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Optical angular momentum (OAM)-based structured light beams provide an additional degree of freedom for
practical applications ranging from optical communication to laser-based material processing. Many techniques
exist for generating such beams within laser sources and these primarily rely upon the use of specially designed
optical components that limit laser power scaling and ready tunability of the topological charge and polarization
of the output OAM beams. Here we show that some of these limitations can be overcome by employing a com-
puter controlled reflective phase-only spatial light modulator to adaptively tailor the input (and subsequent out-
put) beam wavefront and polarization in a few-mode fiber amplifier. In this way modal-coupling-induced beam
distortion within the fiber amplifier can be mitigated and we are able to generate at will any desired supported
spatial mode guided in the fiber, including conventional linearly polarized (LP) modes, scalar OAM modes, and
cylindrical vector modes, at average powers >10 W and with a peak power of >11 kW. Our results pave the way
to the realization of practical high-power structured laser sources with tunable chirality and polarization.
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1. INTRODUCTION

Structured laser beams have recently become a topic of signifi-
cant interest due to the fact that they provide additional degrees
of freedom in terms of optical phase, polarization, and ampli-
tude and have subsequently found many novel applications in,
among others, the optical manipulation of particles [1,2], op-
tical free space and fiber-based communications [3,4], laser-
based material processing [5,6], particle acceleration [7], and
microscopy [8,9]. Foremost among the family of structured la-
ser beams are scalar vortex beams and cylindrical vector beams.
Scalar vortex beams are characterized by an annular intensity
profile associated with an azimuthally varying phase structure
of exp�ilφ� (where l is the integer of topological charge) so that
they carry optical angular momentum (OAM). They are typ-
ically generated using dynamic phase approaches by imposing a
helical phase front on an incoming Gaussian beam using a
phase plate [10], computer-generated hologram [11], or phase-
only spatial light modulator (SLM) [12]. On the other hand,
cylindrical vector beams are associated with l-dependent
azimuthally varying polarization distributions (such as radial
and azimuthal polarizations), which can be interpreted as

combinations of OAM and spin states that result in a plane
wavefront that does not carry OAM [13]. Such beams are cre-
ated with geometric phase approaches by employing a q-plate
[14], s-wave plate [15], or meta-surfaces [16] to transform an
incident beam with homogenous polarization (e.g., linear
polarization) into a beam with the desired vector polarization
state. While these passive beam conversion approaches are rel-
atively easy to implement, they tend to lack flexibility in terms
of the generation of different structured beams due to the static
properties of the optical elements, have limited power handling
capability, and the conversion efficiency is ultimately limited by
the intensity overlap of the incident Gaussian beam with the
desired structured beam (which usually induces a high loss
when a high-order structured beam is desired [17]).

Over the past decade, remarkable advances have been made
in the direct generation of such structured light beams from
gain media including bulk solid-state lasers/amplifiers [18–20],
fiber lasers/amplifiers [21,22], organic lasers [23], and gas lasers
[24], offering advantages of higher modal purity and much
higher power scalability. However, such “structured light” laser
systems can typically only generate a specific fixed spatial mode.
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The selective and flexible generation of such beams (i.e., tuning
of the polarization and topological charge of the OAM states on
demand), ideally from a compact laser source at high output
powers with high modal purity and with simultaneous control
of the temporal characteristics, is of great interest in direct laser
writing with ultrafast lasers which brings flexibility to the laser-
induced morphology of features [25], but remains a great chal-
lenge. A few methods that provide some flexibility in switching
the laser output intensity profiles, or tuning the chirality of the
OAM states, have been implemented in bulk solid-state lasers
[26–28] and semiconductor-based microlasers [29–32] but
generally the performance has been limited by damage to
the special optical components used due to the high intracavity
powers involved. One promising way to overcome this limita-
tion is to exploit the master-oscillator power amplifier (MOPA)
approach that amplifies a reconfigurable structured light seed
beam through an appropriate gain medium with a high gain
while preserving a high mode purity. We have recently dem-
onstrated a proof-of-concept demonstration that flexibly
generates various structured light beams from a compact multi-
core fiber amplifier by coherently combining the individual
Gaussian-shaped output beamlets with appropriate complex
amplitude [33]. However, the unavoidable relatively higher loss
associated with the non-collinear beam combination (typically
∼50%–60% in theory) could ultimately hinder its use in the
high-power regime and provides the incentive to develop more
efficient approaches.

The vector nature of the diversity of electric field distribu-
tions of the eigenmodes guided in a cylindrically symmetric
isotropic large-core, few-mode optical fiber makes this an at-
tractive compact platform for the dynamic generation of differ-
ent structured spatial modes at high powers given the high
efficiency and high-power scalability of traditional Gaussian-
shaped beams in such gain fibers. However, the vector modes
with the same radial and azimuthal index are either strictly de-
generate with exactly the same effective refractive indices (i.
e., EHeven

l−1,m and EHodd
l−1,m), or nearly degenerate with a small dif-

ference in the effective refractive indices (Δn ∼ 10−5–10−7, i.e.,
EHeven

l−1,m and HEeven
l�1,m). Thus, even the slightest perturbations

to the cylindrical symmetry of the fiber (i.e., bends, twists, and
refractive index inhomogeneities) can cause strong coupling be-
tween such modes, resulting in the formation of the so-called
scalar LP modes that are usually observed at the output of fi-
bers/fiber devices [34,35]. Although, various mode excitation/
selection techniques have been demonstrated in fiber lasers/am-
plifiers, these have generally only allowed the generation of a
single, non-tailorable lowest-order vortex or vector mode for
a given laser cavity design [22,36,37]. In such systems,
mode-coupling-induced distortion of the vortex or vector beam
can be reduced, to some extent at least, by deliberate mechani-
cal manipulation of the fiber, e.g., by applying extra pressure,
bends, or twists at certain points to ensure a doughnut-shaped
intensity profile at the fiber output. These mitigation measures
though are wholly empirical, typically lack repeatability, and
become increasingly ineffective at higher power levels and
for fibers supporting a larger number of guided modes. This
ultimately hinders the utilization of such exotic laser sources
for end-users who are not laser experts. More advanced fibers

with annular index profiles that reduce mode coupling and sup-
port the stable propagation and amplification of vortex and vec-
tor modes over long distance have been proposed and
demonstrated [35,38,39]. However, such fibers rely on critical
design and rigorous control of the refractive index profile and
thickness of the annular core required and are characterized by
a small effective mode area. Thus, fiber fabrication is challeng-
ing, and the tight mode confinement is not compatible with
high-power laser operation.

In this work, we overcome the aforementioned limitations
through the use of an adaptive input wavefront and polarization
shaping technique which allows for precise control of the am-
plification of structured spatial modes in a commercially avail-
able few-mode large mode area (FM-LMA) fiber. A reflective
phase-only SLM is employed to excite and correct the wave-
front and polarization of the input beam to a final FM-
LMA fiber amplifier stage in a picosecond pulsed MOPA
system to obtain the desired structured spatial modes at the
MOPA output. We experimentally demonstrate the computer-
controlled generation of a variety of spatial modes supported by
the FM-LMA fiber, obtaining very good modal purity (>90%),
an average power of >10 W, and a corresponding peak power
of 11 kW. This includes the arbitrary generation of conven-
tional scalar LP modes, linearly polarized OAM modes, and
vector eigenmodes.

2. METHODS

A. Principles
Light propagation through passive fibers remains deterministic
even in the case of strong modal coupling. Indeed, a number of
techniques based on manipulation of the incident wavefront
(including digital phase conjugation [40], transmission matrix
[41], and adaptive wavefront shaping [42]) have been demon-
strated with great success to selectively generate a desired elec-
tric field distribution at the output of a passive multimode fiber
(MMF) by using a phase-only SLM [43–45]. Recently the iter-
ative optimization-based adaptive wavefront shaping technique
has been adapted to shape the light in FM-LMA fiber amplifiers
and MMF amplifiers in which light transmission becomes non-
linear due to the gain competition among the transverse modes
induced by non-uniform gain saturation. For instance, by em-
ploying a photonic lantern as the beam shaping element, the
amplification of selected scalar LP modes in an LMA fiber am-
plifier has been demonstrated [46,47], and amplification in an
MMF amplifier resulting in a tightly confined, single-spot (or
multiple spots) output beam has been obtained using a deform-
able mirror to tailor the incident beam wavefront [48].
However, the deformable mirror has a very limited number
of actuators, which means it cannot readily be used to generate
more sophisticated structured beams with spatially varying
phase and/or polarization distributions. To date, no technique
has been demonstrated with the capability of allowing the user
to generate a specific selected complex guided spatial mode in a
fiber laser/amplifier at high output power.

Spatial beam shaping with SLMs is widely used as one of the
most versatile techniques for generating structured light beams
in free space with high fidelity; however, there are issues
with this approach. First, shaping efficiency can be an issue
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particularly due to diffraction loss when there is a limited in-
tensity overlap between the incident beam and the target beam.
Second, liquid crystals devices have a relatively low damage
threshold (typically 2 W ⋅ cm−2) and this limits the power level
of the beams that can be reflected from these devices. Here, we
propose a “digital fiber amplifier” [26] to overcome these issues.
One of the central ideas behind our approach is to place the
beam shaping SLM prior to an FM-LMA fiber amplifier, where
the incident power levels are modest, allowing a pre-shaped
beam to be amplified to a target beam with much higher output
powers than what could be applied directly to the SLM if it was
used to shape the beam at the amplifier output, while also
avoiding any shaping losses at this critical point in the system.
The SLM provides a reprogrammable means of converting a
pre-amplified Gaussian-shaped beam into the required field
which must be excited at the input of the fiber to generate
the desired output. Any beam distortion and depolarization in-
duced by mode coupling during the amplification are pre-
compensated by adaptively shaping the incident wavefront
and polarization state through an iterative optimization process.
The shaped incident wavefront can be encoded as a superpo-
sition of a basis set of orthogonally linearly polarized modes
generated by the SLM with an appropriate complex amplitude:

E in �
Xl�N

l�−N

�al jH , li � bl jV , li�, (1)

where jH , li � eilφjH i and jV , li � eilφjV i represent the ba-
sis modes (horizontal polarization jH i and vertical polarization
jV i) with a helical wavefront eilφ (and with an intensity profile
matched to those of the fiber eigenmodes), and al � al0eiθl1
and bl � bl0eiθl2 represent the complex amplitude of each
mode (where al0 and bl0 represent the normalized amplitude
of the horizontal and vertical components, respectively; and
θl1�2� represents the relative phase of each mode). Any spatial
mode can be expressed as an appropriate superposition of these
basis modes.

At the output, an analyzer SLM (used in the reverse direc-
tion to the beam shaping SLM) can be used as a correlation
filter to detect the portion of the field in the desired state.
It is digitally configured with a transmission function

T �r� � Ψ�
tar�r� [where Ψ�

tar�r� represents the complex conju-
gate of the target mode in terms of both amplitude and phase]
so that the on-axis intensity of the correlation signal in the far
field is proportional to the power of the output beam within
that target mode [49]. The on-axis signal power can be mea-
sured and used as the merit function to provide iterative feed-
back to adaptively shape the input wavefront and polarization.
The optimization process is executed by the optimization pack-
age based on the conjugate gradient algorithm from the
ALGLIB numerical library which solves unconstrained prob-
lems [50]. The coefficients of the amplitude and phase of each
basis mode in each polarization state result in a total of 24
parameters to be optimized. Therefore, the output beam can
be electronically controlled simply by displaying different
(complex) phase masks on the SLM.

B. Experimental Setup
A schematic of the experimental setup is illustrated in Fig. 1. A
gain-switched laser diode operating at a wavelength of 1035 nm
and emitting ∼150 ps Gaussian-shaped pulses at a repetition
rate of 5.9 MHz is used as the seed to a fiber-based MOPA
system. The pulses are first pre-amplified to an average power
of ∼250 mW in a chain of polarization-maintaining single-
mode fiber (PM-SMF) amplifiers. The output fiber of the final
pre-amplifier stage has a core diameter of 10 μm with a numeri-
cal aperture (NA) of 0.085, ensuring delivery of a pure funda-
mental mode with a nearly Gaussian-shaped intensity profile
and a well-defined flat phase profile. The resulting amplified
beam is then collimated with a spot size of ∼6.8 mm and in-
jected onto a reflective phase-only liquid crystal SLM (Holoeye
PLUTO-2-NIR-149, AG, Germany) through some polariza-
tion diversity optics. The SLM has an active area of
15.36 mm × 8.64 mm comprising 1920 × 1080 pixels at a
pitch of 8 μm. It can operate at any wavelength from 1000
to 1100 nm with a reflectivity of 93%. The area of the
SLM is divided into two halves to display the phase masks
and this enables us to generate any spatial and polarization state
(in amplitude and phase) in the Fourier plane. Although illus-
trated in a transmissive topology for clarity in Fig. 1, in practice
each incident beam reflects off its own phase mask displayed on
the SLM. A modified iterative Fourier transform algorithm is

Fig. 1. Experimental setup of the digital fiber amplifier. AMP, amplifier; PM, polarization maintaining; SMF, single-mode fiber; FMF, few-mode
fiber; PBS, polarization beam splitter; DM, dichroic mirror; BS, beam splitter; PC, polarization controller; M, mirror; λ∕2, half-wave plate;
ISO, isolator.
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used to calculate the phase masks required to generate the in-
tensity and phase distributions of each basis mode [51,52]. The
transformation efficiency of each basis mode varies from ∼30%
(for the fundamental Gaussian mode) to ∼54% [for the first
higher-order OAM mode �jl j � 1�]. In addition, there is a
static insertion loss of ∼2.5 dB for the beam shaper (measured
from the input SMF to the output facet of the other SMF),
resulting in a total loss of ∼ −7.7 dB to ∼ −5.2 dB for re-
shaping the input beam to excite the desired beam in the
following FMF.

The re-shaped beam is first coupled to a ∼10 m length of
passive single-clad fiber with a refractive index profile matched
to that of the commercially available step-index FM-LMA Yb-
doped fiber (Liekki Yb1200-30/250DC) used in the final stage
amplifier. The passive single-clad fiber is used as an aperture that
effectively blocks any forward propagated unwanted light that
otherwise might be amplified, and also works with the
free-space isolator to block any backward propagated amplified
spontaneous emissions (ASEs) to protect the SLM. The
resulting signal is passed through a home-made free-space polari-
zation-independent isolator which ensures a reduced polariza-
tion-dependent loss and is injected into the final stage
amplifier fiber which has a core diameter of 30 μm with an
NA of∼0.075� 0.005 and a cladding diameter of 250 μmwith
an NA of 0.46. Our calculations show that the fiber can theo-
retically guide 20 spatial modes (accounting for the two polar-
izations) if kept straight. In practice, however, as the fiber was
coiled with a diameter of ∼25 cm, only 12 spatial modes can
be effectively guided (up to the LP02 mode) due to the high bend
loss sensitivity of the higher-order modes. The fiber has a peak
nominal cladding absorption of ∼14 dB∕m at 976 nm, and
∼1.5 m length of fiber was used in the experiment. Both ends
of the fiber were spliced to ∼1 mm long silica end caps with a
diameter of 250 μm to suppress any potential parasitic lasing.
The input end facet was perpendicularly cleaved but the output
end facet was angle polished with an angle of ∼8° to further re-
duce the backreflection and unwanted optical feedback.

At the fiber amplifier output, a fraction of the output beam
is characterized by a digital spatial mode correlation filter based

on a second SLM, and the resulting correlation signal is used in
an iterative optimization process to adjust the wavefront and
polarization of the beam launched into the fiber as needed
to generate the target beam at the output. Note that we used
a basis set of linearly polarized modes with helical wavefronts
(and with intensity profiles matched to those of the fiber) to
generate and analyze the spatial beam profile at the SLMs.
Any scalar or vector fiber mode can thus be described in terms
of a superposition of modes in this basis.

3. RESULTS

A. Generation of Scalar LP Modes
In a preliminary experiment, we tested the amplification of sev-
eral fiber eigenmodes without implementing any adaptive input
wavefront shaping, which imitated the scenario of amplification
in a conventional few-mode fiber amplifier. In this case, the
beam-generator selectively converted the input Gaussian beam
into an individual selected single spatial eigenmode, which was
then launched into the amplifier. Figure 2(a) shows the mea-
sured intensity profiles of the amplified output beams and the
corresponding input signal beams. We can see that the ampli-
fication of an input doughnut-shaped vector mode (i.e., TM01

and EH11e) always results in an output intensity profile similar
to that of the corresponding LP mode due to the strong intra-
modal coupling. Moreover, the amplification of the vertically
polarized fundamental LP01 mode and the LP02 mode is also
vulnerable to polarization degradation and beam distortion and
hence suffers from a reduced modal/polarization purity in prac-
tice. The modal decomposition result for the LP01 mode [as
illustrated in Fig. 2(b)] shows that the modal purity degraded
to ∼73.8% with a significant fraction of the power coupled to
the orthogonal linear polarization, leading to a polarization ex-
tinction ratio (PER) of 8.2 dB at the amplifier output. The
other component of power contained in higher-order modes
is mainly attributed to imperfect input beam launching
conditions—any small component of power coupled to the
higher-order modes at the launch end will experience a rela-
tively high gain due to the spatially dependent gain saturation
which will predominantly affect the launched LP01 mode.

Fig. 2. Scalar LP modes. (a) Examples of input and output beam profiles without input wavefront shaping. (b), (c) Modal decomposition of
(b) the unshaped LP01 mode and (c) the optimized LP01 mode. (d) Measured intensity profiles of the different orders of output LP mode after input
wavefront shaping. (e) Measured output intensity profiles of the rotated LP11 mode.
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We then tested the feasibility of our beam shaping concept
with a targeted vertically polarized fundamental LP01 mode. In
this case, only the section of the second SLM allocated to con-
trolling the vertical polarization component of the beam was
coded with a phase mask corresponding to the conjugated
LP01 mode such that the correlation signal can be detected
by the SMF attached to the power meter. This is then used
as the merit function in the iterative optimization process.
The initial phase of each mode was preset to 0 and the ampli-
tude of each mode was randomly preset but with a higher value
for the target LP01 mode. The preset parameters are not critical
in determining whether we can find a good solution or not, but
a good choice can reduce the optimization time which typically
takes about ∼10–15 min. Figure 2(c) shows the measured in-
tensity profile of the optimized LP01 mode, and the modal de-
composition result shows that the PER was increased to
∼12 dB with an improved modal purity of 90.1%.

Next, we chose to shape the input signal wavefront to obtain
other selected vertically polarized scalar LP modes. Such modes
can be represented as the in-phase and out-of-phase coherent
superposition of two equally weighted vertically polarized
OAM modes with opposite chirality (LPa�b� � jV , li �
jV , − li). The appropriate correlation filter was encoded to dis-
play the conjugate phase of the desired LP mode at the second
SLM, and the iterative optimization procedure was again
executed to obtain the target LP modes by controlling the input
wavefront. We successfully generated the individual LP modes
supported by the fiber, as shown in Fig. 2(d). In addition, the
orientation (α) of the LP modes which can be interpreted in
terms of a superposition of the two linearly polarized OAM
modes with equal amplitude but different relative phase
β [LP�α� � jV , li � exp�iβ�jV , − li, where α � β∕2l ] can
be completely controlled. One example of the measured inten-
sity profiles of the rotated LP11 output beams is shown in
Fig. 2(e), indicating that the complex amplitudes of the four
vector modes within the LP11 group are well controlled.
Note that all generated LP modes had an output power of
∼10 W with a PER of >12 dB.

B. Generation of Vector Fiber Eigenmodes
We further investigated the generation of degenerate fiber ei-
genmodes in the LP11 and LP21 groups supported by the fiber.
Mathematically, such vector modes can be represented as an
appropriate linear combination of the four OAM modes basis
in the same LP group [the opposite chirality and orthogonal
linear polarizations, i.e., TM01 � �jH , li � jH , − li−
ijV , li � ijV , − li�, where l � 1]. Thus, the conjugate phase
of the desired vector mode can be encoded on the second SLM
to construct an appropriate correlation filter. In order to get an
unambiguous correlation signal, the PC in Fig. 1 needs to be
properly adjusted to ensure that the polarization of a horizon-
tally polarized beam launched into the SMF is rotated to 45°
with respect to the transmission axis of the fiberized polariza-
tion beam splitter (PBS). This ensures that the correlation sig-
nal of the desired vector mode is solely transmitted to the
horizontal polarization output port of the PBS and is measured
by the power meter as the merit function during the iterative
optimization process. Note that there is a fixed slight path
length difference (∼100 μm) between the horizontal and

vertical polarizations through the correlation filter system so
that the relative phase between them should be calibrated be-
fore implementing the iterative optimization process.
Afterwards, the conjugate amplitude and phase of the desired
vector mode were encoded in the second SLM, and by execut-
ing the adaptive wavefront shaping procedure, various fiber ei-
genmodes were successfully generated with high quality.

The second column in Fig. 3(a) shows the measured inten-
sity distributions of the output vector beams including the ra-
dial polarization (the TM01 mode), azimuthal polarization (the
TE01 mode), and other cylindrically symmetric polarizations in
the LP11 group (the HEe

21 and HEo
21 modes) and LP21 group

(the EHe
11 and EHo

11 modes) at the maximum output power.
These are well matched to the theoretical intensity distributions
as shown in the first column in Fig. 3(a). The cylindrically sym-
metric polarization states of the generated doughnut-shaped
modes were qualitatively confirmed by passing them through
a rotatable linear polarizer. Rotated intensity similar to the LP
mode patterns was observed as predicted by theory and these
are shown in the rest of the columns in Fig. 3(a). Figure 3(b)
shows the measured output power of the TM01 and EHe

11

modes as a function of pump power, which yielded a maximum
average power of 12.0 W and 11.3 W, corresponding to slope
efficiencies of 70% and 66%, respectively. This is comparable
to the performance of conventional fiber amplifiers showing
that a high-power conversion efficiency can be achieved with

Fig. 3. Cylindrical vector modes. (a) Theoretical (first column) and
experimentally measured (second column) far-field intensity distribu-
tions of doughnut-shaped output vector modes and the intensity pro-
files of the corresponding mode passing through a linear polarizer at
different orientations (white arrows) as a verification of the vector
polarization state. (b) Average output power of the TM01 and
EH11e modes versus the launched pump power. (c) The measured
temporal pulse shape having a pulse duration (FWHM) of
∼150 ps. (d), (e) Examples of vector modal decomposition analysis
for (d) the TM01 mode and (e) the EH11e mode, showing that
>91% of power is contained within the desired vector.
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our beam shaping approach. Figure 3(c) shows the measured
pulse shape of the generated vector modes with a pulse duration
of ∼150 ps full width at half-maximum (FWHM), correspond-
ing to an estimated peak power of ∼12 kW. There is a smaller
peak on the tail of the main pulse that was minimized by opti-
mizing the diode temperature. The vector modal purity was
analyzed through a vector mode decomposition technique
based on a second SLM as show in Fig. 1 (see more details
in Appendix A) [53,54]. The results show that the fiber am-
plifier yielded a high vector mode purity of >91% for all gen-
erated vector modes. Figures 3(d) and 3(e) illustrate examples
of the measured relative modal weightings for the generated
TM01 and EHe

11 modes, respectively. We can see that the
power of the undesired vector modes in the same LP mode
group stayed below a level of −19 dB (1.3%) compared with
the target vector mode. The slight fraction of power (<7%)
contained in the other order LP modes can be attributed to
residual mode coupling as well as the fast buildup of ASE con-
tained within the other spatial modes which experience a higher
gain due to the undepleted population inversion under high
pump power conditions.

C. Generation of Linearly Polarized OAM Modes
We finally investigated the controllable generation of linearly
polarized OAM modes with tunable topological charges
(l � �1, � 2) at high output powers. The linearly polarized
OAM modes can be represented as appropriate coherent com-
binations of two near-degenerate circularly polarized OAM
modes with the same topological charge but opposite spin states
(i.e., jH , li � jσ�, li � jσ−, li). The slight difference of
propagation constant between the two components indicates
that the combined linearly polarized OAM modes are actually
not fiber eigenmodes so that the relative phase between them
should be controlled to zero in order to get a purely linearly
polarized OAM mode at the output. Since such linearly polar-
ized OAM modes are the basis modes we employ to generate
and analyze the spatial beams at the SLMs, the relevant corre-
lation filter can be constructed just by encoding the conjugate
phase mask of the desired basis mode on the second SLM. By
implementing the iterative optimization procedure, we success-
fully generated various linearly polarized OAM modes with
tunable topological charge and controllable polarization state.
Figures 4(a)–4(d) show four examples of output beam intensity
profiles measured at an output power of ∼10.5 W exhibiting
pronounced doughnut shapes together with beam profiles of
horizontal and vertical linear polarization components (shown
in insets) indicating that the linear polarization states dominate
the output beams. The helical phase fronts of the doughnut-
shaped beams were confirmed by interfering them with a refer-
ence beam with a spherical wavefront, leading to the formation
of spiral interference patterns. The number of spiral fringes and
their rotation directions indicate that the target OAM modes
with the desired topological charge were successfully achieved.
The purity of the scalar OAM modes was analyzed by decom-
posing the output beam into the OAM basis modes in both
linear polarizations. Figures 4(e) and 4(f ) illustrate examples
of measured relative modal weightings of two OAM modes
jV , 1i and jH , 2i, respectively, indicating that a high modal
purity of >90% was obtained. Note that switching between

modes with different topological charge and polarization states
was achieved by displaying the relevant phase mask on the
second SLM and executing again the iterative optimization
procedures.

D. Mode Stability
It is worth mentioning that the generated OAM modes and
vector modes are quite stable and repeatable at fixed output
power in the laboratory environment. The applied SLM phase
pattern did not need to be changed once the optimization pro-
cess was completed for the target output beams and the beam
quality was preserved for periods of at least several hours.
Figure 5(a) shows the measured modal purity of the EHe

11

mode as a function of time at the maximum output power
of ∼11 W with an optimized SLM phase pattern. It shows that
the average value of modal purity is 91.3% with a ∼6% peak-
to-valley fluctuation and a root mean square value of 0.012 over
60 min, confirming that a stable vector mode was generated.
This can be attributed to the moderate heat load (<5 W∕m)
which is below the threshold value for the transverse mode in-
stability, as well as the good thermal management of the fiber
amplifier which was operated in a state of thermal equilibrium.
In addition, the pre-shaped beam launched into the fiber
mainly excited appropriate combinations of the nearly degen-
erate fiber eigenmodes (within the same LP mode group) which
have similar propagation constants and intensity profiles so that
they should experience negligible difference in propagation
constant with varying temperature, resulting in a stable output
mode. We noticed that each optimized input wavefront only
works at a fixed output power, and that the beam quality de-
creases with variation in power around the value used for

Fig. 4. OAM modes. (a)–(d) The measured intensity profiles of the
linearly polarized OAM output beams with topological charge of
(a) l � −1, (b) l � 1, (c) l � 2, and (d) l � −2, respectively. The
insets show the orthogonal components of the horizontal and vertical
polarization states, indicating that the linear polarization dominates
the output beams. The different spiral interference patterns indicate
the output beams have the desired topological charges of the OAM
state. (e), (f ) Examples of modal decompositions results show that
>90% of the power is contained in the desired OAM mode of
(e) jV , 1i and (f ) jH , 2i.
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optimization. One example shown in Figs. 5(b)–5(d) shows
that the optimized doughnut-shaped EHe

11 mode experiences se-
vere beam distortion as the output power is decreased from 11 to
2 W. However, the doughnut-shaped mode can be restored by
running the algorithm again and reoptimizing the input wave-
front, as shown in Fig. 5(e). We attribute the mode evolution
versus output power to changes in the mode transfer matrix
due to changes in the thermal equilibrium of the fiber and spa-
tially dependent gain saturation at different pump powers.

4. CONCLUSION

We have demonstrated a novel digital fiber amplifier capable of
generating optical vortex beams of user-specified topological
charge and vector polarization states on demand at high power
levels under electronic control. Our approach is based on adap-
tive shaping of the beam wavefront and polarization by means
of a phase-only SLM placed at the input to a few-mode fiber
amplifier. Using this approach, we successfully avoided optical
damage to the SLM (by reducing the incident powers to below
250 mW) and were able to generate various spatial modes sup-
ported by the fiber including conventional scalar LP modes,
scalar OAM modes, and cylindrical vector modes. The ampli-
fier produced 150 ps pulses at a repetition rate of 5.9 MHz with
an average power >10 W corresponding to a peak power of
above ∼11 kW. The net gain of the final digital fiber amplifier
stage reached ∼ >16 dB. The output power might be further
increased by a factor of ∼3–5 if we increase the incident power
to ∼1.5 W at which point we reach the theoretical damage
threshold of the SLM. As the SLM is expensive, and any con-
tamination on the liquid display surface might reduce the dam-
age threshold, we only operated the SLM at a power well below
its damage threshold. Recent advances in SLM technology have
resulted in devices with a higher damage threshold and a faster
refresh rate than the device used herein. This fact, in conjunc-
tion with the use of more advanced optimization algorithms
capable of faster convergence rate, should allow the construc-
tion of higher-power systems with faster spatial mode switch-
ing. The demonstrated versatility in mode generation and

power-handling capabilities of our approach opens a new path-
way for the dynamic generation of high-power structured light
beams from simple and compact laser sources. This capability
may be advantageous in a wide range of applications such as
laser material processing, free-space optical communication,
and high-resolution imaging.

APPENDIX A: VECTOR MODE DECOMPOSITION

To analyze the modal purity of the generated vector modes, a
vector mode decomposition technique is implemented. First,
the output beam is decomposed into the orthogonal linearly
polarized OAMmode basis through an inner product measure-
ment as follows:

cε,L � hΨε,LjEouti, (A1)

where Ψε,L represents the horizontal OAM basis mode
(jH , � Li) for ε � 1, and vertical polarization OAM basis
mode (jV , � Li) for ε � −1, respectively (L ≤ 3 in practice).
The c2ε,L are the corresponding modal weights which are pro-
portional to the correlation signal of the on-axis intensity
coupled to the SMF. The relative modal weight of each LP
group can be derived as the sum of the modal weights of
the OAM mode basis with the same order of L and orthogonal
polarizations as

ρL �
P

c2ε,�LXl�3

l�0

c2ε,�jl j

: (A2)

The next step is to measure the relative modal weight of each
degenerate vector mode within the same LP group, which is
also achieved by an inner product measurement. Consider
the case where the output is the pure HEeven

L�1 mode, then
the inner product with the conjugate phase of each degenerate
vector mode has the following form:8>>>>>>>>>>>><
>>>>>>>>>>>>:
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:

(A3)

The SMF located on the optical axis in the far field can only
detect the non-OAM component (j0i) of the electric field
within the resulting correlation signal. It can be seen that
the inner product of the conjugate phase of the HEeven

L�1 mode
contains an on-axis intensity component with a linear polari-
zation aligned to 45° with respect to the horizontal direction.
The inner product of the conjugate phase of the EHeven

L−1 mode
contains the on-axis intensity component as well, but with
orthogonal linear polarization (−45°). To differentiate between
these two signals, a PC is adjusted to rotate the linear polari-
zation of the correlation signal of theHEeven

L�1 phase mask to the
horizontal direction, which is aligned to the first output port of

Fig. 5. Modal stability measurement. (a) Measured modal purity of
the EHe

11 mode at a fixed output power of ∼11 W as a function of
time, indicating that a stable vector mode was generated and preserved
over 60 min. (b)–(d) Mode evolution versus output power: the mea-
sured intensity profile of the optimized EHe

11 mode at (b) 11 W; the
intensity profile of the output beam when the output power was de-
creased to (c) 7 W and (d) 2 W without changing the input wavefront.
(e) The intensity profile of the output beam at 2 W was restored to a
doughnut shape after the input wavefront was re-shaped.
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the PBS. Correspondingly, the linear polarization of the corre-
lation signal of the EHeven

L−1 phase mask is rotated to the vertical
direction, which is aligned to the second output port of the
PBS. By sequentially displaying the conjugate phase of each
vector mode, the measured power (Pj) of the first output port
of the PBS can be considered as the weight of each vector mode.
Then the relative weight (ηj) of each vector mode can be
expressed as

ηj �
PjP
Pj

, (A4)

where j represents the jth vector mode in the LP group (each
LP group contains four degenerate vector modes). As a result,
the overall relative weight of each vector mode (γLj) can be
expressed as

γLj � ηjρL: (A5)
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