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Abstract: We demonstrate conversion of a higher-order LP0,m mode to a nearly perfect Gaussian
beam using silica binary phase plates. The conversion efficiencies obtained are above 60%
with corresponding beam propagation parameters of M2 < 1.1 of the converted beams for all
investigated higher order modes, indicating conversion to an almost perfectly Gaussian beam.
We also provide a numerical analysis of the conversion scheme, including bandwidth, both with
respect to the conversion efficiency and resulting M2. Lastly, we discuss the impact of parasitic
modes on the conversion scheme.

© 2026 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Fiber systems operating at high optical powers can be limited by dielectric breakdown of the
fiber material when the electric field strength exceeds the material threshold. One approach
to mitigating this limitation is the use of higher order modes (HOMs) in large-core fibers,
which enable stable propagation at large effective areas, thereby reducing the peak intensity and
facilitating higher powers before dielectric breakdown occurs [1]. The dispersion properties
of HOMs also facilitate nonlinear processes such as dispersive wave generation and four-wave
mixing, thereby enabling broadband frequency conversion [2–4].

Although some HOMs, such as truncated Bessel beams, are advantageous for applications like
optical trapping, biological imaging, and material processing [5–7], their inherently high M2, on
the order of ≈10 depending on the particular fiber mode, limits their suitability for applications
requiring tight focusing [8]. The beam propagation factor M2 quantifies the deviation of any
arbitrary beam profile from an ideal Gaussian beam, which by definition has M2 = 1. Any beam
therefore has M2 ≥ 1. An increasing M2 corresponds to a larger far-field divergence angle,
and consequently a larger minimum achievable focal spot size for a given higher order mode.
In contrast, the fundamental fiber mode, the LP0,1 mode, produces a Gaussian-like beam with
near-unity M2, which may therefore be preferred [9,10]. Consequently, in high-power systems
where HOM propagation in the fiber is advantageous, it can be necessary to convert these HOMs
to the fundamental mode at the output to obtain the appropriate beam properties. Long-period
gratings (LPGs) have been shown to efficiently convert between HOMs and the fundamental mode
with efficiencies exceeding 99% [11,12]. Despite their excellent efficiency, LPGs have notable
limitations. Firstly, once an LPG is inscribed in the fiber, the mode conversion is fixed between
two modes, meaning there is no degree of freedom in mode selection. Secondly, the conversion
bandwidth of the LPG is typically narrow - on the order of nanometers - due to the resonant
nature of this type of mode converter. Axicons, which are conical pieces of glass, have also been
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demonstrated as a means to convert between the Bessel-like HOMs and Gaussian-like beams
with low loss (20-30 %) [13,14]. However, the axicon scheme inherently requires free-space
propagation and lacks simple mode selection, as the distance between the image plane of the
HOM to be converted and the axicon is mode dependent, which leads to practical problems
for mode flexibility. Lastly, spatial light modulators (SLMs) can be used to convert between
Gaussian beams and HOMs, with good mode selectivity [15]. However, to date, conversion from
a HOM to a Gaussian beam using an SLM has not been demonstrated, and additionally, SLMs
also require an external power supply and are expensive.

In our previous work, we demonstrated that binary phase plates (BPPs) can be used to excite
LP0,m modes from a free-space Gaussian beam [16]. In this work, we demonstrate the use of
these BPPs, etched in fused silica, as a novel method for mode conversion, going from the higher
order LP0,m modes back to a Gaussian beam at the fiber output. The pure silica platform supports
high powers due to its high optical intensity threshold and intrinsically low absorption over the
considered optical wavelengths. BPPs operate by equalizing the phase across the transverse
LP0,m mode profile of a HOM. This principle is illustrated in Fig. 1(a). The Bessel-like radial
field distribution oscillates between positive and negative electric field values, which corresponds
to a π phase difference between subsequent oscillations. The resulting transverse intensity
distribution is a center spot surrounded by concentric rings, each of which is offset by a π phase
shift from the neighboring rings, and is shown schematically in Fig. 1(b). The phase of the
mode can be equalized by overlaying a piece of glass with circularly symmetric rings etched
to a certain depth, such that the difference in propagation length within glass and air yields a π
phase difference. These circularly etched rings have to be etched such that they overlap with
the rings of the fiber mode, as shown by the red curve in Fig. 1(a). An illustration of a BPP
specifically for the LP0,5 mode is shown in Fig 1(c), with the etch depth Lπ indicated by a red
arrow. A comparison of the 4 introduced conversion schemes is given in Table 1.

Fig. 1. (a): The radial electric field distribution of the LP0,5 mode in blue, and the
corresponding BPP phase profile ∆ϕ(r) in red, plotted with respect to the fiber core radius
Rc. (b): The transverse 2D intensity distribution of the LP0,5 mode. (c): A schematic of the
LP0,5 BPP, indicating the etch depth Lπ for achieving a spatially dependent π phase change.
The actual BPP is etched on a large silica wafer, and extends out radially further than the
schematic depicts.

Table 1. Comparison of mode-conversion schemes. Consumer Cost assumes a commercial-scale
production, and mode flexibility is a qualitative assessment of the ease of use

Consumer Cost Bandwidth @1550 nm Mode Flexibility Power Threshold (CW) Efficiency

LPG Low <100 nm Fixed ∼ 106 W/cm2 >99%

SLM High ∼ 500 nm High <200 W/cm2 ∼ 65%

Axicon Low - Low ∼ 106 W/cm2 ∼ 80%

BPP Medium ∼ 500 nm Medium ∼ 106 W/cm2 ∼ 65%
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The paper is structured as follows: Section 2 explain the working principles and fabrication
method of the BPPs for use in mode conversion. Section 3 gives a numerical analysis of the
performance and tolerances of the filtering scheme. Section 4 presents the experimental setup
and characterization of the conversion efficiency and beam M2 using the BPPs, along with the
experimentally obtained conversion efficiencies and beam M2. Section 5 provides a discussion
and analysis of the impact of parasitic mode power content in the fiber, which can explain some of
the slight deviation in experimental performance relative to the theoretically predicted. Lastly, we
summarize the results and discuss potential applications for the use of BPPs for HOM conversion
in Section 6.

2. Operating principles of HOM conversion using BPPs

As mentioned in the introduction, the BPPs work by equalizing the phase of the electric field
of a HOM across the transverse plane. The HOM phase equalization is achieved by the BPPs
having a spatially varying thickness of silica, which matches the transverse fiber mode profile.
For a difference in propagation length of L between a material of refractive index n and air, the
resulting phase difference is ∆ϕ = k0(n − 1)L. Setting this phase difference equal to π yields the
required etch depth Lπ as:

Lπ =
λ

2(n − 1)
(1)

Here, λ is the free space wavelength of the propagating field. For the experimental work, a
wavelength of λ = 1550 nm was used, yielding an etch depth in silica of Lπ = 1722 nm. The
design of the BPP for each mode is based on the radial positions of the zero crossings in the
mode field, as simulated using a finite difference mode solver. The fiber used both experimentally
and for the numerical modeling is the Thorlabs FG050LGA step-index fiber with a core diameter
of 50 µm and a numerical aperture of 0.22. At 1550 nm, the fiber supports LP0,m modes for
m ≤ 6, for all of which BPPs were fabricated. Two sets of BPPs were fabricated for all supported
LP0,m modes, one with a diameter that directly matches the size of the fiber, and a second set that
was magnified by a factor of MT = 40 in the transverse direction, such that the emitted modes
from the fiber could be projected onto these BPPs using an imaging system with a corresponding
magnification. In particular, the transverse phase profile of the magnified BPPs, ∆ϕMT (r) were
transfered from the designed BPPs from the mode solver, ∆ϕ(r) as:

∆ϕMT (r) = ∆ϕ
(︃

r
MT

)︃
(2)

If no BPP is applied at the fiber output of a HOM LP0,m mode, then the far-field results in a
weak center spot with a strong outer ring. This is illustrated in Fig. 2(a). By applying a pinhole
aperture of an appropriate size (this will be elaborated upon later), the resulting filtered beam
will have an M2 of 1.14 with only approximately 1.2% of the total power propagating through
the spatial filter. If instead a BPP matching the propagating fiber mode is positioned in contact
with the fiber output facet, then the equalized phase of the HOM results in a strong center spot.
Filtering of this spot will yield a near-unity M2 of 1.04, while around 75% of the total power
goes through the spatial filter, which, to reiterate, is dependent on the used pinhole aperture size.
This summarizes the scheme of the conversion process: Equalize the phase of the HOM and
filter the far-field, resulting in a nearly Gaussian beam.

The BPPs were fabricated using standard UV lithography, lift-off, and dry etching. For the
fabrication process, we started with a double-side polished fused silica 100 mm wafer with a
500 micron thickness. The first step was lithography. We deposited a monolayer of HMDS on
the surface of the wafer for adhesion purposes and then spun a 1.5 micron AZ5214E resist from
MicroChemicals. The UV lithography was performed using a maskless aligner (MLA150 WMII
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Fig. 2. (a): An illustration of free-space propagation of the LP0,5 mode (see red inset). The
orange plane indicates the far field, where the opening corresponds to the circular pinhole
aperture used to filter the beam. The orange inset shows the simulated and experimentally
obtained far-field intensity distributions of the HOM at the plane of the aperture. (b): The
resulting free-space propagation when the HOM is phase-equalized by the presence of a BPP
at the output facet. The resulting far-field has a strong center-spot, which, after filtering, has
an M2 ≈ 1.04 at a conversion efficiency of η ≈ 75.8%. Length scales are identical between
(a) and (b), but not between before and after the filter.

from Heidleberg Instruments GMBH) at a dose of 70 mJ/cm2. We used a positive resist in
order to obtain a hard mask using lift-off, and we therefore exposed only the parts that did not
need etching. The resist was then developed for 60 seconds in AZ 726 MIF developer. After
developing, we evaporated 100 nm Al using an electron beam evaporator (Temscal FC-2000
from Ferrotec) followed by immersing the wafer in an ultrasonic bath with 1165 solution for
15 minutes. The wafer was subsequently cleaned in isopropyl-alcohol and water to remove any
traces of the 1165 solution. The pre-last step consisted of etching the silica structure. For this, we
used a dedicated ICP-RIE machine (SPTS Advanced Deep Reactive Ion Etching (DRIE) Pegasus)
allowing us to obtain close to 90 degrees sidewall angles and the desired etch depth. The recipe
used provided an etch rate of 310 nm/min. Last step in the process consisted of removing the
remaining Al layer in diluted phosphoric acid for 10 minutes. Examples of some of the fabricated
BPPs are shown in Fig. 3, along with a comparison to the ideal design.

Fig. 3. A schematic of the BPPs for the LP0,m modes for 2 ≤ m ≤ 6, with images acquired
using an optical microscope of some of the fabricated BPPs. The color differences indicate
regions of similar phase, with a π phase difference between different shaded regions, and the
saturated color indicating the area of etched silica.

3. Numerical modeling of mode conversion

For the numerical modeling of the conversion process, all beam propagation were simulated with
an in-house implementation of the Angular Spectrum Method. As shown in Section 2, the far
field of the LP0,5 mode results in an intensity distribution of a center spot surrounded by a ring
containing most of the optical power. The radius (or correspondingly far-field angle) at which
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this ring appears is dependent on the mode order m of the emitted LP0,m mode. This is illustrated
in Fig. 4(a), which shows numerically simulated slices of the far-fields of the 6 lowest order
circularly symmetric LP modes. However, if the phase of the emitted HOM is equalized by the
use of the BPP, the center spot will contain most of the total beam power, approximately 75% for
all LP0,m modes investigated. The resulting far field distributions when equalizing the transverse
phase with a BPP are shown in Fig. 4(b), with a log-scale plot of the intensity distributions of the
resulting radial intensity, making the low power outer rings clearly evident.

Fig. 4. (a): A hexamodal plot of the circularly symmetric far-field distributions of the LP0,m
modes, when no phase equalization is applied. (b): The resulting far-field when the rings
are in-phase in the near-field, with a dashed line indicating the position of the first radial
minima in the far-fields, RA. The plotted far fields in (b) are transversely magnified, relative
to those plotted in (a) for clearer viewing of the resulting Gaussian spot.

The presence of these dim outer rings in 4(b) results in emitted beams with high M2 values,
if no spatial filtering is applied. Therefore, to decrease the beam M2, these rings are filtered
away by introducing a circular aperture. The aperture size affects both the transmitted power
and the resulting M2 of the beam. Reducing the aperture decreases the reconverted power while
simultaneously modifying the beam M2. This effect has been simulated, with Fig. 5(a) and
(b) showing the conversion efficiency and resulting M2 value, respectively, as functions of the
aperture radius relative to the first radial far-field minimum RA. The conversion efficiency, defined
as the power of the filtered beam relative to that of the unfiltered beam, is approximately 75%
for all investigated modes. This filtering theoretically reduces the M2 to as low as ≈ 1.04 for all
the investigated modes, corresponding to a near ideal Gaussian beam from the conversion. All
LP0,m modes exhibit a similar dependence on aperture size, with the exception of the LP0,2 mode.
Notice that instead of using RA as the aperture radius, decreasing the aperture size to 0.75RA
lowers the beam M2 with only a slight reduction of around 2-3% in the conversion efficiency.
To further highlight the trade-off between conversion efficiency and M2, these two parameters
are plotted against each other for different values of aperture size in Fig. 6, for both the LP0,2
mode and the LP0,5 mode, to show the difference between them. Evidently, depending on the
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application required by the converted beam, one can either optimize for total power or M2. The
two points in Fig. 6 representing the lowest possible M2 values are highlighted.

Fig. 5. (a): The fractional converted power as a function of the far-field circular aperture
radius, normalized with respect to RA. (b): The resulting M2 of the converted beam.

Fig. 6. Resulting M2 versus conversion efficiency at different aperture sizes for the LP0,5
mode.

The size of the aperture also influences the bandwidth of the conversion scheme. This is shown
in Fig. 7, which shows the impact on the conversion efficiency and resulting M2 as a function of
wavelength, with a BPP designed for a wavelength of 1.55 µm. In general, an increase in the
filter aperture radius provides broadband and efficient reconversion simply by allowing through
more light. However, the trade-off is that the residual outer rings in the filter plane will also be
partly transmitted, which consequently increases the resulting beam M2. However, making the
filter aperture too narrow also leads to a reduction in beam M2, as the truncation of the center
spot leads to high spatial frequency components in the transmitted field. In particular for the
LP0,2 mode, the use of a larger aperture results in high conversion efficiency across the entire
span of investigated wavelengths, but with a corresponding higher M2 ≈ 1.5, depending on the
specific aperture radius used. The increased sensitivity to filter aperture radius of the LP0,2 mode
is due to the far-field rings lying closer to the central lobe in the far-field, as seen in Fig. 4. Note



Research Article Vol. 34, No. 9 / 4 May 2026 / Optics Express 16768

also that the wavelength of peak reconversion efficiency and M2 shifts, depending on the size of
the aperture used. However, for all other LP0,m modes, the dependence is similar to that exhibited
by the LP0,5 mode, shown in Fig. 7(c) and (d). Here, there is virtually no shift in the wavelength
corresponding to peak conversion efficiency, while the beam M2 still shows a strong dependence
on the aperture radius.

Fig. 7. (a): The wavelength dependence of the BPP conversion efficiency (CE) of the LP0,2
mode, for different sizes of the far-field aperture. (b): The corresponding M2 values versus
wavelength. (c): The conversion efficiency of the LP0,5 mode versus wavelength. (d): The
corresponding M2 values. All simulations used a BPP designed for a wavelength of 1.55
µm.

As the above analysis shows, the beam characteristics strongly depend on the aperture size.
Since an aperture size of ≈ 0.75 RA yields the lowest M2, this value is used in the following
analysis. The wavelength dependence of the conversion efficiency and M2 for all LP0,m HOMs is
shown in Fig. 8(a) and (b), respectively. The figure summarizes the wavelength dependence of
both conversion efficiency and beam M2 for all investigated LP0,m modes. Evidently, the LP0,2
mode exhibits a wavelength dependence of beam quality that differs significantly from the other
modes and is particularly sensitive at wavelengths shorter than the design wavelength of 1.55 µm.
This is because, as the wavelength shifts from the ideal, so does the BPP induced phase-shift
to the field, which results in additional power in the first outer ring in the far field of the LP0,2.
The other HOMs exhibit low M2 values in a broad span around the design wavelength, and with
a similar conversion efficiency versus wavelength. The LP0,2 mode is unique compared to the
other modes because its intensity ring in the far field lies close to the central spot. This is evident
from Fig. 5(a), where the LP0,2 mode will have a significantly higher conversion efficiency at an
aperture radius of 1.5 RA, but with a much higher M2 than the other modes, showing that the
filtering of these spatial sidebands is important for improving the beam M2.

Lastly, the influence of varying the transverse size of the BPP on the beam conversion is
investigated. For example, as shown below, when the conversion is obtained by imaging the
fiber facet mode onto the BPP, the imaging system might not provide exactly the transverse
magnification for which the BPP was fabricated. This scaling dependence is shown in Fig. 9,
where a transverse scaling factor SBPP is introduced, such that the radial profile of the BPP varies
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Fig. 8. (a): The wavelength dependence on the conversion efficiency. (b): The corresponding
beam quality, M2. All simulations use a BPP design wavelength of 1.55 µm and an aperture
size of 0.75RA.

from the ideal size. According to Eq. (2), a value of SBPP = 1.1 corresponds to a BPP that is 10%
too large in the transverse plane. For the results in the figure, an aperture size of 0.75RA was used.

Fig. 9. (a): The transverse scaling factor SBPP dependence on the conversion efficiency.
(b): The corresponding beam M2. All simulations use a BPP design wavelength of 1.55 µm
and an aperture size of 0.75RA.

It is observed that correct BPP scaling is more critical for higher radial mode orders in terms
of conversion efficiency. This can be understood by noting that these BPPs exhibit higher spatial
frequencies, so that a given scaling error results in a relatively larger mismatch. For all modes, a
scaling error of a few percent is generally acceptable. In contrast, the M2 value is more robust
with respect to BPP scaling, regardless of the mode order.

4. Experimental mode conversion using BPPs

4.1. Setup and Beam M2 Characterization

The experimental setup used to convert the HOMs is shown schematically in Fig. 10(a). An
Agilent 81689A tuneable laser was used as the 1550 nm source with a single-mode output. The
beam was then expanded using a telescopic setup comprised of two lenses. A half-wave plate
(λ/2) and a linear polarizer (LP) were used to control the polarization of the beam. Using a
spatial light modulator (SLM), the transverse phase of the beam was modulated spatially by
π, identical to that of the BPP, and the SLM surface was then imaged onto the fiber facet, to
excite the target HOM. The use of SLMs for HOM excitation is a well-established method for
flexible mode-selective excitation [13,17]. The mode was then propagated through 2 meters of
a Thorlabs FG050LGA fiber. From here, there are two distinct versions of the setup. In the
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first, referred henceforth to as the Close Contact setup, the BPP with a transverse size equal to
that of the fiber mode was positioned in physical contact with the fiber end facet. Using two
lenses, the fiber facet with the BPP was then magnified by MT = 40, and the resulting image
plane was Fourier-transformed with a single final lens. A circular aperture was placed in the
Fourier plane, to spatially filter the radial outer rings, as described in Section 3 in order to lower
the M2. In the second setup, referred to as Free Space, the end facet of the fiber without a BPP
was imaged onto the BPP fabricated with a transverse magnification of MT = 40. From there,
a single lens was used for the Fourier-transform, and the filtering plane was identical for both
setups. Therefore, the only difference between the two setup types was the size and the position
of the BPP. We have found that the Close Contact setup provides more stability and robustness,
since the mechanical friction between the fiber facet and the BPP stabilizes the system, making it
less sensitive to spatial drift. This stability could further be enhanced by for example etching
the BPP patterns directly into the fiber facet, or bonding the fiber to the BPP. Conversely, the
Free Space configuration relaxes the alignment tolerances due to the larger transverse BPP size,
and eases switching between BPPs to flexibly reconvert other modes from the same fiber. The
conversion efficiency was measured by the ratio of the beam power before the spatial filter in the
Fourier plane, to that of the beam power after the spatial filter.

Fig. 10. (a): The setup used for excitation and conversion of the LP0,m modes. (b): The
imaged beam profile versus propagation distance z used for the M2 fitting. (c): The fitted
beam widths w(z) and resulting fitted M2 value.

To characterize the M2 beam parameter after the filtered Fourier plane, a lens is used to
focus the beam, and the transverse beam intensity distribution is imaged at different propagation
distances along the beam path. For these images, a line-cut of the intensity through the center of
the beam is performed along both the x and y-directions. Figure 10(b) shows the focused beam
imaged every centimeter along a 30-cm propagation path. Notice that the change in intensity
along the beam is caused by changing the exposure time of the camera to avoid saturation in the
experimentally obtained images. A Gaussian profile is then fitted for all of the intensity line-cuts
I, as:

I(x) = A exp
(︃
−
(x − x0)

2

2σ2
x

)︃
, (3)
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where A is the amplitude, x0 is the center of the Gaussian, and σ is the standard deviation of the
Gaussian profile, related to the beam width wx as wx = 2σx. Both wx and wy were fitted for all
images, using the non-linear least-squares method. From these values, a fit was then made of the
beam width w2(z) as a function of propagation distance z as:

w2(z) = w2
0

[︄
1 +

M4λ2(z − z0)
2

π2w4
0

]︄
, (4)

where w0 is the beam width at the beam waist, z0. The beam quality parameter M2 is then
extracted from this fitting, yielding the beam M2 in two orthogonal transverse directions, M2

x and
M2

y . An example result of the z-dependent beam profile is shown in Fig. 10(c). For the fitting, six
of the distant fitted widths (more than 2 Rayleigh lengths 2zr away), and four fitted widths within
a single Rayleigh length zr were used to obtain the M2 value, in accordance with the ISO 11146
requirements for measuring M2. This procedure was applied to all investigated modes for both
orthogonal line cuts of the images, corresponding to the x- and y-dependent beam widths.

4.2. Experimental results

The obtained conversion efficiencies were measured for all combinations of propagating mode
in the fiber and BPP target mode with 2 ≤ m ≤ 6. This means that for each BPP design, all
LP0,m modes ranging from m = 2 to 6 were launched using the SLM. The measured conversion
efficiencies (CEs) are shown in Fig. 11. Each of the five subplots corresponds to a specific
target mode order of the BPP, namely the LP0,mBPP mode is indicated by the inset along with a
schematic of the BPP design. Evidently, the highest CE is always obtained when the mode order
of the propagating fiber mode matches that of the BPP, i.e. when the "correct" BPP is applied to
reconvert the fiber mode. The CE decreases as the fiber mode order mf deviates from the BPP
mode number mBPP, i.e. as |mf − mBPP | increases. The experimental results also agree with the
simulated conversion efficiencies calculated using beam-propagation modeling using the angular
spectrum method.

Fig. 11. The conversion efficiency of the m = 2 to 6 BPPs in the Free Space configuration,
as a function of the fiber mode being reconverted. The inset schematically illustrates the
BPP design and indicates the BPP target mode order, mBPP.
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For each of the modes from m = 2 to 6 with the corresponding matching BPP, the beam quality
M2 was measured as outlined above, in both the Close Contact and Free Space configuration
for the BPP. The resulting CEs and M2 values for the converted modes are listed in Table 2,
where the CEs have been corrected for Fresnel reflection losses at the fiber facet and both sides
of the BPP in the Free Space configuration. Experimentally, an aperture radius of approximately
0.75 RA was used. The Close Contact setup exhibits a slightly lower CE, which is likely due to
imperfect alignment between the fiber and the BPP, which will naturally degrade the conversion
performance of the BPPs [18], since the tolerances on the BPP fabrication are too small to result
in a significant degradation of performance [16]. Considering the uncertainties of the fitted M2

values, the measured beam parameters are close to the theoretically expected value of M2 ≈ 1.04
across all investigated modes and in both setup configurations, and furthermore consistently
below 1.1 for all investigated cases.

Table 2. Conversion Efficiency and M2 values for LP0,m modes, using an aperture radius of 0.75RA

Mode
[m]

Theory
CE [%]

Theory
M2

Close Contact Free Space

CE [%] M2
x M2

y CE [%] M2
x M2

y

2 74.5 1.04 52.2 1.09 ± 0.06 1.07 ± 0.09 65.5 1.00 ± 0.08 1.06 ± 0.07

3 73.2 1.04 58.9 1.00 ± 0.05 1.03 ± 0.06 66.7 0.99 ± 0.06 0.99 ± 0.07

4 73.2 1.04 57.7 1.03 ± 0.05 1.04 ± 0.05 63.8 1.01 ± 0.07 1.02 ± 0.07

5 73.3 1.04 55.5 1.01 ± 0.05 1.05 ± 0.06 65.6 1.04 ± 0.08 1.06 ± 0.08

6 73.8 1.05 58.7 1.03 ± 0.04 0.99 ± 0.06 67.5 1.04 ± 0.08 1.03 ± 0.07

5. Discussion

The deviation between the experimentally obtained CEs and the theoretically expected values
can be explained by the fact that the mode excited by the SLM is not perfectly pure. As indicated
in Fig. 11, a mismatch between the fiber mode order, mf , and the BPP mode order, mBPP, will
result in a decreased conversion efficiency. Therefore, as the purity of the launched mode in the
fiber decreases, more total power will consequently be in the parasitic modes, which are subject
to lower conversion efficiency. This effect has been numerically investigated, and the results are
shown in Fig. 12(a), where we use a definition of modal purity of the m’th spatial mode as given
in Eq. (5), which is the ratio of the power Pm of the m’th spatial mode, divided by the sum power
propagating in all other spatial modes Pi where i ≠ m.

Modal purity[dB] = 10 log
(︃

Pm∑︁
i≠m Pi

)︃
(5)

For the simulations, the distribution of relative powers among the parasitic modes is based
on experimentally obtained parasitic mode power distributions when exciting the modes with a
BPP, from our previous work [16]. In this work, an SLM was used to excite the LP0,m modes,
and the relative parasitic mode powers were obtained using the so-called Spatial and Spectral
(S2) imaging technique [19]. In Fig. 12(a), all modes were assumed to be in-phase at the fiber
output facet. However, this is of course an idealized assumption, as the different phases of the
modes at the fiber output will lead to interference, which affects both the conversion efficiency
and M2 of the converted beam. Therefore, a Monte-Carlo simulation was carried out, which
randomized the phases of all present fiber modes, to further investigate the impact of modal purity
and relative parasitic mode phases. Figure 12(b) shows the results from these simulations for the
different aperture sizes at a mode purity of 10 dB. The horizontal and vertical lines represent the
range of simulated M2 values and conversion efficiencies, respectively. Figure 12(c) shows the
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same simulation, but for a mode purity of 20 dB. Evidently, as the modal purity increases, the
range of possible M2 values and conversion efficiencies converges to the theoretically predicted
values shown in Fig. 5, which assumed a perfectly pure mode. Simulations for the LP0,5 mode
with an aperture size of 0.75RA and a modal purity of 10 dB (typical for SLM-based excitation)
predict CEs between 67.8–72.4%. The measured CE for this mode was 65.6% (Table 2), slightly
below the simulated range. This discrepancy can be fully explained if the experimental modal
purity was marginally lower than 10 dB, since the relative phase distributions between parasitic
modes degrade CE. Improving the modal purity of the launched light would therefore enhance
the efficiency of the scheme. Although this example uses the LP0,5 mode, similar trends were
observed for all LP0,m modes. The remaining difference between experiment and theory in the
Free Space setup is most likely due to optical misalignments, e.g. lens tilt, a mismatch between
the BPP and the image plane of the 4f imaging system, or a deviation from the ideal magnification
factor MT = 40 (see Fig. 9). The further CE reduction in the Close Contact setup is attributed to
lateral BPP misalignment, angular mismatch between the BPP and fiber facet, or an angled cleave
of the fiber output facet. Figure 13 shows the impact of BPP lateral displacement in the plane of
the fiber facet for both the CE and the resulting M2 for the beam. Evidently, lateral displacements
of ≈ 2% relative to the core radius are required for significant performance degradation. Greater
sensitivity is observed for the higher mode orders, since their thinner ring width results in a larger
relative error for a given lateral displacement. Additional simulations (not included) also showed
that the conversion process was insensitive to small-angle tilts of the BPPs, with less than a 0.1%
reduction in CE across all modes for angles up to 5 degrees.

Fig. 12. (a): The conversion efficiency (CE) of the LP0,5 mode as a function of modal
purity for different filtering aperture sizes. The results are modeled with equal phase for
all modes at the fiber facet. (b): The CE and M2 for a 10 dB pure LP0,5 mode for different
aperture sizes in the filtering plane. The width and height of the lines indicate the range
of obtained values from the Monte-Carlo simulation with randomized phases between all
present modes in the fiber. (c): The same Monte-Carlo simulation, but for a 20 dB pure
LP0,5 mode.
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Fig. 13. (a): The impact of lateral displacement of the BPP relative to fiber core on the CE.
(b): The impact on the beam M2. Since the displacement was assumed along the x-direction,
solid and dashed lines show the results for the M2 for both principal orthogonal axes, M2

x
and M2

y respectively.

6. Conclusion

We have experimentally demonstrated the use of etched silica binary phase plates (BPPs) for
converting higher-order LP0,m fiber modes to Gaussian beams, with obtained beam propagation
parameters of M2<1.1 for all investigated higher-order modes. Theoretically, the conversion
scheme should achieve a conversion efficiency of approximately 74% when using a spatial filter
with an aperture size that optimizes the beam quality M2, and we have obtained experimental
conversion efficiencies on the order of 65% for all investigated modes. Based on our analysis,
the deviation between theoretical and experimental conversion efficiencies can be explained
by the finite modal purity of the propagating modes we attempt to convert, as well as slight
misalignment in the experimental setup. A numerical analysis of the factors influencing the
conversion scheme has also been carried out. Because the BPPs are made of pure silica, they
are expected to be well-suited for high-power systems. The flexibility of BPPs allows access
to a wider range of higher-order modes, which can be particularly beneficial for applications
involving phase-matched nonlinear processes, where different HOMs provide added versatility.
Therefore, silica BPPs provide a promising solution for flexible and efficient HOM-to-Gaussian
beam conversion, particularly in applications requiring access to multiple higher-order modes
at high optical powers or across broad bandwidths. Given the demonstrated ability of BPPs to
efficiently excite HOMs, one can envision a fiber-based system with BPPs placed at both the input
and output facets. This design would ensure Gaussian beams at both interfaces while exploiting
HOMs inside the fiber to drive nonlinear interactions, such as frequency conversion, thereby
opening new avenues for advanced fiber-based photonic systems.
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