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Abstract—We report on versatile orbital angular momentum
beam generation through the association of a 61-channels coher-
ent beam combining digital laser and a liquid-crystal g-plate.
Particularly, high-order vortex beams that carry orbital angular
momentum are generated with radial, azimuthal and/or circular
polarization states. The g-plate is designed and manufactured to
sustain high average power ensuring that the vortex spatial mode
is preserved. The proposed system offers an extra degree of freedom
for various applications requesting beam shaping with specific
polarization state.

Index Terms—Coherent beam combining, phase control, OAM,
q-plate, polarization control, structured light, high power laser.

I. INTRODUCTION

IGHT degrees of freedom such as amplitude, phase, spin
L and orbital angular momentum (SAM/OAM) are key pa-
rameters for the generation of structured light. Vortex beams
that carry orbital angular momentum are characterized by a
helical wavefront carrying a phase singularity at the center. In
the far-field, it results in a null central intensity surrounded by a
donut-shaped distribution of light. These beams find widespread
applications in high-field physics [1], among which: laser fil-
aments range management, phase-structured beams, and opti-
cal communications. Traditional approaches to generate OAM
beams rely generally on laser cavity tuning [2], phase plates
[3], axicons [4], and spatial-light modulators (SLMs) [5]. The
first ones allow high-output-power regime operation but lacks
tunability. SLMs offer high tunability but are limited in output
power by optical damage threshold.
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In our previous work [6], we presented a versatile alternative
approach, offering both practical high average powers and fast
tunability, based on coherent beam combination of a large num-
ber of beamlines in the far-field. Mainly, we demonstrated the
use of a 61 tiled channels coherent beam combination (CBC)
femtosecond fiber amplifiers as a digital laser (DL) source to
generate linearly polarized OAM beams. Each channel (beam) is
considered as an individual pixel where amplitude and phase are
addressed independently in real time. Adding the polarization
control as a degree of freedom could offer more versatility
towards a better control of the CBC far-field shaping, enabling
new applications with specific polarization state and power
distribution [7]. Recently, K. Ji et al. [8], demonstrated the gen-
eration of higher-order Poincaré sphere (HOPS) beams from a
coherently combined six-core Yb-doped multicore fiber (MCF)
amplifier, by using a spatial light modulator offering wavefront
shaping and polarization control of the signals seeded into the
individual cores of the MCF. E.V. Adamov et al., demonstrated
recently the feasibility of controlling the polarization structure of
synthesized beam (generated through coherent combination of
six sub-beams) by changing the phase relations and polarization
directions of the individual sub-beams [9].

In the case of our CBC digital laser, controlling the polariza-
tion of each beam within the fibered frontend is not suitable as
all the 61 Ytterbium fiber amplifiers will impose the same lin-
early polarized amplification [10]. In this paper, we demonstrate
far-field OAM beam engineering allowing global polarization
control through the combined use of a tiled 61-channels CBC
digital laser and a liquid-crystal g-plate designed and manufac-
tured to guarantee high transmission and sustain high average
power ensuring vortex spatial modes preservation.

In the following, quantities related to the digital laser are
referred as DL while g indices are referring to the g-plate.
Fast switching between spatial OAM modes is achieved by
applying helical phase profiles ppr(k) = 301 | ¢'?* to the 61
beams digital laser, where ¢y, = IpLOk€[0, 27],, 65 being the
local (x,y) contribution of the azimuthal angle within the laser
hexagonal composite pupil. Thus, the output vortex beam keeps
a linear polarization carrying a topological charge Ip, defined
as the number of turns the helical profile experiences for each
electric field longitudinal periodic oscillation. A g-plate [11] is
a phase plate with an azimuthal varying optical axis where the
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A 61 channels digital laser with amplitude and phase profiles (a) is travelling through a g-plate carrying continuous vortex phase (b). HWP: Half-wave

plate; QWP: Quarter-wave plate; L: Lens; M: Mirror. The yellow (white) arrows indicate the polarization orientation of the entering (exiting) field.

tangent to the lines pattern displayed on Fig. 1(b) indicates the
local direction of the optical axis. This retarder generates a ¢
helical phase delay with 6 the electrical field angular dependence
expressed in polar coordinates F(r,6) = Ey(r)e'?.

The Jones matrix to be applied on this field at each point
of the g-plate transverse plane is expressed according to linear
polarization basis as follows [12]:

M, = <cos(2q9)

sin (2¢0)
sin (2¢6) ) ’ M

— cos (2¢0)

The g-plate forms an OAM light from a beam with well-
defined spin angular momentum (SAM). When illuminating the
g-plate with uniform linear polarization, the beam is converted
cos . ( sin 0 ) .

. or azimuthal polarization de-
sin @ —cos @
pending of the g-plate principal axis. Passing through the g-plate,
the beam will undergo a global helical phase p, = ¢*2?? and earn
atopological charge [, = 2¢. Thus, the photons of the beam have
their SAM reversed and their OAM is increased by an amount
of l4. In this work, the g-plate features a fractional topological
charge ¢ = 1/5. It acts as a radial polarization converter generat-
ing vortices with charge [, = +1. The g-plate relies on a liquid
crystal (LC) cell sandwiched between transparent electrodes that
allows to efficiently tune the optical phase retardation of the
g-plate [11]. Applying an electric field tilts the orientation of
the LC nematic molecules along the optical axis. Consequently,
the apparent index of refraction (tuned with applied voltage)
varies between the ordinary and extraordinary indices. This leads
to a phase shift between the polarization components parallel
and perpendicular to the optical axis of ¢(V) = ZZAn(V) - d,
where d is the thickness while An = n.(V') — n, is the voltage
dependant birefringence of the LC layer [11]. Associated with
the CBC digital laser, this g-plate allows to generate high aver-
age power coherently combined OAM beam with polarization
control.

The polarization state of the 61 channels composite near-
field (Fig. 1(a)) is defined by the polarization maintaining fiber

into radial

amplifiers which provide a linearly polarized amplification. In
order to obtain a radially or azimuthally polarized beams, a
g-plate needs to be added in the beam path. We can interpret
the action of the g-plate on the incoming polarized beam by
considering the Jones formalism. As already stated, the linear
polarizations of the 61 input beams are all aligned along the

same axis giving a global horizontally polarized mode <é)

This mode is then sent to the g-plate (1) to obtain an output
radially polarized beam [12]:

cos (2¢0)  sin (2q¢0) 1 idn
Mraq = <sm (2¢0) —cos (2(19)) . <0> -
_ [ cOos (2q ) ilpr 6
<Sln (2¢0 )> € ’ @

. . . . o 1
When a beam is carrying a right circular polarization % ( )

. . o 1
he gets transformed into left circular polarization % ( .| at

the output of the g-plate. The resulting Jones matrix for a circular
input polarization leads to a total topological charge | = Ipy, + [,
as follows:

(5 ) ()
( 1 ) i(lpr+1g)0

3)

Sl E\H

L) e
—1

II. EXPERIMENTAL RESULTS

The digital laser architecture relies on a tiled-aperture con-
figuration, where 61 polarized Yb-fiber amplifiers are placed
side-by-side as close to each other as possible in a planar
hexagonal array arrangement (Fig. 1(a)). The phase of each
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individual beam is controlled in real time through the combined
use of variable optical delay lines and piezo-mechanical fiber
stretchers [10]. Conventionally, an in-phase pattern (flat phase)
in which all 61-beam phases are identical ¢, = 0, Vk is used.
The phase stabilization (at ~1 kHz) is performed using an
interferometric measurement method with active phase control.
The CBC is achieved when focusing the composite pupil with a
single lens (L). As the composite near-field is made of Gaussian
output beams, its intensity is periodically modulated, and gives
rise, in the far-field, to sidelobes surrounding the CBC main
lobe [6]. When applying a helicoidal phase e?P distribution
to the 61-channels, an OAM beam (donut shape) characterized
by its topological charge [y, is generated in the far-field. For
this study, all the fiber channels deliver the same output optical
average power.

The g-plate, designed and manufactured with an active area
of 20 mm and withstanding a ~kW average power, is inserted in
the path of the pixelated laser after the lens (Fig. 1(b)). A half-
waveplate (HWP) is inserted to properly control the orientation
of the linearly polarized 61 beams with respect to the g-plate
principal axis. A polarizer is placed before the CCD camera to
analyze the polarization state.

At high average power laser operation, heat load across the
g-plate can cause significant phase shift variations. This is due to
the relatively important temperature dependency of the LC bire-
fringence (0.5 %/K) [13]. These phase distortions will deform
the amplitude profile and cause efficiency losses. To reduce heat
absorption, a g-plate that minimizes light absorption has been
developed. As shown in the inset (b) of Fig. 1, when the light
propagates through the g-plate, it first passes through an anti-
reflection coating (AR), followed by a 3 mm thick transparent
substrate, a thin transparent (Indium-Tin-Oxide, ITO) electrode,
a(~200 nm) photo-alignment layer (PAL) which contains planar
anchor to guide the LC in a layout related to the topological
charge ¢ = 1/2 [11]; see the alignment pattern of the LC on
Fig. 1(b). Finally, the liquid crystal (LC) layer is 20 pm thick.
Light absorption is mainly caused by the substrates and elec-
trodes. The absorption caused by the LC is not significant [11].
In order to transfer efficiently the heat towards the water-cooled
LC cell housing, the substrate must also carry a high thermal
conductivity. Furthermore, to avoid additional phase distortion,
it should also have a low birefringence. To fulfil all the afore-
mentioned constraints, we choose to rely on AR coated sapphire
substrates and a 100 nm thick ITO transparent electrode. Indeed,
sapphire exhibits a low absorption (100 ppm/cm at 1 um), a very
good thermal conductivity (25 W/m/K) and a low birefringence
(0.01 at 1 pm). Ultimately, the largest absorption contribution
is due to ITO layer (absorption coefficient is 500 cm™! at 1 ym
leading to 2-3% absorption). The 93% transmitted light hits
the mirror M where a 0.1% fraction is transmitted to a CCD
camera placed at the focal plane for spatial diagnostics, while
the reflected part is directed towards a power-meter.

As a first experiment, the digital laser is operated with a flat
phase ¢ = OVEk (i.e., [pr, = 0). Then, only the vortex phase
from the g-plate is contributing to the resulting phase with
lg = —1. On Fig. 2, the polarization states of the beam are
analyzed in the near-field (top) and far-field (bottom). Fig. 2(a)
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Fig.2. Near-fields (a), (b) and far-fields (c), (d) intensity distributions observed
after the linear polarizer. Polarization state of the beam entering (exiting) the
g-plate is depicted with yellow (white) arrows.
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Fig. 3. Simulated (a) and experimental (b) radially polarized (white arrow)

ring pattern obtained with linear incident polarization (yellow arrow) on the
g-plate. Panels (c) and (d) are, respectively, vertical and horizontal intensity
distribution across the beam.

and (b) displays the near-field intensity distributions obtained
when using a HWP and the polarizer. As the polarization of
the incoming laser is linear (yellow arrow), the polarization
state of the pattern exiting the g-plate (white arrow) is either
radial (Fig. 2(a) and (c)) or azimuthal (Fig. 2(b) and (d)). For
instance, when the HWP is oriented horizontally (Fig. 2(a)) the
61 sub-pupils near-field exhibits a horizontal hourglass-shaped
pattern with bright and dark sectors (bordered by the white
dashed lines). In the same way, Fig. 2(c) and (d) show the far-field
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Far-fields OAM generated when associating g-plate (blue numbers) with helical phase applied on the digital laser (red numbers). Top (bottom) experimental

(simulated) far-fields for different azimuthal indices from | = —3 (a) to [ = 43 (g).

states. For each orientation, a dumbbell shape (double lobes) is
obtained and oriented in the same way as the near-field. This
behavior is also observed on the six sides lobes surrounding the
central one.

Let us now consider the generated ring shape by removing
the polarizer in front of the CCD camera. Fig. 3(a) and (b) show
typical far-field intensity distribution for a defined HWP refer-
ence angle (horizontal yellow arrow) giving a radially polarized
beam (white arrow). The central beam reveals a uniform ring
shape surrounded by six weaker side beams. A good agreement
is obtained between experimental and simulation results, when
looking on the vertical and horizontal beam intensity profiles
(Fig. 3(c) and (d)).

From now on, we remove the polarizer and replace the HWP
by a quarter-waveplate (QWP) to generate a circularly polarized
beam.

At the output of the QWP, a clockwise circularly polarized
beam is obtained and converted to counterclockwise polarized
beam after passing through the g-plate. An interesting result
is then obtained when combining the topological charge from
the phase control (Ipy) with the one from the g-plate ().
The corresponding recorded experimental far-fields images are
displayed in the top images of Fig. 4, while being compared to
simulations (bottom images). When using the g-plate together
with a flat phase ¢, = OVEk (i.e., [p;, = 0, red numbering) on
the 61-channels laser, a circularly polarized beam (with a fixed
topological charge I, = —1, blue numbering) is obtained, as
shown on Fig. 4(c). Applying a digital helical phase ¢; onto
the 61 channels digital laser, one achieves first to compensate
exactly the vortex phase from the g-plate with an opposite
phase profile. Consequently, the total topological charge con-
siders both the phase contribution from the digital laser and
the g-plate, leading to [ = Ip;, + I, = 0 (Ip.({,) are red (blue)
number on Fig. 4); thus, the total phase profile of the beam
is flat and we get the fundamental Gaussian mode, as shown
on Fig. 4(d).

The digital laser offers the possibility to go further by applying
higher orders phase profiles with [, taking values up to 4 in
this work. When the g-plate is combined with the helical phase
applied to the digital phase control at different orders, higher

52 W (t=0) (b) 800 W

0.8

Vertical position (mm)
(‘n'e) Aysudpu

0 1 2

1 2 3 -3 2 -1
Horizontal position (mm)

Fig. 5. Power ramp-up of an OAM (I = 1). The central beam low power (a)
(52 W at t = 0) is progressively increased to 800 W (b) and 950 W (c), then
reduced back to 52 W after 45 min of operation (d).

order polarized OAM beams are then generated (white numbers
on Fig. 4). Higher order OAM beams with total topological
charges of | = —3 to +3 are depicted in Fig. 4(a)—(g) while ap-
plying a digital helical phase order with [, 1, varying between -2
and +4 (red). Each amplitude profile of the OAM mode depicted
on Fig. 4 is individually normalized. It should be noted that for
both simulation and experimental results (Fig. 4(a)—(g) top and
bottom), ring intensity profiles are not perfectly uniform. To im-
prove the smoothness of the donut shape of high orders OAM (I
> 3), one possibility is to add extra rings of fiber amplifiers (i.e.,
“pixels”) around the actual digital laser array, increasing thereby
the digital laser resolution. The second possibility, presently
under investigation, is to assess the capability of iterative com-
puting approaches like deep learning and genetic algorithms
(GAs) to homogenize the far filed radial intensity distribution
of the OAM beams generated by the CBC femtosecond digital
laser [14].
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Finally, we evaluate the ability for the g-plate to hold high
average power. Fig. 5 displays far-field central beam for several
average power values. The circular polarized donut beam keeps
its shape upon a power of 800 W. When the laser reaches
average power up to 950 W some degradations start to be
observed (Fig. 5(c)). This is likely to be related to the LC hous-
ing water-cooling system limitation. To confirm this statement,
we operated the g-plate several times to generate the donut
pattern both at low and high average powers. At low power,
we retrieve the same initial intensity distribution (Fig. 5(d)),
dismissing any degradation of the g-plate due to thermal
load.

III. CONCLUSION

In summary, we have experimentally demonstrated OAM
beams featuring different polarization states when associating
the 61-channels coherent beam combining digital laser with a
liquid-crystal g-plate. The CBC digital laser allows scalability
and digital phase control, while the g-plate generates structured
light beam with polarization control. The g-plate is tailored to
the laser array size, designed and manufactured to guarantee
high transmission and sustain high average power ensuring
vortex spatial modes preservation. When only the laser phase
control is operated (i.e., without the g-plate), the polarization
state of the donut created in the far-field remains linear. In
other words, the digital laser without g-plate is purely OAM
acting and the SAM stays unchanged. When the g-plate is placed
downstream the digital laser, the beam can get new polarization
states, like radial, azimuthal or circular states. The presented
results illustrate the possibility to associate a dynamic CBC
digital laser with a continuous g-plate to control separately the
OAM and SAM component of the generated beam [15]. The
proposed system offers an extra degree of freedom for various
applications requesting beam shaping with specific polarization
state, among which, particle acceleration [16], optical trapping
[17], and laser material processing [18]. Finlay, to generate high
order and/or complex structured light beams with amplitude,
phase and polarization control, the CBC digital laser resolution
(numbers of pixels or beams) and/or the g-plate topological
charge (/,) need to be increased. Several g-plates could as well
be used in cascade [19] to generate higher vortex beams with
polarization diversity.
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