, the mode matching of the beam to the second stage 
MPC is also realized with three spherical lenses (L4, L5,  
L6). The MPC2 consists of mirrors (CM3, CM4) with the 
same parameters as those in MPC1 because the dispersion 
of nonlinear medium also has a weak effect on the accumu-
lation of nonlinear phases. The distance between two con-
cave mirrors is chosen to be 550 mm for a larger beam size 
in the concave mirrors to avoid the damage of the coating. 
The beam diameter is 0.335 mm at the cavity center, and 
1.16 mm on the concave mirrors. A 10 mm thick fused-silica 
is placed 8.5 cm away from the CM3, and the beam diameter 
in the center of that is 0.82 mm, which changes to 0.88 mm 
due to the Kerr-lens effect. During a complete pass through 
the MPC2, the laser pulse is reflected 30 times on CM3 
and CM4, plus reflection on the plane mirrors with 6 mm 
diameter for coupling in and out, corresponding to 31 times 
passes through the fused-silica. The optical path in the sec-
ond stage MPC is 0.31 m and 16.74 m in the fused silica and 
air, respectively. Finally, a pair of gratings with 600 lines/
mm groove are inserted into the system for compensating 
the positive chirp.

3  Experimental results

We use a half-wave plate and a thin-film polarizer to adjust 
the input pulse energy, the output pulse energy of both two 
stages MPC increases linearly with the increasing of the 
input pulse energy, which implies that no nonlinear loss 
occurred. The maximum output pulse energy of the first 
stage MPC is 180 μJ when the input pulse energy is 230 μJ, 

Fig. 3  Intensity autocorrelation trace (a) and spectrum (b) of the Nd: 
 YVO4 regenerative amplifier
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which yields a transmission efficiency of 78%. The loss 
mainly stems from the 204 times reflection on the fused-
silica end faces and 50 times reflection on the concave 
mirrors. The nonlinear phase of each passing through the 
nonlinear elements decreases on account of the reducing 
pulse energy in MPC device. The average nonlinear phase 
of per pass is calculated to be 0.1π, so the total accumulated 
nonlinear phase in MPC1 is estimated to be 5.1π. The spec-
trum after MPC1 is broadened from 0.26 to 2.5 nm (taken 
at half the intensity of the outer spectral maxima), which 
supports the FTL pulse duration of 1.04 ps, as shown in 
Fig. 4a. The number and intensity distribution of the peaks 
of the experimental spectrum is different from the theoretical 
values because the initial incident laser pulses are not FTL. 
Since the chirped mirrors or GTI mirrors cannot provide the 
required amount of GDD, which is at the magnitude of  106 
 fs2, so a pair of transmission gratings are used to compress 
the chirped pulses ones at the cost of introducing additional 
third-order-dispersion (TOD). The laser pulses are incident 
on the 1000 line/mm gratings at a Littrow angle of 32.1° to 
obtain the highest diffraction efficiency. Grating2 is mounted 

on a translation stage to adjust the GDD of compressor1. 
The shortest intensity autocorrelation trace after compres-
sor1 is 1.42 ps when the distance between the grating pair 
is 385 mm, as shown in Fig. 4b. The GDD offered by the 
compressor1 is calculated to be − 2.71 ×  106  fs2. Assum-
ing that the deconvolution factor of the compressed pulse 
is the same as the FTL (0.74), which yields an approximate 
compressed pulse of 1.05 ps. So, the laser pulse duration is 
shortened by a factor of 11. The remaining pulse energy is 
157 μJ after compression, corresponding to a compression 
efficiency of 87.5%. By integrating the autocorrelation trace 
we estimate that 76% of the energy is concentrated in the 
main peak, so the peak power of the pulse improved by a 
factor of 5.6 is achieved.

The energy of the pulses coupled into the second stage 
MPC after passing through the three mode matching lenses 
(L4, L5, L6) is 152 μJ. And the output pulse energy is 
140 μJ, corresponding to the transmission of 92%. The trans-
mission of the MPC2 is higher than MPC1, due to only one 
piece of the fused silica as the Kerr medium inside MPC2, 
as well as fewer round trips. The beam averaged nonlinear 
phase of each pass is calculated to be 0.08π, which contrib-
utes to a total nonlinear phase of 2.5π. After 31 passes, a 
spectrum bandwidth of 18.06 nm (taken at half the intensity 
of the outer spectral maxima) is achieved, which supports 
the FTL pulse duration of 164 fs, as shown in Fig. 5a. As 
for the distribution of the spectrum intensity, both sides are 
lower than the middle parts, this is the same phenomenon 
as [35]. This likely stems from side pulses of the laser pulse 
output by MPC1. A pair of 600 line/mm transmission grat-
ings is used to remove the positive chirp of the pulse intro-
duced by SPM effect in the MPC2. The laser is also incident 
on the gratings at a Littrow angle of 18.6° for the highest 
diffraction efficiency. A compressed autocorrelation width 
of 229 fs is obtained when the distance of the two grat-
ings is 17 mm, as shown in Fig. 5b. The GDD generated 
by the grating compressor2 is − 3 ×  104  fs2. Assuming that 
the deconvolution factor of the pulse after compressor2 is 
the same as the FTL (0.75), the resulting compressed pulse 
duration is about 172 fs. The pulse duration is shortened by 
a factor of 6. The pulse energy is 117 μJ after compression, 
which yields a compression efficiency of 83.6%. Based on 
the autocorrelation trace, we estimated that a fraction of 45% 
pulse energy is in the main pulse. And the energy outside 
the main peak may be caused by the high-order dispersion 
introduced by the grating compressor.

The laser beam quality  (M2) output from the grating com-
pressor2 in the horizontal and vertical directions are 1.36 
and 1.45 (Spiricon,  M2–200 s), as shown in Fig. 6b. The 
spatial profile of the laser beams is well enough, as shown 
in the inset of the Fig. 6b. In addition, the laser beam pro-
file is slightly deteriorated compared with the Nd:  YVO4 
picosecond regenerative amplifier, the  M2 value of which is 

Fig. 4  Characterization of the laser pulses from the first stage MPC. a 
broadened spectrum and FTL pulse; b measured autocorrelation trace 
and convolution of the FTL pulse
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1.22 × 1.24, as shown in Fig. 6a. This result may be attrib-
uted to the imperfect concave mirrors shape and the Kerr 
lens effect [38].

4  Summary

In conclusion, we combined the MPC technology with the 
10 ps level ultrafast lasers to generate 0.1 mJ level femto-
second pulses without CPA. Pulse compression of a Nd: 
 YVO4 picosecond amplifier from 11.3 ps to 172 fs at 230 μJ 
pulse energy is experimentally achieved by means of non-
linear spectral broadening in the MPC with an efficiency of 
51%. Higher compression efficiency is expected if higher 
transmittance fused-silica adopted as nonlinear medium and 
chirped mirrors applied to remove the positive chirp after 
the MPC2. In the future, cost-efficient high average power 
femtosecond laser can be generated by a combination of high 
average power Nd-doped picosecond laser [45, 46] and the 

MPC technique. Such a laser source has potential in many 
different applications, like industrial micromachining and 
optical parametric amplification.
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