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Abstract

The present paper reports on the design, fabrication, and characterization of an 8-tube inhibited-coupling guiding hollow-
core photonic crystal fiber (IC-HCPCF) capable of guiding both the beam emitted from an Yb:YAG laser at the fundamental
wavelength of A = 1030nm and its second harmonic at A = 515nm. By controlling the strut thickness of the glass capillaries
to approximately 362nm, the transmission of laser radiation at both wavelengths was possible with low losses. Optimizing
the outer diameter of the glass capillaries mitigates the bending-induced increase of the confinement loss at the wavelength
of 515nm without compromising the optical performance of the fiber at the wavelength of 1030nm. Experimental results
confirm the near to diffraction-limited beam quality (M2 < 1.15) of the laser beams exiting the fiber at both operational
wavelengths. Operating in the first transmission band at the wavelength of 1030nm, the calculated chromatic dispersion
is 1.02ps/(nm « km), despite a diameter of the hollow core of 40um. At the wavelength of 515nm this value amounts to
0.62ps/(nm « km). The measured losses are 27.5 + 0.3dB /km at the wavelength of 515 nm and 25.7 + 0.7dB/km at the
wavelength of 1030 nm, which is comparable to the loss of state-of-the-art IC-HCPCFs with tubular cladding structures. The
measured bending-induced increase of the confinement losses confirms the potential of the proposed approach for flexible,
low-loss guiding of ultrashort laser pulses at the two wavelengths using a single fiber. This gained flexibility can significantly
enhance the options for wavelength selection in laser material processing applications.

1 Introduction

The rapid progress in the development of ultrafast lasers,
which typically emit at a wavelength of A = 1um, enabled
numerous applications in industrial laser material process-
ing. These applications include the drilling of micro-holes
with a high aspect ratio [1], functionalizing material sur-
faces with periodic micro and nanostructures [2], and post-
processing additively manufactured aluminum parts [3]. The
better focusability of the frequency-doubled ultrafast laser
radiation in the green spectral range offers opportunities
for precise drilling of micro-holes with smaller structures
and greater depths [4]. Drilling with frequency-doubled
ultrafast lasers can minimize the influence of laser-induced
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atmospheric plasma and consequently enhance the process
efficiency [5]. Moreover, the increased absorptivity (at room
temperature) of copper with a value of approximately 40% at
a wavelength of 515nm compared to the one of about 5% at
a wavelength of 1030nm [6, 7] makes lasers emitting in the
green spectral range advantageous for processing of copper
or copper-based compounds in fields such as e-mobility [8],
photovoltaics [9] and electrical power storage [10].

Inhibited-Coupling Guiding Hollow-Core Fibers (IC-
HCPCEFs) are capable of guiding light in a hollow air core
with low losses [11], low dispersion [12], and offer single-
mode guidance [13] thanks to their guiding mechanism
based on the transverse mode mismatch between core-guided
and cladding modes [14]. With a low power-weighted spatial
overlap between the core-guided light with the surrounding
silica strut on the order of 10™* to 107 [15], IC-HCPCFs are
considered as an ideal solution for the flexible delivery of
ultrashort laser pulses with high peak intensities.

At the wavelength of A &~ 1um, the primary intrinsic loss
mechanism in the IC-HCPCFs is the confinement loss [16].
This loss occurs because the core-guided modes in the hol-
low air core have a lower refractive index compared to the
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one of the outer glass cladding, making these modes intrin-
sically leaky.

Various concepts of fiber claddings have been devel-
oped to improve the confinement of the core-guided light
in the IC-HCPCFs within this near-infrared (NIR) spectral
range. Improvements have been made to IC-HCPCFs with a
Kagomé lattice cladding by incorporating hypocycloid core
shapes. In 2018, Maurel et al. demonstrated a Kagomé IC-
HCPCEF with a low loss of 8.5 dB/km at A ~ 1030nm [17].
In 2022, a 7-tube tubular IC-HCPCF was presented with a
record low loss of 4.3dB/km at 4 ~ 1080 nm [13]. Moreo-
ver, by introducing nested glass capillaries into the cladding
structure of tubular IC-HCPCFs, the confinement losses of
the hollow-core Nested Antiresonant Nodeless Fibers (HC-
NANFs) have been further reduced to 0.35 dB/km for a
spectral range between A ~ 1023 nm and 4 ~ 1100nm [11].

The potential for guiding laser radiation in the green spec-
tral range with low loss using IC-HCPCFs has also been
explored with current state-of-the-art IC-HCPCFs facing
limitations due to scattering losses at the rough glass-air
interface [18]. During the fiber fabrication process, surface
capillary waves (SCWs) can form on the surface of the
molten silica glass and become frozen on the glass capillar-
ies during solidification [19].

Several IC-HCPCFs have been developed to deliver
beams from ultrafast lasers in the green spectral range with
low losses. A Kagomé IC-HCPCF with a transmission
loss of 150 dB/km at the wavelength of 4 = 515 nm was
first demonstrated in 2014 [20]. Two years later, a 6-tube
IC-HCPCF with a core diameter of 26 um was fabricated.
Despite the ultrabroad transmission band spanning over one
octave, the measured losses were 80 dB/km at A ~ 532 nm
and more than 500dB/km at A ~ 1064nm [21]. A 1 km
long tubular IC-HCPCF with a core diameter of 42 um sur-
rounded by 9 glass capillaries exhibited a measured loss
of about 13.8dB/km at A ~ 539nm [22]. After success-
fully reducing the surface roughness at the glass-air inter-
face using counter-directional gas and glass flows during
the drawing process an 8-tube IC-HCPCF exhibited a new
record low loss in the green spectral range of only 8.6 dB/km
at A ~ 515nm [18].

Although the losses of IC-HCPCFs in the NIR and green
spectral ranges have each been minimized, the potential for
simultaneous guiding of radiation in both spectral ranges
with low losses using a single IC-HCPCF remains unex-
plored. To date, there are still no existing single IC-HCPCFs
capable of guiding ultrashort laser pulses at A = 515 nm and
at A = 1030 nm with low losses. Therefore, the present work
focuses on exploring the technological feasibility of guid-
ing radiation with low losses in both spectral ranges using a
single IC-HCPCEF, while also aiming to initiate further sci-
entific investigations. Typically, the transmission bandwidths
with low losses of state-of-the-art IC-HCPCFs are limited
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to approximately AA < 400nm [11]. Consequently, two
main approaches are used for the delivery of ultrashort laser
pulses in the green spectral range. The first involves directly
guiding the frequency-doubled laser pulses at A = 515 nm
using IC-HCPCFs designed for the operation in the green
spectral range [23]. The second is based on the frequency
doubling of the ultrashort laser pulses at the fundamental
wavelength of 4 = 1030 nm only after transmission through
IC-HCPCFs which are designed for the operation in the
NIR spectral range [23]. The latter method requires good
polarization-maintaining properties of the transport fiber.
Both approaches, however, limit the degree of freedom for
changes of the wavelength in a given system. In contrast,
using a single IC-HCPCEF that is capable to simultaneously
deliver ultrashort laser pulses at both wavelengths allows for
easy and fast switching between green and NIR radiation,
thus enhancing the versatility of laser machines and opening
up new applications in laser material processing. Moreover,
in continuous-wave (cw) laser applications, deep-penetration
welding of copper at A = 1030 nm can be achieved by pre-
heating the material with laser beams at A = 515 nm [24].
Due to differing dominant loss mechanisms in the green and
NIR spectral ranges, a thorough understanding of the optical
behavior of IC-HCPCFs in both spectral ranges is essential.

The present study presents the design, fabrication, and
characterization of an 8-tube IC-HCPCEF, capable of guid-
ing both the fundamental wavelength of an Yb:YAG laser
at A = 1030 nm and its second harmonic at A = 515 nm.
The balance between the mitigation of the bending-induced
increase of the confinement loss at the wavelength of 515 nm
and maintaining the optical performance of the fiber at the
wavelength of 1030 nm was achieved by optimizing the outer
diameter of the glass capillaries. The presented fiber was
designed using the analytical expression for the critical bend
radius in both spectral ranges [25] followed by a valida-
tion of the fiber design using finite-element method (FEM)
modeling.

2 Fiber design

One distinguishing feature of IC-HCPCFs is the presence of
spectral transmission windows with low confinement losses,
which are separated by the resonant wavelengths where high
confinement losses occur. The spectral positions of these
resonant wavelengths can be approximated by [14]

resonant,] = T glass — air’ (1)

A

where T is the strut thickness of the glass capillaries, which
is determined by the desired operation wavelength 4,,, [
is an integer denoting the transmission band (1, 2, 3, ...),
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and ng,, and n;, are the refractive indices of glass and air,
respectively. The bandwidth of the transmission window
with low confinement losses, defined as the wavelength dif-
ference between two adjacent resonant wavelengths, can be
expressed as

2T P P iremnant,l
== —-nf, = ——=. 2
resonant,l (l _ 1)1 nglass nalr (l _ 1) ( )

AA

In this context, we selected 4,,yx = 1030 nm for
the fundamental wavelength of a Yb:YAG laser, and
Aop.Green = 515 nm for its second harmonic. For a given
operational wavelength 4,,, the required thickness T of the
strut can be calculated using [14]

(1-0.5)4,,
B 3)
2 nglass - nair

Choosing the appropriate thickness T is essential for
guiding laser radiation in the green and NIR spectral ranges
with low confinement losses using a single IC-HCPCF. To
simultaneously guide laser radiation at the wavelengths of
Aop Green = 515 nm and 4, yyr = 1030 nm within the same
transmission band, only operation in the first transmis-
sion band is feasible, as indicated in Eq. (2). For [ > 2, it
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Fig.1 Cross-sectional view of the computed normalized inten-
sity distribution of the fundamental mode LP,, of a bent tubu-
lar IC-HCPCF with 8 glass capillaries at A, G, = 515 nm. The
dashed horizontal line marks the plane in which the fiber is bent
towards the left with a radius of 0.12 m. The core diameter D,,,, is
40 pm and the outer diameter of the capillary d.,, is 18.5 um with
a strut thickness of T =362 nm. Consequently, the optical power
of the core-guided mode is coupled into the capillary on the right
side which leads to a high bending-induced increase of the confine-
ment losses. Note that for this fiber structure the critical bend radius
at Ay Green = 515 nm is 0.12 m and therefore larger than the one of
0.03 m for 4,, yjg = 1030 nm (not shown here)

is impossible to achieve low loss at 4, G,.., = 515 nm with
Avesonansy < 315 nm while keeping A4, > 515 nm to
also cover the fundamental wavelength at 1030 nm. To guide
laser radiation at both wavelengths within the first transmis-
sion band with low losses, where the bandwidth AA,, ;0. 1
is infinite towards longer wavelengths, it is sufficient to con-
sider only the shorter operational wavelength A,, = 4, Gyeen
in Eq. (3). The thickness of the glass strut would then
amount to 7= 121 nm for /=1 with ny,, =1.4615 at
Aop.Green = 15 nm, presenting a significant challenge for the
fabrication [26]. As the strut thickness of the glass capillar-
ies T decreases, they become more susceptible to contact
with each other in the neck-down region of the fiber preform
during the drawing process [27]. Moreover, maintaining the
uniformity in the cladding structure along the entire fiber
length becomes more challenging due to the fluctuations
in pressure or temperature in the furnace. To simplify the
fabrication process and to improve the fiber’s structural
uniformity during fabrication, a glass strut thickness of
T =362 nm was chosen for/ = 2 at A, G, = 515 nm. This
results in the first resonant wavelength 4,,,,,..1 & 760 nm,
enabling the transmission of laser radiation at a wavelength
of 4,, yjg = 1030 nm in the first transmission band and the
ones at a wavelength of 4,, G,.., = 515 nm in the second
transmission band of the fiber.

One of the benefits of fiber-based beam delivery is its
high flexibility. However, when an optical fiber is bent, the
confinement losses increase exponentially as the bend radius
diminishes. This fact is crucial in the design of IC-HCPCFs.
For tubular IC-HCPCEFs, the smallest acceptable bend radius
is ultimately constrained by mode coupling between the
core-guided fundamental mode LP,, and the fundamental
mode guided in the cladding capillaries. As the bend radius
decreases, the optical power from the core-guided mode leaks
into the cladding glass capillaries, leading to significantly
increased confinement losses. Figure 1 shows the normalized
intensity distribution of the core-guided fundamental mode
LPy, coupled with the fundamental mode of the cladding
capillaries at a wavelength of 4 = 515 nmin an 8-tube
IC-HCPCF.

The critical bend radius, below which the mode coupling
occurs, can be analytically expressed by [25]

op,Green

R — dcap + DCOVE ,

¢ 2
< Nofr.LPy, > -1 (4)
Teff cap.LP(y

where d,,, is the outer diameter of the glass capillary, D,
is the core diameter of the fiber (see Fig. 1), and n 4, p and
g cap.Lp,, @r€ the effective refractive indices of the funda-
mental mode guided in the fiber’s core and the glass capil-
laries, respectively [28]. The effective refractive index Moy
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of the fundamental modes guided in a IC-HCPCF’s core and
the cladding capillaries can be approximated by [28]

1 (X014 :
ner = = 3\ o

2 3 (2 2 f2 2 5
xO,l A (nglasx + I)COt(T A nglass nair) ( )
- 3
(Dy' = 23 /n2, —n2
glass air

where the constant x| & 2.405 is the 1-st root of the Bes-
sel function J,(x), D is the inner diameter of the considered
core, hence D, for the fiber or d,,, — 2T for the glass cap-
illary. The analytic expression for the effective refractive
indices given here is only valid for a fiber consisting of a
single glass capillary with perfectly circular core shapes sur-
rounded by air [28]. As the shape of the core of IC-HCPCFs
deviates from a perfect circle and the glass capillaries are
in contact with the glass cladding of the fiber, a correction
factor f is required to align the analytically calculated values
from Eq. 5 to the numerically calculated ones. The correc-
tion factors are f = 1.077 for the fiber’s core and f = 0.991
for the glass capillary in the cladding [29].

Figure 2 illustrates the relationship between the criti-
cal bend radius R, and the ratio d,,/D,,,,- It demonstrates
that, for a given core diameter, reducing the ratio d,, /D
decreases the critical bend radius R,.. Moreover, for a given
ratio value of d.,,/D.,.,,. and a given core diameter, the criti-
cal bend radius R, at the wavelength of 4, ;,,., = 515 nm
is significantly larger than the one for 4, y;z = 1030 nm.

In applications of laser material processing, ultrashort
laser pulses with high average and peak power are advanta-
geous for many processes [1]. The primary limitation of fiber-
based beam delivery systems for guiding such laser pulses
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Fig.2 Critical bend radius R, of tubular IC-HCPCFs as a function of
the ratio d,,,/D.,.,,. calculated using Eqs. (4) and (5) and assuming a

cap core

strut thickness of 7 = 362 nm
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is the laser-induced damage threshold (LIDT) [30], which
depends on the power-weighted spatial overlap between the
core-guided laser beam and the surrounding glass cladding.
Increasing the diameter of the fiber’s core D,,,, reduces this
spatial overlap, thereby raising the LIDT of the fiber [31].
For a fiber with a core diameter as large as D_,,, = 50 um,
however, a small ratio d,,,,/D,.,,, < 0.3 is necessary to keep
the critical bend radius R, at a value of less than 0.1 m. With
such a small ratio d,,,,/ D,..» 10 glass capillaries are required
to reduce the confinement losses for the straight fiber at
Agpnir = 1030 nm, which strongly increase the complexity of
fiber fabrication. Considering these requirements, we selected
a fiber design with a core diameter of 40 um and a ratio of
d.4p/ D ore = 0.375. For tubular IC-HCPCFs with less than
8 capillaries, the gap between the glass capillaries at a ratio
of d.,,/ Doy = 0.375 results in high confinement losses of
the straight fiber at 4,, y;zp = 1030 nm. Conversely, tubular
IC-HCPCFs with more than 8 capillaries exhibit a minimal
loss difference between the modes with higher transverse
order and the fundamental mode LP, leading to the unde-
sired effective multi-mode guiding property of the fiber. A
cladding structure with 8 capillaries was therefore chosen for
our fiber design. In the present work, the objective was to mini-
mize the losses of the fiber in both spectral ranges to less than
30 dB/km and ensure a low bending-induced increase of the
confinement losses for bend radii larger than 0.2 m. The target
corresponds to a transmission of > 93.3% of the launched laser
power through a 10 m long fiber, meeting the requirements for
state-of-the-art delivery of ultrashort laser pulses in industrial
applications.

To analyze the loss behavior of the designed tubular IC-
HCPCEF in detail, including the confinement losses, the surface
scattering losses, and the micro-bending losses, we conducted
numerical simulations based on FEM by using the commer-
cially available software COMSOL Multiphysics.

The cross-sectional structure of the designed fiber was
modeled using a MATLAB interface. To calculate the con-
finement losses of the modes propagating in the fiber’s core, an
optimized perfectly matched layer with a thickness of 10 um
was employed to absorb the radiation leaking out of the fiber’s
structure [32]. The maximum mesh size was set to be 0.2 times
the wavelength to ensure a high accuracy of the calculated
results. The confinement losses.

20 2r - Im(neﬁf)
= dB. 6
%L = 1h(10) A ©

were determined from the imaginary part Im(n, ) of the
numerically calculated effective refractive indices of the
core-guided modes [33]. The surface scattering losses agq;,
were also modeled numerically. First, the parameter
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E| di

& ﬁif—ﬁ (7)

Ho [l Ex HdA -%
was calculated, where E s H are the electric and magnetic
fields, respectively, 7 is the unit vector in the propagation
direction of the core-guided mode [19], and &, and y, are
the permittivity and permeability in vacuum, respectively.
The surface scattering losses at the wavelength A of interest
are then given by

3
A dB
U5y = 77F</1—0> o (8)

with the normalization factor # = 300 determined at the ref-
erence wavelength of 4, = 1550 nm, as shown in ref. [19].
Micro-bending of optical fibers can occur when the fiber
is coiled onto a fiber drum with a rough surface under ten-
sion or during the cabling process with a bend radius on
the order of um to mm [16]. The applied surface tension
results in the deformation of the fiber’s core at the interface
between the core and cladding in the longitudinal direction.
This phenomenon needs to be considered for the drawn fib-
ers, as it leads to intermodal power transfer and additional
losses, which are highly dependent on the surface quality of
the fiber drum, and the cabling technology used [16]. The
micro-bending loss can be described by [34]

(konair Do) (koAn,y) dB/km, ©)

0| =

Aypr =

where k, = 2z /A is the wavenumber of the transmit-
ted radiation in vacuum, D, is the diameter of the core-
guided fundamental mode LP,, and An, is the difference
between the effective refractive indices of the LP;; mode
and the first mode with higher transverse order LP,,. The
function (,b(kOAneﬁ) represents the power spectral density
of the micro-bending stochastic process, which is given by
¢ (kolnyy) = Co/ (koAny)” [35] with Cy = 1[341.

Figure 3 illustrates the calculated confinement losses, the
surface scattering losses, the micro-bending losses, and the
total losses averaged over the two orthogonally polarized
fundamental modes LP,, of the designed straight fiber across
the wavelength range from 4 = 400 nm to A = 1800 nm. The
total losses, which are the sum of confinement losses, sur-
face scattering losses, and micro-bending losses, are less
than 30 dB/km, with a value of 18.1 dB/km at the wave-
length of 4, Gee, = 515 nm and a value of 16.1 dB/km at
the wavelength of 4,, vz = 1030 nm. The micro-bending
and the surface scattering losses dominate in the green
spectral range, while the confinement losses are the pri-
mary loss mechanism in the NIR spectral range. For the
designed fiber, the wavelength of 4,, .., = 515 nm is
located near the center of the second transmission band,
and 4,, yjg = 1030 nm lies within the low-loss region of
the first transmission band. This confirms the feasibility of

100 ¢ T T
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T 20
<
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S 10
(7))
(%]
@]
-l
—Confinement loss
—Surface scattering loss|-
Micro-bending loss
1 | —Total Ios§
400 600 800 1000 1200 1400 1600 1800

Wavelength (nm)

Fig.3 Calculated confinement losses, surface scattering losses,
micro-bending losses, and total losses of the fundamental mode
LP, of the designed straight fiber as a function of the wavelength.

AopGreen =315 nm is close the center of the second transmission

band, while 4,, vz = 1030 nm lies in the first transmission band of
the designed tubular IC-HCPCF
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an IC-HCPCEF that is capable to simultaneously guide laser
radiation in both spectral ranges with low losses.

The bending behavior of the designed fiber was thor-
oughly analyzed by adjusting the refractive index of the
fiber structure using conformal mapping [36]. Figure 4a
and b present the computed confinement losses, surface
scattering losses, micro-bending losses, and the total losses
averaged over the two orthogonally polarized fundamen-
tal modes LP,, of the designed fiber for bend radii ranging
from 0.2 to 0.5 m at the wavelengths of 4, ;,.., = 515 nm
and 4,, yjg = 1030 nm. Despite bending, the core-guided
fundamental mode LP\, experiences low losses at both
wavelengths. The total loss amounts to only 26.6 dB/km
at A, Green = 515 nm and 19.5 dB/km at 4, vz = 1030 nm
even if the fiber is bent at a tight radius of 0.2 m.

To experimentally validate our fiber design, we fabricated
the fiber using the well-known stack-and-draw technique.
The results of the experimental characterization are dis-
cussed in the following section.

3 Experimental results

A fiber with a total length of approximately 300 meters was
drawn using our drawing facility. Figure 5 shows the cross-
sectional microscopy image of the fabricated tubular IC-
HCPCEF. The diameter of the hollow air core was measured
to be 40.03 + 0.26 um. The core of the fiber is surrounded
by 8 glass capillaries. These capillaries have outer diam-
eters ranging from 14.01 + 0.36 umto15.35 + 0.34 um with
an average outer diameter of 14.94 + 0.32 um. The average
thickness of the thin glass struts is 352 nm + 25 nm, which
is slightly thinner than the designed value of 362 nm. The
relative deviation of the glass capillaries was about 8%,

Fig.4 Calculated bending-
induced increase of the

(a)

20 um

Fig.5 Microscope image of the fabricated tubular IC-HCPCF

which is defined as (dmax - dmin) /d,,, whered,,, . d,;,, and
d,,. are the largest, the smallest, and the average value of
the outer diameters of the glass capillaries, respectively. A
difference between the diameters of the capillaries in the
fiber’s structure, from one side to the other, is often observed
in produced fibers [37]. It was shown that this asymmetry of
the diameters of the capillaries is due to a higher temperature
toward the one side of the preform, leading to a difference
in viscosity across the cross section of the preform during
drawing and causing larger diameters of the glass capillaries
on the one side of the fiber than the other [38]. The outer
diameter of the fiber is 281 + 2 um.

The total losses of the fiber at a bend radius of 0.5 m
were measured by using the cut-back method [39].
To measure the losses in the NIR spectral range, a

(b)
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supercontinuum light source (NKT Photonics, SuperK
COMPACT,450 — 2400 nm) was coupled to the fiber
under test, which was coiled on a spool with a 0.5 m
radius. The transmitted spectral power density S,
was measured after the long fiber piece with a length of
Ly,,, = 167 m using an optical spectrum analyzer (Anritsu,
MS9710B,650 — 1800 nm). The fiber was then cut back
to a shorter length of L, ,, = 5 m without changing the
launching conditions, and the transmitted spectral power
density S,,, was measured again. The same proce-
dure with the piece of the fiber cut off during the previ-
ous measurement was used to measure the losses in the
green spectral range applying a white fiber-coupled LED
(Thorlabs, MWWHF2,400 — 800 nm) as the light source.
The transmitted spectral power densities Sy,,, and S,
were measured using a spectrometer (Ocean Optics, HR
4000,200 — 1100 nm) for fiber lengths of L;,,, = 162 m
andL,,., = 5 m, respectively. The measured total losses of
the fiber can be calculated using.

10 Sshurt >
a=———"6—1log ( dB. 10
Llang - Lshart 10 S (10)

long

Figure 6 compares the computed total losses of the drawn
fiber at a bend radius of 0.5 m, which includes the confine-
ment losses (which can be assumed to be only slightly
increased by bending due to the comparably large bending
radius), surface scattering losses, and micro-bending losses
with the measured losses of the produced fiber. The meas-
ured losses were averaged over three measurements with
new cleaves of the fiber end for each measurement without
significantly changing the fiber length.

The calculated total losses show a good agreement
with the measured losses in the NIR spectral range. We
attribute the discrepancy in the loss spectra between the

Fig.6 Comparison between the
computed total losses includ-
ing the confinement losses, the
surface scattering losses as well
as the micro-bending losses to
the measured losses of the fab-
ricated fiber coiled with a bend
radius of 0.5 m

numerical calculation and the measurement in the green
spectral range to the nonuniformity of the cladding struc-
ture along the fiber [40].

A broad transmission bandwidth of 460 nm in the NIR
spectral range was identified, with measured losses of less
than 50 dB/km ranging from A ~ 885 nm to A & 1350 nm.
At the operation wavelength of 4,, vz = 1030 nm the
measured total loss was 25.7 + 0.7 dB/km. The second
transmission band of the fiber spanned from 4 = 435 nm
to A =~ 612 nm with measured total losses of less than
50 dB/km. The measured loss at the operation wavelength
of 4, Green = 515 nm was 27.5 + 0.3 dB/km, thus, compara-
ble with the state-of-the-art tubular IC-HCPCFs. This cor-
responds to a transmission of 94.3% at 4, y;zx = 1030 nm,
and of 93.9% at 4 = 515 nm through a 10 m long
fiber.

A frequency-doubled solid-state laser emitting at
Aop Green = 515 nm and a broadband amplified spontaneous
emission (ASE) light source with a spectrum ranging from
A =1020 nm to 4 = 1080 nm were used for an additional
measurement of the total losses at a bend radius of 0.2 m.
In this measurement, the measured total losses a at a bend
radius of 0.5 m (see Fig. 6) were considered as the refer-
ence of the straight fiber, due to the minor influence of the
bending on the total losses at such a large bend radius. A
10 m long fiber was first loosely coiled with a bend radius
(BR) = 0.5 m and the transmitted power P, measured as
the reference. By comparing this to the transmitted power
Ppr_o2 m measured when the fiber was bent to a radius of
0.2 m, the total losses at the corresponding bend radius
®pr—02m consisting of the sum of the bending-induced
increase of the confinement losses and the measured total

op,Green

losses a of the fiber without bending was determined by
using [41]

iy e Calculated confinement loss
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10 Pref
XpR=02m = logiy | z—

—o + adB,
n2zR P BR=0,2m> ¢

where R = 0.2 m is the bend radius of the fiber and
n = 8 denotes the number of turns applied during bend-
ing. Figure 7 presents a comparison between the measured
total losses and the calculated total losses of the fiber at a
bend radius of 0.2 m, considering the confinement losses,
the surface scattering losses as well as the micro-bending
losses. The calculated results agree well with the meas-
ured total losses of 34.8 + 1.3 dB/km at 4, ;,,,, = 515 nm
and 31.8 + 0.7 dB/km at 4, y;rg = 1030 nm. Compared to
the measured total losses at the bend radius of 0.5m, the

increased losses of about 7.3 dB/km at 4, G, = 515 nm

and about 6.1 dB/km at 4, vz = 1030 nm affirm the mini-
mal bending-induced increase of the confinement losses
at a bend radius of 0.2 m. Specifically, this translated to a
transmission of 92.9% at 4, y;g = 1030 nm, and 92.3% at
Aop Green = 515 nm through a 10 m long fiber.

To analyze the beam exiting the fiber in the NIR spectral
range in detail, the light of the ASE source was launched into
a 10 m long piece of the fiber using a focusing lens with a
focal length of f = 50 mm to match the diameter of the inci-
dent Gaussian beam to the calculated mode field diameter
(MFD) of the fundamental mode LP,, of the fiber. Through-
out the measurement, the fiber was loosely coiled on the
optical table with a BR > 0.3 m. Figure 8 shows the meas-
ured near field (a) and far field (b) intensity distributions

o
o

Fig. 7 Comparison between the
calculated total losses includ-
ing the confinement losses, the
surface scattering losses as well
as the micro-bending losses,
and the measured total losses
of the fabricated fiber at a bend
radius of 0.2 m
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Fig.8 Near field (a) and far field (b) intensity distributions (including the profiles measured along the dashed lines) after a 10 m long fiber at the

wavelength of 4, vz = 1030 nm as measured using an uEye camera
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captured using an uEye camera for the beam transmitted
through the 10 m long fiber. The beam exiting the fiber in
the near field was imaged on an uEye camera using a home-
built telescope with a magnification of 39.5x. The MFD was
measured to be 29.61 + 0.12 ym using the second-moment
(d40) method [7]. The intensity distribution in the far field
of the beam exiting the fiber was recorded using an uEye
camera placed at the focal plane of a lens with a focal length
of f = 100 mm. In the far field, a Gaussian-like beam pro-
file was observed, with a measured half divergence angle of
24.17 + 0.13 mrad.

Figure 9 shows the measured beam caustic of the refo-
cused laser beam exiting the 10 m long fiber. The beam exit-
ing the fiber was collimated using a lens with a focal length
of f = 30 mm. To measure the beam propagation factor M2,
the collimated beam was refocused by a focusing lens with
f =600 mm inside the beam profiler (BeamSquared from
Ophir Optronics Solutions). The roundness of the output
beam exceeded 98%. The beam propagation factor M aver-
aged over the horizontal (X) and vertical (Y) planes was
1.09, indicating the near to diffraction-limited beam quality
in the NIR spectral range. The insets in the figure show the
measured intensity distributions in the focus and far field
planes.

The near to diffraction-limited beam quality of the beam
exiting the fiber was also confirmed by the spectrally and
spatially resolved S? analysis, which spatially resolves the
spectral interference from multiple fiber modes propagating
at different group velocities [42]. Performing a Fast Fourier
Transform (FFT) on the measured optical spectrum of the
beam exiting the fiber allows determining the group delay
difference (GDD) between the modes with higher transverse
order with respect to the fundamental mode LP,, thereby
resolving the modal content of the beam exiting the fiber
[42]. The results of this analysis are shown in Fig. 10. The
plot shows the sum of the Fast Fourier transforms (FFTs) of
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Fig. 10 Spectrally and spatially resolved S? analysis of the laser beam
exiting the 10 m long fiber in the NIR spectral range. The insets show
the measured intensity distributions of the fundamental mode LP,
(very left) and the modes with higher transverse order. The calculated
multipath interference (MPI) corresponds to the power ratio between
the mode with higher transverse order and the fundamental mode
LPy,

all the optical spectra measured at each spatial position by
scanning across the cross-section of the laser beam transmit-
ted through the 10 m long fiber as a function of the measured
GDD of the modes with higher transverse order with respect
to the fundamental mode LP,,. The insets within the figure
illustrate the measured intensity profiles of the fundamental
mode LP,, (very left) and the modes with higher transverse
orders. Only two LP,; modes were identifiable. The power
ratio between the mode with higher transverse order and the
fundamental mode LP; was determined using the calculated
multipath interference (MPI) [42]. All measured MPI values
were smaller than —25 dB, indicating less than 0.3% of the
optical power compared to the fundamental mode LP,,,.
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Fig.9 Measured beam caustic of the refocused beam exiting the 10
m long fiber in the horizontal (X) and vertical (Y) planes at the wave-
length of A,, vz = 1030 nm. The beam exiting the fiber was colli-
mated using a lens with a focal length of f = 30 mm. To measure the

beam propagation factor M2, the collimated beam was refocused by a
lens with a focal length of f = 600 mm inside the beam profiler. The
insets show the intensity distributions in the near and far field planes

@ Springer



58 Page 100of 14

B.Chenetal.

For the analysis of the beam exiting the fiber at the wave-
length of 4, Green = 515 nm, the frequency-doubled solid-
state laser beam was injected into the 10 m long fiber. Due
to the smaller collimated beam diameter of approximately
1.2 mm compared to 2.4 mm in the NIR spectral range
before entering the fiber, the same focusing lens with a focal
length of f = 50 mm was used to match the MFD of the
fiber at this wavelength. The measured caustic of the refo-
cused beam exiting the 10 m long fiber is shown in Fig. 11.
The measured average beam propagation factor M? in the
horizontal (X) and vertical (Y) planes was 1.14, again con-
firming the near-diffraction-limited beam quality also in the
green spectral range.

The result of the S? analysis depicted in Fig. 12 reveals
the modal contents of the beam exiting the fiber with the
presence of the two higher-order transverse modes LP,; and
LPy,. The measured MPI for these modes was —17.7 dB
and —18 dB, respectively, corresponding to less than 1.7%
of the power compared to the fundamental mode LP,,. The
low power ratio between the mode with higher transverse
order and the fundamental mode LP, in both spectral ranges
ensures good focusability of the laser beams exiting the fiber.

To illustrate the good beam quality after the transport
fiber, the recorded intensity distributions in the near field
and far field are shown in Fig. 13a and b, respectively. The
MFD was measured to be 31.87 + 0.21 um, which is com-
parable to the MFD in the NIR spectral range. The meas-
ured far field divergence half-angle was 11.73 + 0.23 mrad.
This was approximately half of the one observed in the NIR.
The measured MFDs of the beam exiting the fiber were in
good agreement with the numerical calculations, which
yielded 30.22 ym at A =515 nm and 30.58 ym at
Agpvir = 1030 nm.

It was shown that achieving effective single-modeness
in a straight fiber requires a ratio d,,,/D,,,, of approxi-

mately 0.68 [29]. This results from the mode coupling
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Fig. 12 Spectrally and spatially resolved S analysis of the laser beam
after propagating through the 10 m long fiber in the green spectral
range. The insets show the measured intensity distributions of the
fundamental mode LP; (very left) and the modes with higher trans-
verse order. The calculated multipath interference (MPI) corresponds
to the power ratio between the mode with higher transverse order and
the fundamental mode LP,

between the undesired core-guided higher order transverse
mode LP,;; and the fundamental mode in the cladding
capillaries of the fiber [29]. For the designed fiber with
a d_y,/ D,y of 0.375, this mode coupling cannot occur.
However, effective single-modeness can still be achieved
under optimal launching conditions and is independent
of the bend radii. Figure 14a and b show the measured
beam propagation factor M? averaged over the horizontal
(X) and vertical (Y) planes as function of bend radius at
Aop Green = 515 nm and 4, y;p = 1030 nm, respectively.
The insets show the corresponding intensity distributions
in the far field planes of the beam exiting the 10 m long
fiber.
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Fig. 11 Measured beam caustic of the refocused beam exiting the 10
m long fiber in the horizontal (X) and vertical (Y) planes at a wave-
length of 4,, Gen = 515 nm. The beam exiting the fiber was colli-
mated using a lens with a focal length of f = 30 mm. To measure the
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beam propagation factor M2, the collimated beam was refocused by a
focusing lens with f = 600 mm inside the beam profiler. The insets
show the intensity distributions in the near and far field planes
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Fig. 13 Near field (a) and far field (b) intensity distributions after a 10 m long fiber at the wavelength of 4
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Fig. 14 Measured beam propa-
gation factor M? averaged over

the horizontal (X) and vertical 1.2
(Y) planes as function of bend
radius at the wavelength of 1.15
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According to the numerical calculations, the chromatic
dispersion of the fiber is approximately 1.02 ps/(nm - km)
at A, g = 1030 nm. At A, Gren = 515 nm, this value
amounts to about 0.62ps/(nm - km). The low chromatic
dispersion exhibited by the fiber at both operational wave-

lengths ensures the guiding of ultrashort laser pulses with
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minimal temporal distortion. The fiber’s large core diameter
of 40 um for operation in the green spectral range results
in a reduced power-weighted spatial overlap between the
core-guided laser beam and the surrounding glass cladding
compared to the core diameters of the state-of-the-art IC-
HCPCFs typically in the order of 30 um [18, 20, 21]. The
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simulation shows that the power-weighted spatial overlap at
Aop.Green = 915 nm is about 2.9 X 107°. It amounts to about
1.3x 107 at Agpnir = 1030 nm. According to the theoretical
analysis in ref. [43], the maximum energy of ultrashort laser
pulses that can be launched into the fiber without damage is
inversely proportional to this power-weighted spatial over-
lap. Therefore, the numerically calculated low chromatic dis-
persion and the low power-weighted spatial overlap suggest
the potential for flexible guiding of ultrashort laser pulses
at both 4 = 1030 nm and A = 515 nm using a single fiber,
which will be the focus of our future work. This capability
enhances the flexibility for wavelength adjustments in laser
material processing applications. Combining green and NIR
ultrashort laser pulses is ideal for applications like internal
structuring in glass, where green pulses efficiently ablate the
surface, while NIR pulses enable subsurface modifications.
The high precision of green laser pulses, together with the
deeper penetration of NIR laser pulses enables the fabrica-
tion of multilayer electronic devices [44]. Moreover, hybrid
processes using green and NIR pulses provide benefits in
laser welding of dissimilar materials [45], and surface func-
tionalization of anti-reflective or hydrophobic surfaces [46].

The present work explores the possibility of flexible
delivery of ultrashort laser pulses at A = 1030 nm, and its
second harmonic at A = 515 nm using a single fiber with
low losses. A core diameter of 40 um was chosen as a com-
promise to balance optical performance across both spec-
tral ranges. Compared to typical IC-HCPCFs designed for
the NIR spectral range, which have core diameters about
60 um, the presented fiber is more susceptible to dam-
age at the input facet when guiding ultrashort laser pulses
at 4 = 1030 nm. However, previous studies have theo-
retically and experimentally shown that for a 10 m long
vacuumized HC-NANF with a core diameter of 28.3 um,
ultrashort laser pulses with energies of up to 200 uJ and
pulse durations of 40fs can be delivered without damaging
the fiber, corresponding to a peak power of about 5 GW
at A = 800 nm [31]. The pulse duration of ultrashort laser
pulses used in material processing is typically about 500fs.
Using the same theoretical analysis, ultrashort laser pulses
with a pulse energy exceeding 700 uJ and a pulse duration
of 500fs can be launched into the presented fiber without
causing damage at the fiber facet at A = 1030 nm, corre-
sponding to a peak power of about 1.4 GW. Considering
the LIDT of silica glass for the same pulse duration at
A =515 nm of about 2.5 J/em? [47], the maximum pulse
energy that can be launched into the fiber without caus-
ing damage is approximately 450 uJ, corresponding to a
peak power of about 0.9 GW. According to these theoreti-
cal and experimental [31] analyses, the transmitted ultra-
short laser pulses are already sufficient for applications in

@ Springer

laser material processing such as drilling of micro-holes
with high precision, functionalizing material surfaces, and
processing transparent materials. Future work will focus
on determining the maximum pulse energy that can be
injected into the fiber without causing damage at both
A =515 nm and 4 = 1030 nm. Additionally, the long-term
stability and the impact of fiber bending on the delivery
of ultrashort laser pulses will be investigated. Following
successful experimental studies, practical laser material
processing will be demonstrated.

4 Conclusion

In summary, we presented the design, fabrication, and
characterization of an 8-tube inhibited-coupling guiding
hollow-core photonic crystal fiber (IC-HCPCF) capable
of guiding both the beam emitted from an Yb:YAG laser
at the fundamental wavelength of A = 1030 nm and its
second harmonic at A = 515 nm. By optimizing the outer
diameter of the glass capillaries, optimal performance to
mitigate the bending-induced increase of the confinement
loss at A = 515 nm was possible without compromising the
optical performance at A = 1030 nm. Controlling the strut
thickness of the glass capillaries to approximately 362 nm
enabled dual-wavelength transmission with low losses.
Experimental results showed the near to diffraction-limited
beam quality with M?<1.15 of the beam exiting the 10 m
long fiber at both operational wavelengths. The measured
losses of 27.5 + 0.3 dB/km at the wavelength of 515 nm
and 25.7 + 0.7 dB/km at 1030 nm confirmed the potential
of the proposed approach for flexible, low-loss guiding
of ultrashort laser pulses at the two wavelengths using a
single fiber. This capability enhances the flexibility for
wavelength adjustments in laser material processing appli-
cations and paves the way for new hybrid processes com-
bining green and NIR laser radiations.
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