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The generation of a 33.7 W radially polarized output is demonstrated by way of double-pass amplification in
a Ho:YAG thin-slab crystal. The amplifier system was seeded with the radially polarized output beam from a
continuous-wave 13.2 W, 2.1 µm Ho:YAG rod laser, which exploited gain medium bifocusing and a ring-shaped
pump spot to promote preferential lasing on the radially polarized Laguerre–Gaussian mode. By compensating
for both the thermally induced stress birefringence in the thin-slab crystal and the Gouy phase shift resulting from
astigmatic focusing of the 13.2 W seed, only marginal beam degradation was observed across the 95 W range of
pump power into the amplifier.
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1. INTRODUCTION

Radially polarized laser beams are characterized by a donut-
shaped intensity profile, where the polarization direction at each
point in the beam is orientated in the radial direction. As a result
of these unique properties, radially polarized beams have found
applications in a range of areas including particle acceleration,
particle trapping, and laser processing of materials [1–3]. In laser
cutting applications, the action of the laser is to provide localized
heating on a rapid timescale in order to achieve localized melt-
ing or vaporization. Therefore, efficient absorption of optical
radiation by the material in question is fundamental to the laser
cutting process. After piercing through a sheet material, the
laser beam can be incident on the cutting front at a large angle
of incidence, such that the reflectivity (and hence absorption) is
strongly dependent on the polarization direction. In particular,
the p-component of polarization (perpendicular to the plane of
incidence) demonstrates a much lower reflectivity and hence a
much higher absorption than the s -component of polarization.
Therefore, in order to maximize the absorption of laser light,
one would ideally like to use a laser beam where the polarization
distribution is tailored to have each element of the beam striking
each point on the cutting front with perfect p-polarization.

Radially polarized laser modes are particularly well-suited
to achieve this configuration, as the polarization vectors are all
directed away from the center of the beam profile [4]. For the
cutting of sheet metals, radially polarized light may achieve a
cutting efficiency that is up to 1.5–2 times higher than a linearly
polarized or circularly polarized beam [5]. Not surprisingly,

scaling the average power of radially polarized beams to meet the
needs of laser cutting applications has been the subject of much
interest, with recent studies investigating different amplifier
architectures (such as thermally guiding fiber rods, single-crystal
fibers, face-pumped thin disks and edge-pumped thin slabs
[6–9]) in order to increase the power from a radially polarized
master oscillator whilst preserving the beam quality and radial
polarization purity.

In particular, the thin-slab geometry offers very favorable
thermal management due to the two large contact faces, allow-
ing near-one-dimensional heat transfer out of the gain medium.
In addition, the thin-slab crystal can generally achieve a high
level of gain extraction for efficient amplification without the
need for a more complex multi-pass arrangement that is often
utilized for thin-disk amplifiers. While the strong astigmatic
focusing of a radially polarized beam into a thin slab results
in a distorted polarization profile due to the different phase
shifts experienced by the constituent Hermite–Gaussian (HG)
modes—namely, HG01 and HG10—this can often be corrected
after amplification with a half-wave plate [9]. However, when
the pump power is increased, stress-induced birefringence in the
thin-slab crystal will produce an additional phase shift between
the orthogonally polarized components, further degrading the
radial polarization purity.

Here, we report on a modified design for a double-pass
thin-slab amplifier, where the phase shift due to stress-induced
birefringence and the Gouy phase shift are both corrected in
order to produce a high quality radially polarized amplified
beam. This scheme has been demonstrated for a double-pass

0740-3224/22/092395-05 Journal © 2022 Optica Publishing Group

https://orcid.org/0000-0001-9768-6421
https://orcid.org/0000-0003-0459-0581
mailto:m.j.barber@soton.ac.uk
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1364/JOSAB.465778
https://crossmark.crossref.org/dialog/?doi=10.1364/JOSAB.465778&amp;domain=pdf&amp;date_stamp=2022-08-11


2396 Vol. 39, No. 9 / September 2022 / Journal of the Optical Society of America B Research Article

Fig. 1. Optical schematic of the radially polarized Ho:YAG rod seed laser and the double-pass Ho:YAG thin-slab amplifier.

Ho:YAG thin-slab amplifier at 2.1 µm, motivated by potential
applications in the laser cutting of transparent polymers. The
Ho:YAG amplifier was seeded by a 13.2 W radially polarized
Ho:YAG rod master oscillator with a beam propagation factor
(M2) of 2.03 and a radial polarization purity of 10:1 and yielded
an amplified output power of up to 33.7 W when pumped with
95 W of power from a single-mode 1907 nm thulium fiber laser.
The amplified output beam had an M2 value of 2.19 and a radial
polarization purity of 8:1.

2. SEED LASER CONFIGURATION

The radially polarized Ho:YAG seed laser was constructed, as
shown in Fig. 1, using a simple 245-mm-long two-mirror linear
resonator design that was tailored to exploit thermally induced
bifocusing as the means to achieving preferential lasing on the
radially polarized Laguerre–Gaussian (LG01) mode [10,11].
The resonator was formed between a plane-parallel input cou-
pler mirror, which was highly reflective (HR) at 2.1 µm and
anti-reflection (AR)-coated at 1.9 µm, and a plane-parallel out-
put coupler (R= 50% at 2.1 µm, AR at 1.9 µm). The chosen
Ho:YAG gain medium was a 40-mm-long, 5 mm diameter rod
crystal with a 0.5 at.% Ho3+ doping concentration. The latter
had AR coatings at 1.9 and 2.1 µm on both end faces and was
mounted in a water-cooled copper heat-sink held at 20◦C and
positioned adjacent to the input coupler mirror. An intra-cavity
f = 40 mm plano-convex lens was utilized in front of the out-
put coupler mirror, such that careful variation of the lens–mirror
distance could modify the cavity mode size and permit selection
of the radially polarized LG01 mode.

Pump power was provided by a thulium-doped fiber laser
with a maximum output power of 42 W at 1907 nm. The pump
beam was conditioned by coupling it into the annular guide of a
(ring-shaped) capillary fiber with a 200 µm outer diameter and
a 100 µm diameter central hole. The output from the latter was
relay imaged with the aid of a f = 25 mm collimating lens and a
f = 150 mm focusing lens into the Ho:YAG crystal, producing
a ring-shaped near-field pump beam profile with a 1.2 mm waist
diameter in order to provide good spatial overlap with the LG01

mode within the Ho:YAG rod. Lastly, the radially polarized
output beam was collimated by a f = 100 mm lens to produce a
beam diameter of approximately 3.4 mm.

In operation, the Ho:YAG seed laser generated up to 13.2 W
of output power, limited by the maximum available 1907 nm
pump power, with a 19 W threshold and a 61% slope efficiency
with respect to launched pump power (Fig. 2). The power curve

Fig. 2. Output power curve for the radially polarized Ho:YAG seed
laser. Inset, top left: emission spectrum at 13.2 W. Inset, bottom right:
near-field ring-shaped pump beam profile.

shows some slight deviation from a linear trend attributed to
changes in the operating cavity mode with increasing pump
power. In particular, the emission profile tends to have a larger
fundamental LG00 mode content at lower pump powers, only
becoming the radially polarized LG01 mode at around 40 W of
incident pump. Selection of a radially polarized output exploits
the small difference in thermal lens focal lengths for radially
polarized and azimuthally polarized modes (i.e., bifocusing) in
this cavity configuration, so there is a relatively small window
of operation in terms of pump power to achieve a high quality
radially polarized output beam.

Measurement of the laser emission spectrum was performed
using a Yokogawa AQ6375B spectrum analyzer, indicating laser
output only at 2090 nm. An image of the beam intensity profile
was captured using a microbolometer camera (FLIR Lepton
3.0), demonstrating a ring-shaped laser output profile, which
is consistent with the desired LG01 mode, as shown in Fig. 3(a).
Additional images of the intensity profile were collected after
passing the beam through a linear polarizer positioned in front
of the imaging camera [Figs. 3(b)–3(e)]. The observation of a
two-lobe profile, which is aligned with the linear polarizer axis
in all four images, is strongly indicative of a radially polarized
laser output. In order to quantify the radial polarization purity
of the beam, the intensity variation along a circular path, which
intersects both maxima of the two-lobe profile, was analyzed
for each image [12]. As a result, the radial polarization purity
is defined as the ratio between the maximum and minimum
pixel intensity values along the circular path averaged over the
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Fig. 3. (a) Beam intensity profile from the 13.2 W Ho:YAG seed
laser. (b)–(e) Images of the seed beam after passing through a rotated
linear polarizer, whose axis is shown by the arrows.

four different orientations of the linear polarizer, yielding a
value for the radial polarization purity of more than 10:1. The
beam propagation factor (M2) of the seed laser source was mea-
sured at the maximum output power using an Ophir Nanoscan
scanning-slit profiler, demonstrating an M2 of 2.03 and 2.00 in
the x and y directions, respectively. Such values are very close
to the theoretical M2 of 2.00 for a pure LG01 mode, confirming
that the seed laser generated a high quality radially polarized
LG01 output.

3. THIN-SLAB AMPLIFIER CONFIGURATION

Amplification of the 13.2 W seed laser output was performed in
a 0.6 at.%-doped Ho:YAG thin-slab crystal, which had a 50 mm
length (z dimension), 2 mm height (y ), and 20 mm width (x ).
Both of the 20 mm by 2 mm end faces were AR-coated for 1.9
and 2.1 µm wavelengths. The crystal was mounted in a water-
cooled copper heat-sink maintained at 20◦C and designed to
cool the large 50 mm by 20 mm faces, with 50-µm-thick indium
foil serving as the thermal interface material.

The output beam from the seed laser was directed into the
Ho:YAG thin slab using zero phase shift 45◦ mirrors to prevent
degradation in radial polarization purity and was focused down
in the y − z plane using a f = 400 mm cylindrical lens. The
focused seed beam had dimensions of 3.4 mm (x − z plane)
and 660 µm (y − z plane) at the waist, for which the Rayleigh
range of the seed beam in the y − z plane was calculated to
be 150 mm. The seed light was injected at a small angle with
respect to the long (z) axis of the thin slab to allow the amplified
output beam to be extracted following a double pass. The system
was configured such that the seed beam waist occurred around
12 mm behind the thin-slab crystal, where a flat dichroic mirror
(HR at 2.1 µm, AR at 1.9 µm) was positioned parallel to the
thin-slab input and output faces. Following the second pass
through the Ho:YAG crystal, the amplified output beam was
collimated by the same f = 400 mm cylindrical lens.

At high power levels, thermally induced stress birefringence
in the thin slab produces a small refractive index change that
differs in the x and y directions, causing a phase shift between
the constituent orthogonally polarized HG01 and HG10 modes
after traversing the thin slab. The net result is a degradation in
the radial polarization purity, which worsens with increasing
pump power. In order to remedy this problem, a quarter-wave
plate was inserted between the thin-slab crystal and the dichroic

mirror, which was aligned with its fast (or slow) axis orientated
at 45◦ to the x , y directions, so that the polarization directions of
the two constituent HG01 and HG10 modes are rotated by 90◦

before making the second pass through the thin slab. As such,
the phase shift due to thermally induced stress birefringence
between the HG01 and HG10 modes acquired on the first pass
through the thin slab is effectively cancelled out on the second
pass. However, the quarter-wave plate introduces a net π phase
shift between the HG01 and HG10 modes, in addition to a 90◦

rotation of their orthogonal polarization directions, which must
be compensated to restore radial polarization.

There is however an additional phase shift produced between
the HG01 and HG10 modes due to the strong astigmatic focus-
ing of the seed beam that is required to inject it into the thin-slab
crystal, known as the Gouy phase shift. The magnitude of Gouy
phase accumulated by a particular HG mode can be expressed as

φGouy = (2n + 1)arctan

(
L

zRx

)
+ (2m + 1)arctan

(
L

zRy

)
,

(1)
where L is the total length of the astigmatic region, zR is the
Rayleigh range of the beam in the horizontal (x − z) or vertical
(y − z) planes, and n, m are the indices of the HGnm mode [13].
In the thin-slab amplifier configuration used here, L is equal
to 800 mm, which is much shorter than the Rayleigh range of
the unfocused horizontal seed beam dimension, causing the
first term of Eq. (1) to tend towards zero. On the other hand, L
is much larger than the 150 mm Rayleigh range of the tightly
focused vertical dimension of the input seed beam, such that the
second term of Eq. (1) tends towards (2m + 1)π/2. As a result,
it can be seen that the HG01 mode will develop a Gouy phase of
3π/2, whilst the HG10 mode will develop a Gouy phase ofπ/2,
with a net phase shift ofπ between the two modes. When taking
into account the Gouy phase shift and the effect of the quarter-
wave plate, the overall phase shift imparted on the constituent
modes—combined with polarization rotations—results in
an output beam with azimuthal polarization, despite a radi-
ally polarized beam initially being injected into the amplifier.
However, the radial polarization can subsequently be restored
by passing the amplified output through two half-wave plates
orientated with a 45◦ angle between their fast axes, which acts as
a 90◦ optical rotator.

The thin-slab amplifier crystal was counter-pumped by a
95 W, 1907 nm continuous-wave thulium fiber laser, which
itself was free-space-pumped by a 240 W, 793 nm diode laser.
The 1907 nm pump light was delivered via a passive fiber with
a 10 µm core diameter, and residual (unabsorbed) 793 nm
pump light was removed by a 45◦ dichroic mirror. An impor-
tant parameter for efficient amplification is the spatial overlap
between the incident seed light and the pump beam throughout
the length of the amplifier crystal. Based on the ring-shaped pro-
file of the LG01 mode, it may appear desirable to condition the
amplifier pump beam into a ring geometry in order to maximize
spatial overlap in a similar manner to the pump source of the
seed laser.

However, due to the relatively small waist dimensions that
must be achieved in the minor axis of the elliptical beam spot
for pumping the thin slab, the use of a multimode capillary fiber
for re-shaping the beam is inappropriate, as the resulting pump
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beam would have a Rayleigh range that is much shorter than
the length of the thin-slab crystal. Instead, the fundamental
mode output from the 95 W thulium-doped fiber laser was used
directly, sacrificing a certain level of beam shape similarity for
more uniform pump intensity and more uniform excitation
density in the amplifier crystal. As a majority of the fundamental
mode pump beam intensity is in the center, it is beneficial for
the pump beam to be sufficiently larger than the seed beam in
the thin slab to ensure optimal spatial overlap between the seed
beam intensity and the pumped region of the crystal.

The 1907 nm output beam from the thulium fiber laser was
collimated using a f = 15 mm spherical lens and focused down
in the y − z plane using a f = 400 mm cylindrical lens to yield
beam waist dimensions of 3.6 mm (horizontal) by 270 µm
(vertical). In order to have the pump beam suitably larger than
the seed at all times, the pump waist in the y − z plane was
formed 70 mm in front of the thin-slab crystal, such that the
pump beam and seed beam would both be diverging during
their propagation away from the amplifier mirror. In particular,
beam simulations suggest that the minor diameter of the pump
beam varies from 700 to 940 µm between the two end faces of
the thin slab, while the minor diameter of the seed beam varies
from 670 to 740 µm. The major (unfocused) diameters of the
pump and seed remain at around 3.6 and 3.4 mm, respectively,
throughout the thin-slab crystal. The elliptical seed beam area of
around 1.9 mm2 in the center of the thin-slab crystal produces
a calculated saturation power, Psat, of about 14 W, such that the
system is operated close to the saturated regime (Pseed/Psat ≈ 1),
where high efficiency amplification can be achieved.

For 13.2 W of radially polarized seed laser input, the thin-slab
amplifier generated up to 33.7 W of output power, limited
by the thulium fiber laser pump power (Fig. 4). The double-
pass amplification had a 33% slope efficiency with respect to
absorbed pump power and a 23% extraction efficiency, sug-
gesting that the chosen seed beam dimensions have enabled a
useful level of the thin-slab population inversion to be utilized.
The variation in amplifier gain as a function of absorbed pump
power is shown as an inset in Fig. 4, requiring 31 W of 1907 nm
pump to reach transparency in the amplifier and reaching a
maximum gain of 4 dB for an absorbed pump power of 89 W.
An additional inset in Fig. 4 visualizes the simulated variation
in seed and pump beam areas throughout the length of the
thin-slab crystal, showing both beams diverging away from the
amplifier mirror.

A key limitation to the efficiency of the Ho:YAG amplifier
can be attributed to the imperfect spatial overlap between the
seed and pump profiles, particularly around the central intensity
minimum of the radially polarized beam, where almost none of
the thin-slab population inversion can typically be extracted.
An additional constraint on the system was the need to tilt the
amplifier mirror away from normal incidence in order to reduce
feedback instabilities in the 1907 nm pump laser and heating of
the free-space diode coupling optics. As a result, the second pass
of the seed light through the thin slab had poorer overlap with
the region of population inversion than the first pass, producing
a lower power extraction. Further improvement of the system
could be achieved by striking a better balance between the pump
beam area needed for a more accessible transparency power
and the seed beam area needed for operating in the saturated

Fig. 4. Output power curve for the Ho:YAG thin-slab amplifier
with a 13.2 W seed input. Inset, top left: simulated variation in pump
and seed beam areas along the length of the crystal. Inset, bottom right:
amplifier gain versus absorbed pump.

Fig. 5. (a) Beam intensity profile of the 33.7 W output from
the Ho:YAG thin-slab amplifier. (b)–(e) Images of the beam passed
through a rotated linear polarizer, with the transmission axis shown by
the arrows.

regime. In addition, the use of a pump beam spot with a longer
Rayleigh range should permit greater maintenance of the beam
overlap throughout the crystal and enable a higher extraction
efficiency to be achieved. On the other hand, to increase the gain
of the amplifier, it could be beneficial to utilize a much higher
power 1907 nm pump source and/or to use a greater dopant
concentration and a longer crystal length (to improve the pump
absorption efficiency).

At 33.7 W of output from the amplifier, the beam intensity
profile shows a minor degradation in uniformity [Fig. 5(a)],
but generally maintains the ring-shaped geometry of the LG01

mode. Measurement of the M2 for the amplifier output indi-
cated values of 2.19 and 2.16 in the horizontal and vertical
directions, respectively, remaining relatively close to the per-
formance of the seed source. Imaging of the beam through a
linear polarizer suggested that the amplifier emission was still
radially polarized due to the observation of a two-lobe intensity
pattern, which was aligned with the polarizer’s transmission
axis at multiple orientations of the polarizer [Figs. 5(b)–5(e)].
Analysis of the radial polarization purity for the amplifier output
beam was performed using the same procedure as that used for
the seed laser, demonstrating a purity value of 8:1. The relatively
small reduction in polarization purity indicates that the degrad-
ing effects of stress birefringence and Gouy phase shifts have
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been successfully suppressed in the amplifier system. As a result,
further power scaling of the thin-slab amplifier should be readily
accessible with an improved (all-fiber) pump source and a higher
power seed laser.

4. CONCLUSION

The power scaling of radially polarized laser emission is often
impacted by the onset of beam degradation, which arises from
thermally induced effects in the gain medium. Here, a 13.2 W
radially polarized Ho:YAG rod laser has been demonstrated,
utilizing an intra-cavity plano-convex lens and ring shaping of
the pump beam in order to produce more favorable lasing condi-
tions for the radially polarized LG01 mode than other transverse
modes. A double-pass Ho:YAG thin-slab amplifier system
been utilized to increase the radially polarized output power
up to 33.7 W when edge-pumped from the opposite side with
a 95 W, 1907 nm single-mode thulium fiber laser. The stress
birefringence generated in the thin-slab crystal at high power
levels has been compensated by rotating the polarization of the
radially polarized beams constituent modes by 90◦ in between
the first and second passes of the amplifier. Furthermore, the
impact of the Gouy phase shift generated by strong astigmatic
focusing was addressed, allowing a radially polarized beam to
be maintained after double-pass amplification. At 33.7 W of
output power, the beam emitted from the thin-slab amplifier
demonstrated a maximum M2 of 2.19 and a radial polarization
purity value of 8:1, suggesting that only slight degradation of
the radially polarized seed beam had been introduced during
propagation through the amplifier system. Such performance
highlights the Ho:YAG thin-slab amplifier as a very promising
architecture for high average power 2.1 µm radially polarized
beam generation to target a wealth of laser applications.
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