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Cylindrical vector beams (CVBs), with non-uniform state of polarizations, have become an indispensable tool in many areas
of science and technology. However, little research has explored high power CVBs at the femtosecond regime. In this paper,
we report on the generation of high quality CVBs with high peak power and femtosecond pulse duration in a fiber chirped-
pulse amplification laser system. The radially (azimuthally) polarized vector beam has been obtained with a pulse duration of
440 fs (430 fs) and a maximum average output power of 20.36 W (20.12 W). The maximum output pulse energy is ∼20 μJ at a
repetition rate of 1 MHz, corresponding to a high peak power of ∼46MW. The comparison between simulated intensity
profiles and measured experimental results suggests that the generated CVBs have a remarkable intensity distribution.
The proposed configuration of our laser system provides a promising solution for high quality CVBs generation with the
characteristics of high peak power, ultrashort pulse duration, and high mode purity.
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1. Introduction

Cylindrical vector beams (CVBs) have attracted enormous scien-
tific attention due to their unique optical properties, such as
axially symmetric field amplitude distributions and radial or azi-
muthal polarization states, which enable imaging resolution
below the diffraction limit and interact without the undesirable
anisotropy produced by a linearly-polarized light[1–5]. A variety
of applications utilizing CVBs have been explored such as high
resolution imaging, nanoparticlemanipulation, terahertz technol-
ogy, data storage, and optical communication[6–11]. Generally,
several typical optical devices, such as astigmatic mode converters
(AMCs), liquid-crystal spatial light modulators (SLMs), and
forked gratings, have been used as mode converters to transfer
spatially homogeneous polarizations (e.g., linear or circular
polarization) into spatially inhomogeneous cylindrical vector
polarizations[12–16]. Although the abovementioned devices pos-
sess the property of spatially variant polarization of incident
beams, they are restricted by high cost and low damage
threshold for the high power laser system, which limits their
practical applications. Additionally, a metasurface with a two-
dimensional electromagnetic nanostructure has been used as
an effective converter to simultaneously control the intensity,
polarization, and phase of incident light. However, it also suffers

from the small interaction area between light and nanostructures,
complex fabrication process, and low damage threshold[17,18].
Recently, the spiral waveplate (S-waveplate) has attracted much
attention due to its remarkable properties. Since the S-waveplate
is fabricated in bulk fused silica with birefringent nanogratings
by a femtosecond laser imprinting process, it owns a very high
damage threshold (> 20 J · cm−2), large number aperture, and
nearly 100% efficiency in polarization conversion, which is very
suitable for use in high power laser systems to generate high qual-
ity CVBs with excellent output laser performance[19]. A linearly
polarized Gaussian beam could be transferred into a CVB via
the continuously varying slow axis direction of the S-waveplate to
rotate the linear polarization with a designed angle and thus to
produce a radial (azimuthal) distribution of the electric field[20].
In order to enhance the practical application ability of CVBs, out-
put laser performance such as ultrashort pulse width, large peak
power, high mode purity, and low amplitude fluctuations is quite
required in the fields such as probing surface second-harmonic
generation and near field microscopic imaging, especially femto-
second near field nanomachining of metals. However, CVBs with
high peak power in the femtosecond regime have been little
explored[21].
In this work, we report on a fiber chirped-pulse amplification

(CPA) system combined with an S-waveplate to generate high
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power femtosecond CVBs. The S-waveplate [RPC-1030-08,
LIDT −63.4 J=cm2 at 1064 nm (10 ns); WORKSHOP] is used
as an efficient mode converter behind the output port of the
CPA system to convert a linearly polarized Gaussian mode into
a higher-order Laguerre Gaussian mode, directly. We simulate
the formation of radial and azimuthal vector beams using linear
superposition of orthogonally polarized Hermite–Gaussian
(HG) modes and demonstrate that the measured experimental
results have high quality intensity distributions. The conversion
efficiency of the mode conversion module is measured to be
97.3% for radially polarized beams and 96.1% for azimuthally
polarized beams. After optimizing the laser system, the radially
(azimuthally) polarized CVBs could be obtained with a pulse
duration of 440 fs (430 fs) and amaximum average output power
of 20.36 W (20.12 W). The maximum output pulse energy
reaches ∼20 μJ at a repetition rate of 1 MHz, corresponding
to a peak power of ∼46MW.

2. Experiments and Methods

The diagram of a typical fiber CPA system with a CVB mode
conversion module is shown in Fig. 1. The laser cavity can be
divided into six parts. A homemade 1030 nm seed laser source
is used with ∼1mW average output power and ∼200 fs pulse
duration. As shown in part I, a chirped-fiber-Bragg-grating
(CFBG) stretcher with second and third-order dispersion com-
pensation is incorporated into the laser cavity via a circulator to
stretch the pulse duration of the seed laser. Part II is the first level
amplification system containing wavelength division multiplex-
ing (WDM, 980/1030) to inject pump power into the cavity, a
section of single-clad ytterbium-doped fiber (YDF) as a gain
medium, and an isolator to ensure the unidirectional propaga-
tion and avoid parasitic back-reflections. The pump source has a
maximum power of 300mW at 975 nmwavelength. Part III uses
a section of double clad YDF as a gain medium formore efficient
amplification of the incident laser. An optical combiner is uti-
lized to inject a 975 nm multi-mode pump into the system with

maximum pump power of 10W. An isolator is also employed to
prevent the effect of reverse transmitted light. A fiber pigtailed
acoustic-optic modulator (AOM) is utilized behind the part III
amplifier to remove inter-pulse amplified spontaneous emission
(ASE) resulting from the prior core-pumped pre-amplifiers and
adjust the laser repetition rates to optimize the laser perfor-
mance. Behind the AOM is the fourth amplification system that
includes a combiner to inject another 975 nmmulti-mode pump
with 20Wmaximum output power and a part of the double clad
YDF as well as an isolator. Then, the output pulses are com-
pressed by a Treacy-type compressor based on two reflection
gratings. The separation of gratings is optimized to match the
stretcher and compensate the anomalous dispersion. The final
average output power of our CPA system is 21 W with a pulse
width of 461 fs assuming a sech2 pulse shape. The repetition
rate is set to be 1 MHz by the AOM. The output laser is a high
quality Gaussian-shaped beam with a propagation parameter
M2 factor of 1.3 along with a slope efficiency of ∼69%. In order
to avoid the potential decline of mode quality of output CVBs
induced by the S-waveplate inserted into the CPA system, after
optimizing the output laser performance, the mode conversion
module is embedded behind the output port of the CPA system
for larger efficiency conversion and higher mode quality of
the CVBs.
In theory, an incident Gaussian beam with an s-polarization

state passing through a mode converter can be converted into a
radial vector beam. In contrast, a p-polarized beamwill be trans-
ferred into an azimuthal vector beam. In our experiment, the
output Gaussian beam has an s-polarization state. The azimu-
thal vector beam could be obtained by inserting a half-wave plate
shown in Part IV with a dashed box to convert an s-polarization
into a p-polarization state. The relationship between the fast-
axis orientation of the vector converter and azimuth angle is rep-
resented as θ = αφ� δ, where δ is the fast-axis direction at
φ = 0, and the value of m is set by m = 2α. Therefore, the
Jones matrix of converter can be described as follows[6]:

J�φ� =
�
cos�mφ� sin�mφ�
sin�mφ� − cos�mφ�

�
: (1)

The value of δ is zero, corresponding to the horizontal direc-
tion of the fast axis. As for m = 1, after multiplying a vector
describing the s-polarized beam with the matrix of (10), the final
matrix for the radially polarized vector beam is depicted as� cos�φ�
sin�φ�

�
. Similarly, the matrix for the p-polarized beam is

(01), corresponding to the matrix of the azimuthally polarized

vector beam of
� sin�φ�
− cos�φ�

�
. Figure 2 is the simulated intensity

profiles of orthogonally polarized modes and CVBs. In the
theory, the linear superposition of the x-polarized HG01 mode
and y-polarized HG01 mode can generate a radically polarized
mode [Fig. 2(a)]. Similarly, a radially polarized mode can be
formed by linear superposition of the x-polarized HG10 mode
and y-polarized HG10 mode [Fig. 2(b)]. In order to examine

Fig. 1. Schematic of the generation of radially polarized and azimuthally polar-
ized beams by a typical fiber CPA system. CFBG, chirped fiber Bragg grating;
WDM, wavelength division multiplexer; ISO, isolator; AOM, acoustic-optical
modulator; M1 and M2, reflective mirrors.
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the mode quality of CVBs generated in experiment, we record
the intensity distribution of different modes by a CCD camera
at maximum output power, as shown in Figs. 2(c) and 2(d). The
results are in good agreement with the numerical simulations,
which indicates high mode quality of our CVBs.
In our experiment, both the radial and azimuthal beams dis-

play a donut-shape beamwith a typical intensity null at the beam
center, which belongs to the first higher-order Laguerre
Gaussian mode and is in good agreement with previous
results[22]. Note that the slight intensity asymmetry of measured
output vector beams is mainly caused by a wedge prism utilized
in experiment to attenuate the incident energy on the detection
area of the CCD camera. As for the radially polarized vector
beam, it has high mode purity with a mode extinction ratio
(MER) of ∼20 dB by using the method proposed in Ref. [23].

3. Results

Figure 3(a) is the output optical spectra of the Gaussian beam
and CVBs under the maximum output power measured by an
optical spectrum analyzer (Yokogawa AQ6370C). The laser
operates at a central wavelength of 1033.11 nm. The 3 dB band-
widths were measured as 4.69 nm, 4.74 nm, and 5.21 nm for the
Gaussian beam and radial and azimuthal vector beams, respec-
tively. According to the measured optical spectrum, there is no
obvious ASE in the output optical spectra, which is effectively
suppressed by an AOM employed in the CPA system. The result
demonstrates that our CPA system has a great output laser per-
formance. The final output beam has an optical signal-to-noise
ratio (OSNR) of ∼50.2 dB (radial vector beam) and ∼48.1 dB
(azimuthal vector beam). It should be noted that the final output

spectrum is attenuated in order to measure the optical spectra at
high power, which might introduce slight instabilities and fur-
ther make an impact on 3 dB bandwidths. Figure 3(b) is the
autocorrelation trace of pulse for the Gaussian beam, radial vec-
tor beam, and azimuthal vector beam under maximum output
power by using a autocorrelator (APE Pulsecheck). The mea-
sured span is set to be 50 ps to further investigate the output
pulse performance. The real pulse widths are calculated to be
461 fs, 430 fs, and 440 fs for the Gaussian beam, radial vector
beam, and azimuthal vector beam after multiplying the de-cor-
relation factor of 0.648 for the sech2 pulse profile, respectively.
Interestingly, as shown in Fig. 3(b), except for the fundamental
frequency pulse signal, there are no multi-pulses state and sig-
nificant pedestal observed in the whole trace, indicating that the
laser operated at a single-pulse state with a high stability.
Compared with the pulse width of the Gaussian beam, both
the radical vector beam and azimuthal vector beam have slightly
narrow pulse widths, which result from the negative dispersion
introduced by the S-waveplate and optical elements in the mode
conversion system.
As shown in Fig. 4, the intensity profiles of the vector beam

passing through a rotated linear polarizer are recorded by a CCD

Fig. 2. (a) and (b) are the calculated intensity distribution for the formation of
radial and azimuthal vector beams using linear superposition of orthogonally
polarized HG modes. (c) and (d) are the measured intensity profiles by a CCD
camera at maximum power.

Fig. 3. Laser performance at maximum output power. (a) The optical spectra
of the Gaussian beam and radial and azimuthal vector beams. (b) The auto-
correlation trace with sech2 fit.

Fig. 4. Measured intensity profiles of the output vector beams after passing
through a rotated linear polarizer at different output powers. (a) The radially
polarized vector beam, with (b) the average output power. (c) The azimuthally
polarized vector beam, with (d) the average output power. The white arrows
exhibit the transmission axis of the polarizer.
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camera. Figure 4(a) is the radially polarized vector beam and
related intensity distribution with different angles of the trans-
mission axis of the polarizer, while Fig. 4(c) corresponds to the
azimuthally polarized vector beam and its intensity profiles
under various angles with an average output power from 1 W
to 20 W. The two-lobed intensity distribution under different
angles of the linear polarizer has a good symmetrical distribu-
tion, which indicates that our radial and azimuthal vector beams
own uniform intensity profiles. Different from the low damage
threshold of other types of mode converters such as AMC,
liquid-crystal SLM, and metasurface, all of them need to be
embedded before the final amplifier of the CPA system to pro-
tect against destruction at high incident power. The shortage of
the above approaches is easily causing the output beam to own
an elliptical intensity profile, which results from the difficulty of
aligning the vector beamwith the optic axis of the slightly curved
angle cleaved fiber end facet.
In order to further investigate the characteristics of CVBs, the

average output power of the radial vector beam and azimuthal
vector beam is measured at various incident powers of the
Gaussian beam[24]. Both of them own a nearly linear relation-
ship between incident power and output vector beam power,
which demonstrates that our vector beams have a high stability.
When the power of the incident Gaussian beam is increased to
21W, corresponding to the maximum power in experiment, the
output power of radial and azimuthal vector beams is measured
to be 20.36W and 20.12W, respectively. Since the repetition rate
of pulse trains is 1MHz, themaximum pulse energy is calculated
to be 20.36 μJ and 20.12 μJ. In addition, the maximum peak
power is calculated to be 46.3 MW (radial vector beam) and
46.8 MW (azimuthal vector beam), which are two orders of
magnitude higher than in previously reported research[11]. As
shown in Fig. 5, the conversion efficiency of the mode converter

is calculated to be 97.3% for the radially polarized beam and
96.1% for the azimuthally polarized beam. The very high con-
version efficiency is mainly benefited from the near 100% polari-
zation conversion and high transmission of the S-waveplate.
In addition, the S-waveplate is placed behind the output port
of the CPA system, ensuring high mode purity and symmetric
intensity profiles of generated vector beams. Note that the con-
version efficiency of the radial vector beam is a bit lower than
that of the azimuthal vector beam. It is mainly caused by the
insertion loss induced by a half-wave plate behind the output
port of the CPA system to convert the Gaussian beam from
the s-polarized state into the p-polarized state. Additionally,
in Ref. [25], we found that the pulse duration of most CVBs stays
on the order of picoseconds or even nanoseconds. Such femto-
seconds laser uses a fused few-mode coupler[26,27] or two-mode
fiber[28]. Compared with these works, our device generates ultra-
high peak power CVB femtosecond pulse laser more efficiently
through the S-waveplate.

4. Conclusion

In summary, we report on the generation of radial and azimuthal
vector beams in a fiber CPA laser system at the femtosecond
regime with ∼46MW peak power and maximum pulse energy
of∼20 μJ. Themode converter used in our experiment has a very
high damage threshold that allows it to be placed directly on the
output port of the CPA laser system without any other heat dis-
sipation process, which is beneficial for high mode quality CVBs
generation. In our experiment, the radially (azimuthally) polar-
ized vector beam has a pulse duration of 440 fs (430 fs) and a
maximum average output power of 20.36 W (20.12 W). Our
proposed laser system configuration provides a promising sol-
ution for high quality CVBs generation with the characteristics
of high peak power, ultrashort pulse duration, and high mode
purity.
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