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Abstract: We propose an efficient, fully fiber-based method for generating multi-spot beam
patterns using single-mode fiber (SMF) and square-core fiber (SCF) structures. This technique
leverages multimode interference in the SCF to produce configurable square lattice beam patterns,
such as 2x2, 3x3, and 4 x4 arrays, by simply adjusting the SCF length. Both simulations
and experiments at a wavelength of 1060 nm validate the approach, demonstrating high power
uniformity, minimal loss, and excellent stability across beam configurations. Initial testing of
multi-spot laser drilling on metal surfaces shows that increased beam spot counts can significantly
enhance processing efficiency. This SMF-SCF structure offers substantial potential for scalable,
compact, and high-precision applications in photonics, laser manufacturing, and biomedical
imaging, where rapid processing and parallel operation are critical.
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1. Introduction

The demand for multiple beam spot generation continues to grow in optical technology, driven by
its wide-ranging applications in material processing, optical communications, particle trapping,
microscopy, and spectroscopy [1-7]. In laser material processing, simultaneous multi-spot
generation enhances operational speed in cutting, drilling, surface treatment, and welding,
thereby improving throughput and reducing costs [1-4]. This capability is especially valuable in
industrial settings, where efficient processing of multiple areas in parallel reduces operational
time, energy consumption, and expenses. In microscopy, particularly in advanced fluorescence
microscopy and optical coherent tomography, multi-spot generation facilitates parallel imaging,
enabling simultaneous illumination and observation across different regions of a sample [7]. This
parallelism is critical for studying dynamic biological processes, where real-time monitoring and
capturing transient events over large field of view are essential. Moreover, using multiple beam
spots can enhance imaging resolution and improve signal-to-noise ratios by averaging multiple
observations.

Conventional multi-spot beam generation methods rely on complex free-space optics, including
beam splitters, diffractive optical elements, and spatial light modulators [1-7]. While effective,
these methods are often complex, bulky, require precise alignment, and are sensitive to environ-
mental perturbations, making them less practical for large-scale applications. Free-space optics
setups are typically costly and lack the compactness necessary for integration into advanced
systems. Additionally, beam splitters and spatial light modulators suffer from energy losses and
limited efficiency due to inherent design constraints, complicating their use and reducing their
flexibility by requiring external components. In recent years, all-fiber systems have emerged as
promising alternatives, offering enhanced compactness and integrability. For example, circular
multi-spot patterns have been achieved using an adjustable mechanical transducer to convert the
fundamental LPy; mode of the fiber to higher-order LP;; modes (n=3, 4, 5, and 6), constrained
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by the numeral aperture (NA) of the cutting head [8,9]. These all-fiber beam shapers have
been shown to operate at multi-kilowatt power levels, delivering superior cutting and welding
performance compared to traditional beam profiles [8]. However, these approaches require
specially designed transducers, which increase the complexity of the device.

In this paper, we introduce a highly efficient method for generating multiple beam spots in
non-circular arrangements through multimode interference (MMI) in SMF-SCF structures. Our
approach allows precise control over square lattice configurations, such as 2 X2, 3 x 3, and 4 x 4
beam arrays, achieved by simply adjusting the SCF length. This technique offers advantages
in scalability, flexibility, and ease of implementation over traditional methods. Preliminary
results of this work were presented in previous conference papers [10,11]. Simulations and
experimental results at 1060 nm demonstrate the SMF-SCF structure’s capability to generate
uniform, high-efficiency multi-spot beam patterns. This method opens new opportunities in
photonics and laser technology, with promising applications in advanced manufacturing, optical
communications, and biomedical imaging, where enhanced processing speed, precision and
parallel operation are increasingly essential.

2. Proposed SMF-SCF structure

Our proposed SMF-SCF structure consists of a short segment of SCF spliced to an SMF, as
shown in Fig. 1(a). Unlike conventional SMF and multimode fiber (MMF) structure [12,13] that
produce circularly symmetric beam patterns, the SMF-SCF structure exploits the multimode
properties of the SCF to generate distinct square N X N lattice beam arrays [14,15]. In this
configuration, the SCF acts as a multimode waveguide, allowing selective excitation of multiple
transverse modes from the SMF’s single-mode input. This leads to the self-imaging of the input
beam at well-defined positions along the SCF length. For a general asymmetric input beam, both
symmetric and anti-symmetric SCF modes are excited, resulting in N X N replicas of the input
field at distances analytically determined by [16,17]:
Lasym — 4nw Wgﬁ (1)
N NAp
where nc, is the refractive index of the core, W,y is the effective width of the SCF, A is the
wavelength of the light in a vacuum, and N represents the number of replicated images. In the
special case of symmetric input beams, only symmetric SCF modes are excited. As a result, the
corresponding self-imaging distances are reduced to a quarter of those for general asymmetric
input beams, and the position of N x N replica is analytically determined by [16,17]:
Aeo We2
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The effective width (W) is defined as W, = W + 26,5, where W is the physical width of the
SCF core, and 0, is the effective evanescent geld penetration depth into the surrounding cladding.
The penetration depth depends on the mode order m (see Appendix) and can be approximated as
Oeff = (1/Mexc) Z:Z:é Om, Where M., is the number of excited modes. For centered, symmetric
excitation, the number of excited modes M., «« W/d, where d is the width of the input waveguide
(or core diameter) [18].

At the N X N lattice plane positions, the coordinates of the (i, j) self-image are approximated
by [17]:

] Wer  Wep . Weg  Weg . ——
(xz,y])—([— > + 2N(21—1)],[— > + 2N(2]—1) ,L,j=1L,2,...,N (3

The outermost self-images in the N x N replicas are located at a distance W, 7 /(2N) from the
SCF core edges, with inter-image distances along each row or column approximated as Weﬁr /N.
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Fig. 1. The proposed SMF-SCF structure for multi-spot beam generation, with (b) simulated
beam propagation and intensity profiles at various points along the structure. Waveguide
width W =70 um, NA =0.22, 1p = 1064 nm.

Beam propagation simulations using RSoft were performed to visualize the beam intensity
along the SCF. As shown in Fig. 1(b), the symmetric input Gaussian-like beam from the SMF
diverges at the SCF-SCF interface and undergoes modal interference within the multimode SCF,
producing self-imaging and multi-spot patterns. By carefully adjusting the SCF length, specific
beam replication patterns (N X N) can be achieved at various positions along the propagation
path: 4-fold (2 x 2) at L;ym =L/2,9-fold (3% 3) at Lgym = L/3, and 16-fold (4 x 4) at Liym =L/4,
where L = Liy " represents the self-imaging length for symmetric mode excitation in the SCF.
This ability to control the SCF length allows flexible generation of multi-spot profiles in square
lattice formations. With an optimized SCF length, a power redistribution efficiency of 99.8% was
achieved, with minor losses attributed to computational approximations or potential coupling to
leaky SCF modes. In this study, we used a commercially available SCF with a 70 X 70 um core,
a numerical aperture (NA) of 0.22, and a cladding diameter of 115 um (CeramOptec). The SMF
used had a core diameter of ~10 um and an NA of 0.085, operated at Ay = 1064 nm. Under these
conditions, the analytically calculated self-imaging distance using Eq. (2) is L} ~ 7052 um,
which closely matches the numerically calculated values shown in Fig. 1(b).

2.1.  Impact of SCF design parameters and device fabrication tolerance

As discussed above, the center-to-center spacing between adjacent beam spots in an N x N lattice is
approximately 1/N of the SCF’s core effective width, indicating a direct relationship between core
size and spot separation. In this study, we focused on generating a 2 X 2 beam pattern to examine
the influence of the SCF core dimensions on beam separation. As shown in Fig. 2(a), the beam
spacing is roughly half the SCF core width (W), with a slight increase due to the Goos-Hénchen
effect [12], where light marginally extends into the cladding, resulting in Weg (see Appendix for
derivations). All other parameters, such as the SCF’s NA and operational wavelength, were held
constant for consistency. Increasing the SCF core size widens beam separation but also requires a
longer SCF segment to achieve the desired multi-spot pattern. Wavelength dependency was also
explored, revealing a modest increase in separation at longer wavelengths, with total variation
remaining below 1 um. This highlights the structure’s wavelength insensitivity across a broad
wavelength range from 1 um to 1.6 um. Additionally, as illustrated in Fig. 2(b), we examined the
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impact of the refractive index contrast (dn = n.,-n.;) within the SCF. While this factor slightly
affects beam separation, its influence is minimal compared to that of core size. It is worth noting
that the values presented in Fig. 2(a) and (b) are analytically calculated values using Eq. (3) and
show excellent agreement with those obtained through the beam propagation method (BPM).
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Fig. 2. The impact of (a) core size and (b) refractive index difference between core and
cladding of SCF (N =2).

We further investigated the fabrication tolerance of the SCF length required to produce desired
beam patterns (e.g., 2 X 2). Our simulations indicate that a positional accuracy of approximately
+100 um is necessary to achieve over 90% conversion efficiency, as shown in Fig. 3(a). However,
in practical applications such as laser material processing, this tolerance is generally less critical.
This is because an external optical lens is typically placed at the fiber output to refocus the
beam array, allowing users to easily locate and utilize the multi-spot focal plane even if the
SCF length is not cleaved with high precision. It is important to note that the multi-spot beam
arrays in this structure are generated via MMI-based self-imaging, where each beam spot acts
as a near-field replica of the original input field, consistent with the Talbot effect. As a result,
the spot size and NA of each replicated beam closely match those of the SMF input. Accurate
alignment of the SMF core to the center of the SCF is also crucial, and the quality of the SCF-SCF
splice significantly affects performance. Our simulation shows that achieving >90% conversion
efficiency requires a core offset of less than 1 um and a fiber cleave angle deviation of no more
than 0.7 degrees, as shown in Fig. 3(b, c¢). Maintaining these alignment tolerances are also
essential to ensure uniform power distribution across the generated beam spots.
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Fig. 3. Device fabrication tolerances of the SMF-SCF structure: (a) sensitivity to SCF
length variation, (b) effect of core offset between SMF and SCF, and (c) impact of fiber
cleave angle deviation.
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2.2. Experimental validation

For experimental validation, we spliced a commercially available SCF with a 70 X 70 pm core to
an SMF. A microscopic examination of the SCF cross-section, shown in Fig. 4(a), confirmed
a central core size of ~70 X 70 pm, with slightly larger dimensions (~71.5 um) observed at
the edges. Although the SCF corners were slightly rounded, this had a negligible impact on
our application. Precise SCF lengths were obtained using an advanced cleaver with a micro-
positioner, providing position accuracy around 10 um, which was essential for achieving the
targeted lengths and consistent multi-spot patterns. After fabrication, near-field beam patterns
at 1060 nm were recorded using a super-luminescent diode and a CCD camera. Figure 4(b)
displays experimental results showing uniform, symmetric distributions of 2 X2, 3x 3, and 4 x 4
beam spots, validating the SMF-SCF structure’s effectiveness in generating multi-spot arrays. To
quantitatively assess power distribution, CCD-captured images were analyzed, measuring photon
counts from individual pixels during camera exposure to evaluate power variations. The analysis
revealed an almost uniform power distribution across all beams, with variations under 0.9 dB,
highlighting the stability and efficiency of the SMF-SCF structure in producing well-balanced
multi-spot patterns. Additionally, the SCF lengths used to experimentally achieve the N x N
lattice patterns showed excellent agreement with the valued obtained through both analytical
calculations and numerical simulations.
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Fig. 4. (a) Cross-section of the SCF and SMF-SCF structure. (b) Measured beam profiles
and corresponding power distributions (in dB scale) for SMF-SCF samples with 2 X 2, 3 x 3,
and 4 x 4 spot arrays.
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2.3. Material processing applications

To evaluate the potential of the multi-spot beam generated by the SMF-SCEF structure for material
processing, we employed a 1064 nm pulsed laser system consisting of a fiber-pigtailed microchip
laser and a single stage fiber amplifier. This setup delivered 1.2 ns pulses at a 100 kHz repetition
rate, with a peak power of ~5kW. The output fiber, featuring a single-mode 10 pm core, was
directly spliced to the SMF-SCF structure, ensuring seamless beam delivery. The multi-spot
output beam was directed through the entrance lens of an Ophir BeamSquared beam profiler
to visualize the spatial evolution of the beam intensity profile in a plane perpendicular to the
propagation axis. As shown in Fig. 5(a), the 2 X 2 beam pattern is clearly observed near the focal
region, maintaining its spatial distribution within the Rayleigh range. Beyond this region, the
pattern evolves into a 3 X 3 configuration, consistent with the expected far-field image of the
2 x 2 beam. Although the Ophir BeamSquared system is primarily designed for near-Gaussian
beam profiles and applies the second-moment method to calculate beam quality, it was employed
here to qualitatively monitor the beam propagation behavior. Beam quality factors (M?) were
measured for the 2 X 2, 3 X 3, and 4 X 4 patterns, yielding approximate values of 6.6, 8, and 7,
respectively. While these M? values do not represent absolute beam quality due to the multi-spot
nature of the beams, they provide useful comparative insights into the spatial characteristics and
propagation dynamics of the SMF-SCF generated patterns.
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Fig. 5. (a) Visualization of beam evolution based on M? measurement for the 2 X2
SMF-SCEF structure. (b) Drilled holes of 10 um-thick copper foils at the focal point.

To assess the structure’s practical utility for material processing, we conducted preliminary
laser drilling tests on copper foils. By optimizing the focal distance, we maintained the desired
beam pattern to maximize material interaction. As shown in Fig. 5(b), the 2 X2 beam array
created four cleanly drilled holes, each with a diameter of ~4 pum, in a 10 um-thick copper foil.
Successful hole formation was verified by illuminating the sample with a collimated green laser
and observing diffraction patterns consistent with theoretical expectations. This verification
confirmed both the quality and uniformity of the ablation. Ongoing research aims to expand this
multi-spot approach to a broad range of materials and further refine processing parameters. The
SMEF-SCEF structure shows significant promise for advanced material processing applications,
including micro-machining, surface treatment, and controlled ablation, where multi-spot beam
configurations can improve throughout and precision.

2.4. Design flexibility of the proposed structure

The proposed SMF-SCF structure demonstrates remarkable scalability and adaptability, support-
ing a diverse range of multi-beam configurations. For instance, employing an SCF with a large
core, such as 150 x 150 um core, enables the generation of extensive multi-beam arrays, allowing
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configurations with over a 10 X 10 beam array, as shown in Fig. 6(a). Additionally, by modifying
the SCF core geometry to non-square shapes, such as rectangular or hexagonal, the structure
can produce multi-beam lattice patterns that align with the aspect ratios of these arrangements.
This feature greatly enhances the design’s versatility for applications that demand specific
beam patterns. A key advantage of this design is its ability to form linear (one-dimensional)
beam arrays by precising adjusting the dimensions of a rectangular-core fiber. For example, a
rectangular core of 50 X 10 um can produce a linear array of beam spots, as demonstrated by
the four-spot array shown in Fig. 6(b). This configuration is ideal for applications requiring
line-focused energy distribution, broadening the utility of the structure in material processing
and imaging applications. The design’s flexibility extends further with the option to replace the
single-mode input fiber with a few-mode fiber, enabling the generation of multiple high-order
mode beams. As shown in Fig. 6(c), launching high-order modes (e.g. LP»; modes) through
a few-mode fiber input allows for creation of an array of LP,; beams at the SCF output. This
adaptability offers significant advantages in applications requiring tailored intensity distributions
or advanced beam shaping, highlighting the versatility of the SMF-SCF structure for complex,
customized multi-beam configurations. Furthermore, the regular multi-spot beams generated by
this approach could be applied to particle trapping applications, such as neutral atom tweezer
arrays and ion arrays, where precise and efficient beam splitting is essential. Additionally, space
division multiplexing and coherent beam combination systems may benefit from the ability to
efficiently split and combine beams using SCFs. Related studies on beam combination and
SMEF-to-multicore fiber splitting using SCFs have been reported [19,20]. Our work extends this
concept by demonstrating a scalable method for generating large arrays of beam spots, along
with a direct demonstration of its applicability to laser material processing.

(a) BD:E

Vertical Direction (um)
=
Vertical Direction (um)

40 30 20 0 0 10 20 30 40
Hotizontal Direction {um) Horizantal Direction (um) Horizontal Direction (wm)

-
60 40 20 o 20 40 50 40 30 20 10 0 10 20 30 40 50

Fig. 6. Examples showcasing design flexibility: (a) generation of a large number of
multi-beams, (b) one-dimensional multi-beam arrangement, and (c) multiple beams with
higher-order modes.

3. Conclusion

We have demonstrated a versatile and efficient SMF-SCF structure capable of generating precise
multi-spot beam patterns. By adjusting SCF length and core geometry, this structure enables
diverse lattice beam configurations, including square and non-square arrays, with high uniformity
and minimal power loss. Experimental validation at 1060 nm confirmed the stability and
effectiveness of the multi-spot patterns, while preliminary material processing tests highlighted
the potential for high-precision applications, such as copper foil drilling. The SMF-SCF
structure’s compact design, scalability, and adaptability represent a significant advancement in
beam shaping technology. Its ability to produce complex, customized beam arrays without the
need for bulky free-space optics makes it particularly suitable for applications across photonics,
laser technology, and advanced manufacturing. With promising applications in areas where
speed, precision, and parallel processing are critical, the SMF-SCF structure opens new avenues
for innovation in optical systems design and advanced material processing.



Research Article Vol. 33, No. 10/19 May 2025/ Optics Express 21958 |

Optics EXPRESS N

Appendix: Evanescent field penetration depth & effective waveguide thickness

The presence of an evanescent field in guided waveguide modes is well-established and is
associated with an effective penetration depth into the cladding, which contributes to an increase
in the effective waveguide thickness [21]. Figure 7 illustrates a schematic of a symmetric
multimode waveguide with a core thickness of W, core refractive index n.,, and cladding
refractive index n.;. The waveguide is symmetrically excited by a single-mode waveguide with a
width d.
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Fig. 7. Schematic of a symmetric multimode slab waveguide with a thickness W, core
(cladding) refractive index nc, (n.), symmetrically excited by a single-mode waveguide
with a width d.

The electric field of the m™ guided TE mode is described as [19]:

Ay cos(uW/2 — ¢ expl—kmx — W/2)];  (x>+W/2)
Enx =19 Apcos(upx — dm); (-W/2 <x < +W/2) 4)
Ay cos(uy W /2 + ¢p) expl+ku(x + W/2)];  (x<=W/2)

where
Un = 4/ n%ok(z) - :Brzn
)]
Km = ﬁ% - nilké

are the transverse wavenumbers, with 7., and n.; being the core and cladding refractive indices,
respectively. Here, B, represents the mode propagation constant, and ko = 27/1y. By applying
boundary conditions at x=+W/2, the dispersion relation is obtained:

Un = 27 4 tan™! (ﬁ)

b2 Un ©)
_ mim
on="

where U, = u,, W/2 and K,;, = k,, W/2,and m=0, 1, 2. .., Mpn,x. For well-guided modes, where
K, > U, and tan"!(K,,/U,,) ~ n/2, the dispersion relation simplifies to:
_(m+ D

Uy, = T (7)
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The evanescent field penetration depth into the cladding is defined as 6,, = 1/k,. By
substituting Eq. (7) into Eq. (5), the penetration depth becomes:

1
5171 = ’(m =05 1, 2’ ‘--,Mmax) (8)

292
) 2 (m+1) A
kO\/(nco - nd) T T awz

where M4, is the number of guided modes. The cladding penetration depth can also be expressed
as:

w
6}7’! -, (m = 0’ 15 27 ... aMmaX) (9)

22
24V2 — (m+i) s

where V = ko(W/2)/n2, — ngl = ko(W/2)NA is the normalized frequency. Figure 8 illustrates

the cladding penetration depth for waveguides with NA = 0.22 and Ao = 1064 nm for various core

widths. Across all core widths, the penetration depth is slowly varying with the mode order when

m<<Mpax (well-guided modes) but increases sharply as m— Mp,«, where the modes approach

the cut-off condition.
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Fig. 8. Cladding penetration depth for waveguides with NA =0.22, Ay = 1064 nm, and
different waveguide widths.

The average penetration depth across all guided modes is approximately 2.1 um, irrespective
of the waveguide width. However, when averaged over the excited modes (M,,.), the penetration
depth is reduced to approximately 0.78 um, also independent of the waveguide width. For
centered, symmetric excitation, M,,. o« W/d, where d is the width of the input waveguide (or
core diameter) [18].
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