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A cylindrical vector beam is utilized to enhance the energy scale of the pulse post-compressed in a bulk-material
Herriott multi-pass cell (MPC). The method proposed here enables, for the first time to the best of our knowledge, pulse
compression from 14 ps down to 475 fs with throughput energy beyond 1 mJ, corresponding to a compression ratio of 30,
which is the highest pulse energy and compression ratio in single-stage bulk-material MPCs. Furthermore, we demonstrate
the characteristic of the vector polarization beam is preserved in the MPC.

Keywords: cylindrical vector beam, post-compression, multi-pass cell
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1. Introduction

Ultrafast and ultra-high intensity laser pulses are used to-
day in numerous disciplines ranging from fundamental sci-
ence to industrial processing, spectroscopy, medical science,
and so on. Major scientific achievements within ultrafast sci-
ence always rely on the cutting-edge laser source technology,
which pushes forward the development of lasers with higher
parameters. In particular, it is of great challenge to improve
peak and average power simultaneously, and many advanced
technologies have been applied in this field. The broadband
Ti:sapphire lasers, which have been prevailing since the 1990s
for sub-50-fs pulse durations and high-intensity applications,
are gradually replaced by laser architectures with less emis-
sion bandwidth but better average power scalability, most
prominently by ytterbium-doped lasers.[1–3] So far, most ap-
plications mentioned above employ Ti:sapphire or ytterbium-
doped femtosecond amplifiers. The pulse energy of femtosec-
ond lasers based on Ti:sapphire or Yb-doped gain media has
reached a high level by using the chirped pulse amplification
(CPA) technology.[4,5] All kinds of costly dispersive elements
like chirped mirrors, Gires–Tournois mirrors, transmission re-
flection gratings and chirped fiber Bragg gratings are normally
employed in CPA systems, which greatly increase the com-
plexity and cost of the laser systems. However, the mode-
locked Nd:YVO4 oscillators can generate 10 ps pulses with-
out dispersive elements, which can be amplified to hundreds
of micro-Joules or even several milli-Joules directly without
the CPA technology, exhibiting the advantages of low cost
and compact configuration.[6] Thus, compressing picosecond

pulses to obtain femtosecond laser pulses with pulse energy
of hundreds of micro-Joules by post-compression technology
becomes meaningful work.

Pulse post-compression technology is the combination
of nonlinear spectral broadening and dispersion compensa-
tion. Various spectral broadening methods have been com-
monly applied, including nonlinear propagation within the
bulk material,[7] single or multi-plates,[8–11] hollow-core pho-
tonic crystal fibers,[12] slab waveguide,[13,14] multiple focus-
ing in gas medium,[15] and multi-pass cells (MPCs).[16–20] The
MPC method offers high efficiency, high-power handling, ex-
cellent beam quality, and large compression ratios while be-
ing easily adaptable to a large variety of laser pulse parame-
ters including durations ranging currently from 10 ps to a few
cycles[17] as well as pulse energies ranging from a few µJ to
more than 100 mJ.[18,20]

The energy scale of MPCs is limited by the damage
threshold of the cavity mirrors and nonlinear medium. Es-
pecially, the Kerr lens effect causes self-focusing, which ag-
gravates damage to the material, due to the characteristics of
the Gaussian mode distribution. Longer MPC devices can be
used to obtain a larger volume of eigenmode for higher energy
throughput. However, even for an almost 8-m-long chamber
with noble gas as the nonlinear medium, the output energy still
could not exceed tens of milli-Joules. In 2021, Kaumanns et
al. demonstrated a new method to enhance the energy scale to
112 mJ in gas MPC,[18] through the use of the first-order vor-
tex optic field which is the helical Laguerre–Gaussian mode
with the donut-like transverse intensity distribution. The he-
lical Laguerre–Gaussian mode can degrade the peak intensity
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and weaken self-focusing to avoid optical damage, not only
by the bigger spot but also by the hollow transverse intensity
distribution. This process is irrelevant to the vortex phase of
the helical Laguerre–Gaussian mode, insensitive to the vortex
term e iϕ . It is feasible for other plane wavefront modes which
have a similar transverse distribution, such as cylindrical vec-
tor beams.

In this work, we experimentally exploit cylindrical vec-
tor beams for the energy scaling of an MPC and demon-
strate the characteristics of cylindrically symmetric polariza-

tion maintained in the spectrum broadening. We present the
post-compression of the milli-Joule scale pulse and show the
compressibility from 14 ps to 475 fs. This corresponds to the
highest energy and the highest compression ratio in single-
stage bulk-material MPC systems, to our best knowledge.

2. Experimental setup

The layout of the experimental setup of the picosecond
laser MPC post-compression device is shown in Fig. 1.
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Fig. 1. Scheme of the experimental setup. VHWP1 and VHWP2 denote the vortex half-wave plates, Lens1–3 and Lens4 are substitutes
for the input mode matching and out-put collimation optical systems, CM1 and CM2 are the concaves with 300 mm of radius of
curvature.
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Fig. 2. Scheme of generation of a cylindrical vector beam using a vortex half-wave plate, and the transverse distribution of polarization.
Upper: the radial polarization beam. Lower: the azimuthal polarization beam.

A Nd:YVO4 regenerative amplifier is employed as the
driving laser. The 8 ps pulses with a repetition rate of 68 MHz
at the central wavelength of 1064 nm generated by the oscilla-
tor is used as seed, directly injected into the 1 kHz regenera-
tive amplifier. The pulse energy is amplified to 1.3 mJ and the
pulse duration is stretched to 14 ps due to the gain narrowing

effect. The spectrum full width at half maximum (FWHM) of
the picosecond driving laser is 0.26 nm.

A half-wave plate (HWP) and thin-film polarizers (TFPs)
control the input energy into the post-compression device.
The linear polarization driving laser is converted to a first-
order cylindrical vector polarization beam by placing an op-
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tical vortex half-wave plate VHWP1 with a topological charge
of l =+1, which is composed of multiple 1064 nm half-wave
plates whose fast axes rotate at a certain angle in turn, as
shown in Fig. 2. The polarization state varies with the po-
lar angle in polar coordinates, and at the center of the beam
is a topological singularity, causing a donut-like intensity pat-
tern as shown in Fig. 2. Rotate the half-wave vortex plate to
acquire the radial polarization beam or the azimuthal polariza-
tion beam.

The beam is approximately modulated to LG10 mode,
which has the distribution[16]

LGlm = LG00

(
ρ

w

)|l|
Ll

m

(2ρ2

w2 e iϕlm(z)
)
. (1)

For l = m = 0 the distribution also reduces to the fundamental
Gaussian beam solution LG00, Ll

m is the associated Laguerre
polynomials, ϕlm(z) = (2m+ l + 1) tan−1(z/z0) is the Gouy
phase shift.

The mode of driving laser has been matched, so as to
ensure similar nonlinear pulse propagation characteristics for
each roundtrip. The mode matching of the picosecond driving
laser to the eigenmode of the Herriott type MPC is achieved by
using a 1:2 Galilean telescope system (L1, L2) and a focusing
plano-convex lens (L3, f = 750 mm).

The Herriott-type MPC consists of two concave cavity
mirrors CM1 and CM2 (CM508-150-E03, Thorlabs). The di-
ameter and radius of curvature of two concave cavity mirrors
are 3 inches and 300 mm, respectively. The distance between
two concave cavity mirrors is set to be about 500 mm.

A fused silica bulk material with thickness of 25 mm and
diameter of 2 inches is employed as the Kerr medium, which
provides nonlinear boarding of the spectrum by the effect of
the self-phase modulation (SPM). Both end faces of the fused
bulk silica are coated with anti-reflection coating at the central
wavelength of 1064 nm. The fused bulk silica is placed at the
waist of the MPC cavity.

The driving laser coupling in and out of the MPC is re-
alized by two mini rectangular mirrors. Round trip times be-
tween two concave cavity mirrors of the driving laser can be
adjusted by finely tuning the cavity length of the MPC. The
driving laser is aligned to pass through 56 roundtrips inside
the MPC cavity in our experiment, which corresponds to 111
times passing through the Kerr medium. This process broad-
ens the spectrum of driving picosecond laser by the SPM,
which makes it support a shorter Fourier transform-limited
(FTL) pulse duration. The overall length of the driving laser
propagating in the medium is much less than the dispersion
length for the picosecond pulse, so it is unnecessary to con-
sider the material dispersion, and it can be assumed that the
duration of the driving laser is constant. It is required to com-
pensate for the residual dispersion to obtain a shorter pulse.

A second vortex half-wave plate VHWP2 identical to the
first vortex half-wave plate VHWP1 is placed into the beam
after the beam is coupled out of the MPC device. By rotat-
ing the orientation of the VHWP2 to the corresponding angle,
the phase delay is compensated for, and the output beam is
converted to vertical polarization to acquire higher diffraction
efficiency of the grating.

Finally, a pair of transmission gratings is set for remov-
ing the positive chirp introduced by the SPM effect and the
fused-silica material dispersion, which is 1000 line/mm and
optimized for vertical polarization. The laser is incident on the
gratings at a Littrow angle of 32.1◦ after collimated by Lens4.

3. Experimental results
We calculate the distribution of the MPC cavity Gaussian

eigenmode by ABCD matrix, the diameter of the MPC cavity
Gaussian eigenmode of 1064 nm is 0.96 mm and 0.388 mm on
the concave cavity mirrors and in the waist of the MPC device,
respectively. The beam waist of Laguerre–Gaussian mode is√

M2 times larger than the Gaussian eigenmode LG00, scales
as

wLGlm =
√

M2weigen. (2)

For Laguerre–Gaussian mode M2 = 2m+ |l|+ 1, the di-
ameter of the corresponding first-order cylindrical vector beam
LG10 is 1.36 mm and 0.55 mm on the concave cavity mirrors
and in the waist of the MPC device, respectively.

Experimentally, when injecting the MPC with a Gaussian
beam, the maximum throughput energy is 370 µJ, which is
limited by the self-focusing and damage threshold of the coat-
ing and the fused silica.

Due to the LG10 mode distribution of the cylindrical vec-
tor beam, the peak power intensity attenuates 2.7 times.[20]

Moreover, the donut-like beam distribution significantly weak-
ens the self focusing. Thus, with cylindrical vector beam, the
maximum input energy increases to more than 1.3 mJ, which
is about 3.7 times higher than that of the Gaussian beam.

For robustness considering mode matching errors, mirror
imperfections, or the development of hot spots in the beam,
the input energy is set to 1.2 mJ. The output pulse energy af-
ter MPC post-compression increases linearly with the increase
of the input pulse energy adjusted by the combination of half-
wave plate and thin-film polarizer, which implies that there are
only linear losses in the MPC post-compression. Finally, the
output energy of the MPC device is 1.03 mJ, corresponding to
a transmission efficiency of 86%. The loss mainly stems from
reflection loss.

We measured the polarization state intensity distribution
of the beam through a rotatable linear polarizer under differ-
ent orientations before and after the MPC device, respectively.
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Figures 3(a) and 3(c) show the azimuthal polarization beam
distributions before and after the MPC, respectively. Fig-
ures 3(b) and 3(d) present the radial polarization beam dis-
tributions before and after the MPC, respectively. The top
left-hand corner of each figure is the intensity distribution of
the beam without the polarizer, and the other three part is the
corresponding intensity distributions after the polarizer. The
output beam is still a clean doughnut mode in Figs. 3(b) and
3(d) and the polarization state intensity distribution of the out-
put beam is the same as the corresponding input beam. It is
demonstrated that polarization is not affected by self-phase
modulation in the MPC. The MPC device is a polarization pre-
serving system.

Without
polarizer

Without
polarizer

Without
polarizer

Without
polarizer

(a) (b)

(c) (d)

45O

90O 90O

90O 90O

0O 0O

0O 0O

45O

45O 45O

Fig. 3. The polarization intensity distribution of the input and output beams
measured by a linear polarizer. (a) and (b) The profiles of input azimuthal
polarization and radial polarization beam, respectively. (c) and (d) The pro-
files of the corresponding output azimuthal polarization and radial polariza-
tion beam, respectively.

Figure 4 depicts the measured spectrum before VHWP2,
the measured spectrum is broadened by the MPC device, and
spanning from 1059 nm to 1069 nm. When we rotate the
VHWP1 to convert the radial polarization to the azimuthal po-
larization, the measured spectrum does not vary with it, which
demonstrates that the SPM process in the MPC is insensitive
to the polarization state once more.

The shape of broadened spectrum approximately follows
the expected profile of self-phase modulation known from the
MPC with a linear polarization beam. The central peak is a
consequence of the background, which is the part of 68 MHz
seed, non-amplified and recorded by the spectrometer at low-
frequency mode.

The Fourier-transform limit of the measured broadened
spectrum is 456 fs. After a pair of transmission gratings,

−3.2× 10−6 fs2 GDD is provided to remove the chirp and
to compress the pulse duration. A shortest intensity autocor-
relation trace signal of 637 fs is measured by a commercial
intensity autocorrelator (PulseCheck-50, A. P. E. GmbH), as
shown in Fig. 5. The intensity autocorrelation function decon-
volution factor of the FTL pulse is 0.746, assuming that the
deconvolution factor of the compressed pulses is the same as
the FTL pulses. Therefore, the duration of compressed pulses
is 475 fs, which is slightly longer than that of the FTL, and
may be attributed to the high order dispersion. The compres-
sion factor is approximately 30.
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Fig. 4. Measured input (black) and output (red) spectrum.
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Fig. 5. Fourier limited pulse calculated from the output spectrum shown
in Fig. 3 together with the autocorrelation trace calculated for FTL pulse
(blue) and the measured autocorrelation trace (red). The measured input
pulse and its FWHM duration are shown in the inset.

4. Conclusion
We have demonstrated the post-compression in a bulk-

material multi-pass cell (MPC) with output energy 1 mJ pulse,
significantly improving the energy scale of bulk-material
MPCs by converting a linear polarization input beam to a first-
order cylindrical vector polarization beam. The pulse duration
is compressed from 14 ps down to 475 fs, corresponding to
a compression ratio of 30. To the best of our knowledge, this
work is the highest pulse energy output from the MPC with the
bulk material as the nonlinear medium. Moreover, this is the
highest pulse compression ratio in single-stage bulk-material
MPCs. We demonstrate that the characteristic of vector polar-
ization beam is preserved in the process of spectral broadening
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in the MPC, no matter what is the donut-like transverse distri-
bution or the polarization state. There is still great potential of
pulse post-compression energy scale with higher order vector
polarization beams.
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