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High-power single-stage single-crystal Yb:YAG fiber amplifier for 

radially polarized ultrashort laser pulses

Michael Eckerle1,2, Frieder Beirow1, Tom Dietrich1, Frederik Schaal3, Christof Pruss3, Wolfgang Osten3, Nicolas 

Aubry4, Matthieu Perrier4, Julien Didierjean4, Xavier Délen5, François Balembois5, Patrick Georges5, Marwan 

Abdou Ahmed1, Thomas Graf1

sharply focus such a beam [1] makes it a versatile tool for 

various applications [2] such as plasmon excitation, opti-

cal trapping and laser material processing. In the field of 

cutting thick metal sheets with a radially polarized laser 

the benefits were outlined theoretically in 1999 by Niziev 

et al. [3]. In 2007 it was demonstrated by Meier et al. that 

the drilling speed of holes in mild steel with a Q-switched 

nanosecond laser can be increased by a factor of 1.5–4 by 

using azimuthally polarized laser radiation instead of linear 

or circular polarization [4]. Furthermore, it was experimen-

tally shown that picosecond lasers with such polarization 

states are promising tools for the fabrication of micro holes 

[5].

Axially symmetric polarized laser radiation can be either 

generated intra- or extra-cavity. While the latter was real-

ized at high average powers in the multi kW range, e.g. 

by means of segmented half-wave plates and a multimode 

input beam [5], the former has been demonstrated with dif-

ferent approaches such as customized fibers [6], a triple-

axicon retroreflector unit [7], the so-called Giant Reflec-

tion to Zero Order (GIRO) mirror [8] or grating mirrors 

[9, 10]. Up to now the listed intra-cavity approaches were 

only demonstrated in continuous wave (CW) operation. To 

generate pulsed beams with axially-symmetric polarization 

states at high average power so far only the aforementioned 

segmented half-wave plates were used to transform an inci-

dent linearly polarized fundamental-mode laser beam into 

a radially or azimuthally polarized LG01* mode. 85 W 

of average output power and radially polarized pulses as 

short as 750 fs were, for instance, achieved by means of 

three cascaded single-crystal fiber (SCF) amplifier stages 

starting from a linearly polarized seed beam with an aver-

age power of 1.5 W [11]. The polarization conversion was 

implemented between the second and the third amplifica-

tion stage. An even higher output power was demonstrated 

Abstract We report on a single-stage high-power ampli-

fication of a radially polarized mode-locked laser beam in 

a single-crystal fiber (SCF) amplifier. The seed beam was 

amplified by a factor of 5.0 to an average output power 

of 66.3 W. The pulse duration of the amplified pulses was 

measured to be 909 fs at a repetition rate of 40.7 MHz, 

corresponding to a pulse energy of 1.63 µJ and a resulting 

pulse peak power of 1.58 MW. The output beam showed a 

very high quality of the doughnut-shaped intensity distribu-

tion and furthermore a high radial polarization purity.

1 Introduction

During the past decades, the LG01* mode with its dough-

nut-shaped intensity distribution and the axially symmet-

ric (radial or azimuthal) polarization state has attracted an 

increasing interest due to its unique properties. The non-

isotropic polarization orientation and the possibility to 
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by amplifying a mode-locked and radially polarized beam 

with 115 W of seed power to 635 W in a thin-disk multipass 

amplifier [12]. The seed laser delivered pulses with a dura-

tion of 6.5 ps and its fundamental-mode output beam was 

transformed into a radially polarized doughnut beam again 

by using a segmented half-wave plate. However, there are 

several disadvantages when using such a device. The trans-

formation efficiency is limited to about 90% because of 

scattering and diffraction at the interfaces between the dif-

ferent segments. Furthermore, the scattered and diffracted 

light deteriorates the beam quality which usually requires 

further lossy beam cleaning steps. Recently, we reported on 

the first mode-locked thin-disk oscillator directly delivering 

radially polarized femtosecond pulses at 13.3 W of average 

output power and a close to perfect doughnut-shaped beam 

profile [13] which avoids the need for extra-cavity polariza-

tion conversion. This is a promising seed source for further 

amplification in an Yb:YAG SCF amplifier. In this paper, 

we, therefore, present the investigations on the application 

of a high-power single-stage SCF amplifier to increase the 

power of a radially polarized mode-locked laser beam in 

order to improve the quality and polarization purity of the 

doughnut-shaped output beam and to simplify the overall 

complexity as compared to [11].

2  Seed laser

A modified version of the radially polarized mode-locked 

laser presented in [13] was used as the seed laser. Mode-

locked operation of the laser was obtained by using a 

semiconductor saturable absorber mirror as a cavity end 

mirror. The radial polarization was achieved by the use of 

a so-called grating-waveguide output coupler (GWOC). 

This component consists of alternating corrugated layers 

of TaO5 and SiO2 on a micro-structured fused silica sub-

strate with an anti-reflection coating on the backside. Such 

a device is operated at normal incidence and exhibits dif-

ferent reflectivities for beams with radial and azimuthal 

polarization which results from coupling of the light of 

one polarization to leaky modes within the multi-layers. A 

more detailed explanation of the design and the underlying 

physical effects can be found in [14]. Figure 1 shows the 

measured wavelength-dependent reflectivity of the GWOC 

used in the present work. It was characterized with a cus-

tomized reflectivity measurement setup for radial and azi-

muthal polarization. The average output power of the seed 

laser was 13.3 W. It delivered pulses with a duration of 

800 fs at a repetition rate of 40.7 MHz, corresponding to a 

pulse energy of 0.33 µJ and a resulting pulse peak power of 

0.36 MW. The M2-value was measured to be 2.0 which is 

consistent with the value expected for a LG01* mode. Fig-

ure 2 shows the far field intensity distribution of the seed 

beam as well as the qualitative polarization analysis of the 

beam recorded with a CCD camera behind a polarizer at 

different orientations of the polarizer’s transmission axis. 

The white arrows indicate the orientation of the polariza-

tion that is transmitted by the polarizer. The well-separated 

lobes reveal the high purity of radial polarization. This was 

further confirmed by the measured degree of radial polari-

zation (DORP) of 96.8 ± 1 % which was measured with a

camera-based 2D-polarimeter [15][16].

3  Amplification stage

The output beam of the seed laser was amplified in a sin-

gle-stage Yb:YAG SCF amplifier according to the setup 

sketched in Fig. 3. The SCF had a diameter of 1 mm 

and a length of 40 mm. The doping concentration of the 
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Fig. 1  Reflectivity of the grating-waveguide output coupler (GWOC) 

measured with a customized reflectivity measurement setup for radial 

and azimuthal polarizations

Θpol = 90° Θpol = 45°

Θpol = 0°No polarizer

Fig. 2  Far field image of the seed beam (top left) transmitted through 

a linear polarizer with horizontal (top right), vertical (bottom left) and 

45◦ (bottom right) orientation (as indicated by the white arrows)
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Yb:YAG SCF was 0.5 at.%. The chosen doping level was 

lower than the standard doping of 1 at.% [17], in order to 

reduce the thermal effects expected from the high pump 

power absorbed in the SCF. The crystal was mounted 

between two water-cooled copper blocks to achieve suf-

ficient heat removal. The amplifier was pumped using a 

fiber-coupled pump diode. The central wavelength of the 

radiation emitted from the diode was 969 nm which cor-

responds to the wavelength of the zero-phonon pumping 

transition of Yb:YAG. This leads to a reduction of the ther-

mal load in the laser crystal as compared to pumping at a 

wavelength of 940 nm [18]. The fiber of the pump diode 

had a core diameter of 600 µm and a numerical aperture 

of 0.22. The pump beam was collimated using an aspheri-

cal lens with a focal length of 80 mm. A second aspherical 

lens with a focal length of 80 mm was used to focus the 

pump approximately 2 mm in front of the anti-reflection 

(AR) coated entrance facet of the SCF. The seed laser and 

the pump light were superimposed coaxially by means of a 

dichroic mirror which was AR-coated for the pump wave-

length and highly reflective for the wavelength of the seed 

laser (1030 nm) at an angle of incidence of 22.5◦. As the 

pump light was not completely absorbed during one pass 

in the SCF, a second dichroic mirror was used to separate 

the seed and the residual pump light. The latter was sub-

sequently directed to a beam dump. While the pump light 

of the SCF is guided by total internal reflection at the SCF 

walls the seed beam is supposed to pass the amplifier with-

out being reflected at the walls to maintain the M
2-value 

[19]. The seed beam was, therefore, focussed to a beam 

waist diameter of 250 µm at a distance of 28 mm in front 

of the amplifier, which resulted in a slightly divergent beam 

with a diameter of approximately 500 µm at the entrance 

facet of the SCF. This way excessive clipping of the seed 

beam at the entrance and the exit facet of the SCF was 

avoided. The divergence of the seed beam was necessary to 

prevent focusing of the laser beam inside the SCF since the 

resulting high fluences would damage the SCF. Generally, 

for pulsed laser beams such a focus can occur as a result of 

thermal lensing and Kerr lens self-focusing. However, due 

to the special intensity distribution of the doughnut mode, 

Kerr lensing plays only a minor role at the power levels 

presented in this work. To ensure that a thermally induced 

focus is not present for the applied power levels a prelimi-

nary test was done by measuring the beam size at a distance 

of approximately 45 cm from the end facet of the SCF as 

sketched in Fig. 4. Due to the divergence of the seed one 

expects a comparatively large beam at low pump power 

levels [see Fig. 4(1)] which first becomes smaller with 

increasing power due to the combined effects of self-focus-

ing and thermal lensing, wherein the latter primarily takes 

place in the first few millimeters of the SCF due to the high 

pump power densities [see Fig. 4(2)]. With further increas-

ing pump powers the lensing gets so strong that the beam 

is refocussed and the waist position will approach the exit 

facet of the SCF. This results in an increase of the measured 

beam diameter as soon as the waist passes the measurement 

position [see Fig. 4(3)]. The applied pump powers were 

considered to be uncritical as long as the measured beam 

diameter after the SCF is not rising with increasing pump 

power. This was the case for all pump power levels used in 

the experiments reported in the following. The SCF and the 

dichroic beam splitter after the amplifier introduced a lin-

ear phase shift between horizontal and vertical polarization 

which amounted to approximately 180◦. Thus, it was pos-

sible to compensate the phase shift by placing a halfwave-

plate into the beam path with the main axis along the verti-

cal polarization axis.

4  Experimental results

Figure 5 shows the average output power of the amplifier 

and the amount of unabsorbed pump power (measured after 

the dichroic beam splitter) versus the incident pump power 

for a seed power of 13.3 W. The maximum average output 

power was 66.3 W for an incident pump power of 519 W 

which corresponds to a gain factor of 5.0. Within a dura-

tion of half an hour the maximum output power fluctuated 
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Fig. 3  Schematic of the SCF amplifier setup
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Fig. 4  Principle approach used to test the lensing effect of the SCF. 

(1), (2) and (3) indicate the expected relative beam sizes measured at 

low, medium and high pump power, respectively
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by only ±0.5 W. Figure 6 shows the autocorrelation (AC)

traces and the spectra of the seed and the amplified beam. 

The pulse width increased from 800 to 909 fs as a result 

of gain narrowing which is visible in the spectral width 

of the laser radiation that decreased from 1.46 nm before 

to 1.29 nm after amplification. Thus, the time bandwidth 

product of the pulses of 0.33 stayed unaffected by the 

amplification. The pulse energy after amplification was 

1.63 µJ and the resulting pulse peak power is 1.58 MW. 

Sech2-shaped pulses were assumed for the fit function and 

the calculation of the pulse peak power. In order to assess 

the beam quality the caustic of the amplified beam was 

measured behind a lens with a focal length of 70 mm. Fig-

ure 7 shows the measured beam diameters as well as the 

corresponding images of the beam at different positions of 

the caustic. The beam shows only minor distortions which 

are the combined result of aberrations due to the thermal 

lens and the aspherical shape of the saturated gain pro-

file in the SCF. For comparison profiles of the seed beam 

along a comparable caustic (in terms of beam waist radius, 

divergence and imaging positions) are shown as well. The 

M
2-values of the amplified beam were measured to be 2.3 

and 2.1 (following ISO 11146) in horizontal and vertical 

direction, respectively, which is close to the theoretical 

value of 2.0 expected for an ideal doughnut mode. Figure 8 

shows the intensity distribution of the amplified beam and 

the qualitative polarization analysis of the beam recorded 

with a CCD camera behind a polarizer at different orienta-

tions of its transmission axis. The white arrows again indi-

cate the orientation of the polarization that is transmitted 

by the polarizer. The images were taken between position 1 

and 2 in Fig. 7 at the point where the beam radius is equal 

in both directions. As can be seen, the intensity distribution 

at that position is largely axially symmetric and the lobes 

behind the analyzing polarizer are well separated. To quan-

tify the polarization purity the DORP was measured which 

amounted to 94±1% for the amplified beam, which is close

to the 96.8±1% of the seed beam. The intensity distribu-

tions of the seed (a) and the amplified (b) beam are shown 

in Fig. 9 together with polarization ellipses extracted from 

the 2D-polarimeter measurement. Without the aforemen-

tioned halfwave plate to compensate for the phase shift 
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Fig. 5  Average output power and unabsorbed pump power of the 

SCF vs. incident pump power for an average seed power of 13.3 W
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Fig. 6  Autocorrelation traces and spectra of the seed and the ampli-

fied beam
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introduced by the SCF and the beam splitter, the polariza-

tion distribution would be distorted as shown by (c). The 

green line in (b) indicates the orientation of the main axis 

of the half-wave plate that is used for the compensation. 

From the orientation of the ellipses it is obvious that the 

compensation worked well and that the phase shift induced 

by the SCF is homogeneous across the crystal’s cross sec-

tion. The phase front was not measured directly, but the M2

-value and the DORP indicate that the phase distortions 

resulting from the amplification were small.

5  Summary and outlook

In summary we have demonstrated the amplification of a 

radially polarized mode-locked seed laser up to an aver-

age output power of 66.3 W at an incident pump power of 

519 W by means of a simple single-stage SCF amplifier. 

At these parameters the gain was 5.0. The pulse duration 

increased slightly from 800 to 909 fs due to gain narrow-

ing. The homogeneous and axially symmetric intensity 

and polarization distribution was comparatively well 

maintained, especially in comparison to experiments with 

ultrafast lasers at similar average output powers [11]. The 

promising results encourage further research in which, e.g. 

the unabsorbed pump power may be reflected back into 

the SCF to further increase the overall efficiency. Such a 

Θpol = 90° Θpol = 45°

Θpol = 0°No polarizer

Fig. 8  Far field image of the amplified beam and images of the beam 

with a polarizer in front of the camera. The white arrows indicate the 

orientation of the polarization that is transmitted through the polarizer
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Fig. 9  Far field images of the seed (a) and amplified beam, with (b) and without (c) phase compensation, with the cor-responding polarization 

ellipses (red). The green line indicates the orientation of the main axis of the half-wave plate



system can be promising seed for further amplification in a 

thin-disk multi-pass amplifier [12] and to efficiently reach 

kW average output powers.
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