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Abstract: We investigate the design of hollow-core fibers for the delivery of 10s of kilowatt
average power from multi-mode laser sources. For such lasers, delivery through solid-core fibers
is typically limited by nonlinear optical effects to 10s of meters of distance. Techniques are
presented here for the design of multi-mode anti-resonant fibers that can efficiently couple and
transmit light from these lasers. By numerical simulation we analyze the performance of two
anti-resonant fibers targeting continuous-wave lasers with M2 up to 13 and find they are capable
of delivering MW-level power over several kilometers with low leakage loss, and at bend radii
as small as 35 cm. Pulsed lasers are also investigated and numerical simulations indicate that
optimized fibers could in principle deliver nanosecond pulses with greater than 100 mJ pulse
energy over distances up to 1 km. This would be orders of magnitude higher power and longer
distances than in typical machining applications using the best available solid core fibers.
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1. Introduction

In recent years, rapid progress in the fabrication of hollow-core anti-resonant fibers (ARF) has
proven the theoretical promise of the technology. The past two years have seen reports of nested
anti-resonant nodeless fibers (NANFs) with 0.28 dB/km loss at telecommunication wavelengths,
only marginally higher than solid-core silica fiber [1], all-time record low-loss transmission in
any type of optical fiber at shorter wavelengths eg 0.3 dB/km at 1060 nm [2], and more recently
the first double-nested fiber (DNANF) with 0.174 dB/km attenuation at 1550 nm, on par with
that of commercial solid-core single-mode fibers [3]. With the performance of these fibers now
proven and further loss reduction still possible, the focus of research is turning to applications
that can exploit their low non-linearity, latency and dispersion [4], exceptional polarization purity
[5], ultralow backscattering [6] and low loss.

High-power fiber delivery is one such application. It typically employs solid-core large-mode-
area or large-core multi-mode fibers, primarily limited by the onset of nonlinear processes
[7]. The maximum power distance product before stimulated Raman scattering significantly
modifies the signal is given by P - Leg = 16A¢g/gr, Where P is the laser power, Lqg is the effective
interaction length of the fiber, A.g is the effective interaction area and g, is the Raman gain
coefficient (for a large core, multi-mode silica fiber Leg =~ L when L<100m, Acg =~ 7r(0.8R)2
and g, = 1 x~13 mW™") [8]. Higher powers delivered over a short distance experience the
same nonlinear behaviour as low power delivered over long distances. In solid-core fibres,
transmission of 1 kW of power over 100 m has been reported in a highly multi-mode (~750
modes) step-index fibre [9] and 10 kW over 30 m has been demonstrated in a three-mode photonic
crystal fibre [10]. Commercially available solutions are typically limited to a few 10s of meters
e.g. a commercial multi-mode 10 kW fiber laser has 100 pm delivery fiber up to 30 m long [11].
AREFs by contrast intrinsically possess greatly reduced optical nonlinearity compared to silica
fibers since the overlap between the silica and propagating light is less than 1x10~ [4] and the
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nonlinear coefficient of air is almost three orders of magnitude lower than silica [12]. The unique
properties of ARFs raise the potential for significant improvements in reach, flexibility and power
handling capabilities of their solid-core counterparts.

Practical demonstrations of laser power delivery through hollow-core fibers have greatly
progressed over the past two decades [13—16], culminating in the recent remarkable demonstration
of 1 kW continuous-wave (CW) power transmitted over 1 km of single-mode NANF [17]. This
body of work has so far focused on the transmission of high quality, single-mode laser beams
with low M2. Greater laser power still is available from few-mode and multi-mode lasers [18],
and there are a broad range of applications which would benefit from the ability to deliver such
lasers across long distances using fibers.

The performance of such few-mode/multi-mode high-power laser sources has also seen great
progress in recent years [18]; the markers in the plot shown in Fig. 1 represent a selection of
commercially available or research grade lasers of various architectures, both pulsed or cw,
emitting near 1030 nm. Higher power lasers in general are effectively few-moded or multi-moded
(MM), exhibiting larger M? values. To efficiently couple light from these sources into a fiber
requires a similarly few-mode or MM fiber. To illustrate this, we show on the same plot the
calculated approximate number of mode groups a hollow-core fiber must guide to achieve at
least 95% coupling efficiency to a laser source with a given M? value (details of the calculation
are given in Section 2). It is clear therefore that to meet the needs of applications requiring the
flexible delivery of optical power from such lasers over some distance, we must design low loss
multi-mode hollow-core fibers.
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Fig. 1. (red markers, left axis) The maximum average power output of high power laser
sources and their reported M 2 values [11,19-33]. (blue line, right axis) The number of mode
groups required to be guided in a hollow-core fiber to achieve 95% coupling efficiency for
an incident laser beam of a given M?2. The laser described by [32] is characterized only as
single-mode and we assume M2 = 1.5.

In the present work, the range of sources we target for ARF delivery (highlighted in Fig. 1),
comprises lasers with output powers ranging from 1 to 30 kW with reported M values from
1.5 to 15. For M? values below the region of interest, i.e., M 2<1.5, the near diffraction-limited,
approximately single-mode lasers emitting up to several kW average power can be delivered, as
shown by the results of Mulvad et al. [17], through single-mode NANFs over several kilometers
(e.g. Mulvad et al. predict the delivery of 5 kW over more than 2 km with an air-filled core).
Above the region of interest, M>>15 laser sources can emit more than 100 kW average power
[11]. These lasers are highly multi-mode (ie. more than 100 mode groups) and fiber delivery is
typically through highly multi-mode solid-core fibers with core diameters as large as 800 um [11].
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It is conceivable that ARFs might one day be designed to guide the several 100s of mode groups
required to efficiently couple light from these sources, however, it is not the focus of this work.
We focus instead on the intermediate range 1.5<M?<15 where MM ARFs can offer significant
improvements on the performance of solid-core fibers.

The focus on hollow-core research so far has mostly been on achieving record performance
whilst maintaining effectively single mode operation. This is achieved by designing the fiber
structure so that orders of magnitude greater leakage loss is imposed on the higher-order modes
without affecting the fundamental mode. There are, however, a broad range of applications that
could benefit from few- or multi-mode ARFs including short-haul telecomms [34], sensing [35]
and, as discussed here, power-delivery. Multi-mode operation can be achieved by altering the
design of the fiber cladding to achieve an acceptably low intermodal differential loss. A few
recent works have investigated the possibility of guiding more than one mode group [36-38] but
have been limited to < 10 mode groups (M?<3) which would still fall short of the requirements
for efficient coupling and delivery of high power lasers in our range of interest.

In this work we examine MM ARFs that can deliver power from laser sources with 1.5<M?*<15.
A robust technique is presented for the design of MM ARF capable of guiding the number of
modes required to efficiently capture light from sources with given M? values in this range. Using
numerical simulations, we study the loss-limited distances over which power can be delivered
through fibers designed using our proposed method. Our best designs offer in theory less than
0.5 dB loss after 2 km of propagation, even when bent at a 35 cm bend radius. Current CW
laser sources in the range of interest are capable of emitting up to 30 kW average power whereas,
the fibers we propose can withstand more than 1 MW CW before incurring damage. We also
study and optimize the fibers for the delivery of high peak-power pulsed lasers. We find that for
picosecond and shorter pulses, delivery through MM AREFs is limited to 10s of meters by the
fibers’ differential group delay which would broadens the pulses as they propagate. For longer,
nanosecond pulses however, MM ARFs seem capable of delivering pulses over > 1 km distance
with at least 20x higher energy than the highest energy commercial nanosecond pulsed laser of
which we are aware with M2 in the range of interest [39].

The paper is organized as follows: Section 2. describes the methods we use to characterize
laser beams and determine the number of modes required for efficient coupling in hollow-core
fibers. Section 3. discusses multi-mode guidance in ARF and describes the techniques we have
developed for designing MM NANFs to achieve modality and loss specifications. Section 4.
studies, by numerical simulation, two example fibers designed using our techniques and discusses
their performance for high power MM laser power delivery. In Section 5. we summarize the
work.

2. Coupling of multi-mode laser beams into multi-mode ARFs

The quality of a beam is often characterised by the M? factor defined as the ratio of the beam
parameter product to that of an ideal, diffraction-limited Gaussian beam [40]. The highest possible
beam quality is achieved with M? = 1 and the power is fully transmitted in the lowest divergence
fundamental mode. Greater M values correspond to beams with larger divergence angles caused
by a fraction of the total power being transmitted by higher-order and higher divergence modes.
Since the transverse profile of these modes differs from that of the near-Gaussian fundamental
mode, beams with a larger M? will not couple efficiently into single-mode fiber and MM delivery
fibers are required for adequate coupling efficiency.

For example, a MM step-index fiber with numerical aperture 0.22 and core diameter 50 um
will guide several 100s of modes and the larger cores typically used for high power delivery
can guide many times more. The highly multi-mode nature of these fibers mean they can
easily achieve efficient coupling for large M?> beams. In hollow-core anti-resonant fibers the
guidance mechanism results in strong differential properties between modes, with higher order
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modes generally exhibiting higher losses, higher dispersion and higher overlap with the glass.
Knowledge of the number of modes required to accommodate a beam with a given M? is therefore
crucial in designing the fiber.

In high-power delivery through fiber, high input coupling efficiency is necessary both to
achieve high throughput and to avoid thermal damage to the input facet of the fiber since the
laser energy that is not coupled into the core may be absorbed by the coating near the fiber end
face and damage it. In this work we target the design of fibers enabling at least 95% coupling
efficiency to a given MM laser source. This is the highest efficiency we are aware of being
practically reported in ARF [41]. Such high coupling efficiency should reduce the requirement
for active cooling at the fiber coupling and enable further power upscaling. To investigate this
target, we consider how the modes of an ARF are excited by an incident field. These modes form
a complete, orthogonal set and are normalized such that for any mode labelled k and &’:

/] 2-(EkXH*, + Ez,XHk)dA = 6k,k’ N

where E;, Hy are the electric and magnetic fields of the k™ fiber mode and 0s.u is the Kronecker
delta, which evaluates to 1 if s = u and 0 otherwise. Since the modes form a complete set, any
incident field, E¥ and HY, can be described as a linear combination of the modes:

ED =" oy, HO = 3" oH, )

k k

with ¢; the amplitude coupling coefficient into mode k given by:
o = // 7 (EVXH; + E;xH)dA 3)

If the incident field, E¥ and HY, has been normalised according to Eq. (1) to carry unit power
then |cx|? describes the power coupling efficiency into mode k.

In order to describe the transverse field of a high M? laser beam we employ the Laguerre-
Gaussian formulation which describes a free space laser mode as:

|y |
- (o2 2\ o (262 oo
EV(p.) =T (pw—o) exp (—%) Ly (%) exp(=inmig) )

0 0

where T is the electric field polarisation vector, wy is the beam waist, m; and n; are the radial and
azimuthal mode indices respectively of the /™ Laguerre-Gaussian mode and L (x) is the Laguerre
polynomial. As with the modes of an ARF the Laguerre-Gaussian modes form a complete,
orthogonal set and, given the normalization of Eq. (1), we can describe the emitted laser beam,
as a linear sum of those modes.

EO = Z cEMY, HO = Z cH" (5)
l ]

This description has the advantage that the M? value of a laser beam is obtained from its modal
decomposition as [42]:

M? = (1 my + 2m)ei? (6)
I

For Eq. (6) to hold the beam must be propagating unit power, ie 3, |¢;|* = 1.
In Fig. 1 we show the number of mode groups required to be guided in a fiber to achieve our
target of 95% coupling efficiency for a given incident beam, characterised by its M? value. A
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beam with M? = 15 requires almost 100 mode groups. For this calculation the modes of the fiber
are taken to be those of a hollow, circular fiber (a circular air hole in bulk silica, see the N = 0
structure in Fig. 3) as determined by Marcatili and Schmeltzer [43]. We conducted numerical
simulation of a range of ARF geometries including tubular, NANF and DNANF and, although
the transverse mode profiles, E; and Hy, in Eq. (1), are different for the same mode order in
each of these structures, they all exhibited nearly identical requirements on the number of mode
groups as that of the hollow circular fiber shown in Fig. 1. We find that a M? = 3 beam would
require approximately 10 mode groups but the number of mode groups required to achieve the
95% coupling efficiency increases rapidly with M?; an M> = 10 beam requires around 60 mode
groups and M?>15 requires more than 100 groups. In the next section we discuss how these
requirements relate to ARF design.

It is clear from Eq. (6) that different combinations of the same modes, i.e. beams with different
transverse fields, can result in equal M’ 2. Indeed, M? alone does not capture the richness of the
corresponding mode field distributions. Figures 2(a)-(c) show three different possible modal
distributions of an M? = 3 laser beam and the distribution in the modes of a fiber after coupling.
The laser distributions are distinct and result in the excitation of different fiber modes. In
Distributions 1 and 3 there is negligible power outside of the first 5 mode groups of the laser but
for both distributions, more than 10% of the power is captured by mode group 6 and above in the
fiber. Distribution 2 has the most evenly distributed power initially and is the most similar to the
final distribution in the fiber. We show in Fig. 2(d) how the different laser beam distributions
affect the coupling efficiency into the fiber as a function of the beam waist ratio, defined as the
ratio between the laser beam waist and the fiber core radius, wy/R. Regardless of the exact modal
distribution, the same number of fiber modes is capable of capturing >95% of the beam. The
maximum difference between the distributions shown here is 5% but at the optimum beam waist
ratio the discrepancy is less than 1% and generally the results are nearly identical across the
entire range. Note that beams with increased higher-order mode content are optimally coupled
at smaller values of beam waist to core radius ratio, wg/R. Coupling to single-mode beams
is known to be maximised near wy/R = 0.7 [44] whereas this M? = 3 beam has a maximum
coupling at wy/R = 0.45.
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Fig. 2. (a)-(c) Several different modal distributions of (black bars) laser beams with M? =3
before and (colored bars) after coupling into a fiber. (a) Distribution 1 and (b) Distribution 2
are described by discrete Gaussian functions with standard deviation 1 and 3 respectively
and mean chosen to achieve the target M?. (c) Distribution 3 is flat across lower order
modes with the power of the highest order mode chosen to achieve the target M2, (d) The
total coupling efficiency of the beams described by (a)-(c) incident on a 10 mode fiber as a
function of the beam waist ratio.

Throughout the research for this work, we investigated a range of input beams and found that for
all metrics we explored, M? is a robust measurement with beams of diverse modal composition
but equal M? achieving similar coupling efficiency into the fibers. Given the similarity between
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results, we henceforth use for the remainder of the paper the modal decomposition described by
the parameters of Distribution 2.

3. Multi-mode ARF design for high power laser delivery

In this section we present a design process for NANFs to guide the number of modes required
to effectively capture and guide radiation from a multi-mode, high power laser. We derive a
minimum core size requirement and describe how to design the cladding of a NANF to achieve
multi-mode guidance.

3.1. Minimum core size

To determine the core size of the fiber, we first start by defining the maximum acceptable loss
coeflicient suitable for the intended application. Throughout this work we only consider losses
due to confinement or leakage. Because of the larger cores, surface scattering remains negligible
[4] and whilst microbending increases rapidly with core size [45], we speculate that these fibers
could be packaged in such a way its contribution is also negligible. For MM guidance we must
design the fiber such that all modes have losses below this threshold. Since, generally, the highest
order mode will have the highest loss [46] and knowing the highest order mode from the coupling
requirements, Fig. 1, we need only design such that that mode is below the loss threshold.

The leakage loss of an ARF geometry which consists of concentric rings of air and glass
has been determined in closed form by Bird [47]. Most ARFs of interest cannot be modelled
analytically. However, by considering the most similar concentric ring structure, with equal
number of anti-resonant layers, we can make an estimate of the loss of a mode in decibels per
unit length from [47]:

20 (xo )N+2 IFARLINT I L N 1 7
a=— (22
In10 \27 2(e — 1)(N+1)/2 RN+3 i sin®(¢;)
with R the core radius, A the wavelength and e, the relative dielectric constant of the glass regions.
The variable x( is a number determined by the mode; for the HE,,, mode it is the n™ zero of the
Bessel function J,,—;. The geometry is characterised by N which is the integer number of finite
concentric rings (including both air and glass regions) which make up the cladding (see Fig. 3 for
examples). For the hollow circular fiber considered in the previous section N = 0, whilst for
tubular, NANF and DNANF structures N most closely resembles 3, 5 and 7 respectively [4,36]
(note that N is independent of the number of sets of nested capillaries surrounding the core).
The final product term in Eq. (7) extends over the cladding regions and in this work we take
Pglass = 2mtVe — 1/A and ¢, = /2. The thickness of the thin glass capillaries, ¢, controls the
location of the high-loss resonant wavelengths, between which there are low-loss anti-resonant
windows of operation [48]. To target an operating wavelength of 1030 nm, we choose a membrane
thickness ¢ = 350 nm that corresponds to a normalised frequency, F = 0.71 (F = 2t/AVe, — 1)
placing 1030 nm near the expected minimum loss of the fundamental anti-resonant window [48].
The choice of ¢,; corresponds to an “optimal” width of the air regions in the concentric ring
structure (see [47]). Whilst there is no simple equivalent concept of an optimal width of air
regions in NANF, they have been demonstrated to have lower losses for the same core size than
even the most optimal concentric ring structure [4].

Figure 3 shows for a range of geometries the minimum core diameter, determined by Eq. (7), to
guide 10, 30, 60 and 100 mode groups below a threshold of 10 dB/km. The 10 dB/km threshold
is chosen such that these fibers will be capable of delivering power over 100 m with lower than 1
dB propagation losses. In reality we expect practical fibers to have lower confinement loss since
tubular, NANF and DNANTF structures generally have reduced leakage compared to the most
similar concentric ring structures. Equation 7 suggests that tubular fibers with core diameters
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Fig. 3. The predicted minimum core size, according to Eq. (7), in order to guide 10, 30, 60,
or 100 mode groups with a maximum loss less than 10 dB/km at 1030 nm for different ARF
structures.

of 140 um can support up to 10 mode groups and hence could be made to efficiently capture
light from M? < 3 sources. As with solid-core fibers however, the additional loss due to bending
increases with the size of the core in ARFs [49]. Such large core tubular fibers suffer from very
severe bend loss.

A NANF with a core diameter of 150 um is predicted to guide at least 60 mode groups, whilst
10 mode groups can be guided with a core diameter of around 70 pm. In addition to the smaller
core size, NANFs are well known to have significantly improved bending resilience compared to
tubular fiber (eg more than 4 orders of magnitude lower losses for 80 um core diameter at 8 cm
bend radius [4,49]). Figure 3 shows that to guide 100+ mode groups a NANF would require
a core diameter of approximately 300 um. Such large core NANFs have higher bend loss and
are not capable of low-loss, multi-mode operation with a 35 cm bend radius. If we desire to
guide a few 100 mode groups in an ARF, Eq. (7) suggests that DNANF might be the structure of
choice, with smaller core requirements and even better resilience to bending compared to the
NANTF [3]. We leave for future work the task of investigating this solution that may be capable of
guiding similar number of modes to MM solid-core fiber and be suitable for delivering laser light
from highly multi-mode, M>>15 sources. In this work we target laser sources with M?<15 and
therefore limit ourselves to studying NANFs with fewer than 100 mode groups.

There are other possible geometries that might be considered when designing MM AREF, such
as the recently proposed centro-symmetric nested element structure [50]. NANFs, however, are a
proven technology with 100s of km of single-mode fiber produced in the lab and commercial
NANF cables already available. In this work we will focus on this design, due to the simplicity of
its structure with a few, well understood parameters. In the next section we propose an effective
technique for designing the cladding of multi-mode NANFs.

3.2. Cladding design

When designing NANFs it is necessary to correctly size the cladding features, each of which
guide its own set of air modes. Single-mode NANFs are designed such that higher-order core
modes are strongly coupled to the high loss cladding modes guided inside and in the gaps between
tubes, so that the undesired high-order core modes are effectively stripped from the fiber [4]. To
make a MM NANTF coupling to cladding modes must instead be avoided, which can be achieved
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by increasing the difference in effective index between the highest order core mode and the
fundamental mode of the tube assembly in the cladding [46].

The two most significant air regions in the cladding of a NANF are between large and small
capillaries and inside the small ones. When these regions are larger the effective index of the
cladding modes guided within is greater and the difference in effective index between these
modes and the core modes is decreased. Therefore we calculate the maximum size of cladding
tube in order to maintain adequate effective index separation. We have found that a difference
of 2x107* between the core and cladding modes is easily sufficient to avoid coupling [46]. We
approximate the effective index of the core and cladding modes using [51]:

2 2 3
X 1 A 1 A 6+ 1 .
Re(ni‘g) = Nair — 30 [a (27qu) + = (Zﬂ'Rq) o COt(¢glass)l , g = core, cladding
(®

nair

Numerical simulations indicate that the effective index of the significant cladding modes are
approximately equal when Z;/Z, = 0.7 (see definitions in Fig. 4(a)) and under this assumption
we need only consider the small, nested capillary. Therefore for the cladding R¢jagding = Z2 and
xo = 2.405 (the first zero of the Bessel function Jy(x)) whilst for the core mode R = R and
Xp is that of the highest order mode desired to be guided (see x( definition in Eq. (7)). We also
employ a refractive index model to account for the bending induced modification of the cladding
mode refractive index by setting 7,i; = 1 + (Reore + Z1 + 2t + 0.5Z3)/Rpend When calculating the
cladding mode effective index [49].

(b) pesign 2
Target M’= 13

(@) Design 1
Target M*= 3

Z, R

Fig. 4. Geometry of (a) design 1, a 10 mode group fiber and (b) design 2, a 62 mode group
fiber.

4. Performance of multi-mode NANF for laser delivery

To assess the performance of MM NANF:s for laser delivery and demonstrate our design techniques
we design two fibers at the extremes of the M? range of interest. Figure 4 shows the cross section
of Design 1 and Design 2, chosen using the techniques of Section 3. to deliver power from a
laser with M? = 3 and M? = 13, respectively. To efficiently guide light from lasers with such
parameters the fibers are required to guide 10 and 62 mode groups, respectively (see Fig. 1).
Using Eq. (8) to avoid coupling to cladding modes we set Z, to 7 pm and 6 um, respectively and
Z\/Z, = 0.7. We choose a gap size, d = 4 um, comparable to recently fabricated NANFs [1].
With there parameters we find that the minimum core diameter requirement can be met with 10
and 24 tubes for Design 1 and 2, resulting in core diameters of 69 and 176 pum, respectively.

To check if fibers designed with the proposed method exhibit the desired properties, we
performed numerical simulations of Design 1 and 2 using the commercial finite-element
solver COMSOL Multiphysics. Here bend loss is calculated directly by imposing a conformal
transformation to the refractive index [52].
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4.1.  Propagation and bending loss

Figure 5(a) shows the loss spectrum of the highest loss modes of the fibers when straight.
Minimum leakage loss is 1.4 dB/km at 1050 nm for Design 1 and 0.8 dB/km at 1030 nm
for Design 2. Loss increases at shorter wavelengths as the edge of fundamental anti-resonant
window is approached. At 970 nm, the increase in loss is less than 0.3 dB/km for both designs.
The available bandwidth is suitable not only for CW lasers, but also for ultrashort pulsed ones
operating between 1030 and 1064 nm (a 100 fs Gaussian pulse at 1064 nm has a bandwidth of
less than 20 nm). Figure 5(b) shows the maximum loss across all modes of the fibers for a range
of bend radii. The critical bend radius, at which the loss is doubled compared to the straight
fiber, for Design 2 is 35 cm and for Design 1 is less than 25 cm. The similarity between Design 1
and 2 in the dependence of loss with bend radius suggests that the additional loss experienced
when bending the fiber is primarily due to phase matching to cladding modes. When the fiber
is bent to a smaller radius, the real component of the effective index of the cladding modes
in the tubes on the outside of the bend increases, Eq. (8), whereas the effective index of the
core modes is approximately unchanged (smaller bends than those considered here may also
modify the effective index of the core modes) [49]. Consequently the core and cladding modes
have increased phase matching and the loss of the core modes increases [46]. Both designs
demonstrate strong resilience to bending and are below the design threshold of 10 dB/km for
bend radii as small as 25 cm radius. This is below the expected minimum bend radius in practical
situations where the fiber is deployed in a protective cable and we do not expect bend loss to be a
limitation.
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Fig. 5. (a) The maximum modal loss across all modes of Design 1 and 2 when straight.
(b) The maximum modal bending loss at 1030 nm across all modes of Designs 1 and 2.
(c) Delivered power after coupling and propagation for a M 2 = 3 beam incident on Design 1
and a M2 = 13 beam incident on Design 2. Loss values consider a constant 35 cm bend.
(d) The maximum leakage loss (blue bar, left axis) and the fraction of power in the glass (red
bar, right axis) of all mode groups of Design 1 at 1030 nm when straight.

To better capture the throughput capability of the fiber when used in laser delivery, we have
plotted in Fig. 5(c) the delivered output power after coupling and propagation for a M> = 3 beam
incident on Design 1 and a M? = 13 beam incident on Design 2. The loss values shown here
are calculated for a fiber coiled at a constant 35 cm radius bend. In both cases the initial power
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loss value at the propagation distance L = 0 is due to input coupling and will be discussed later.
In these calculations we have not included the effects of power coupling between the modes of
the fiber. Under these assumptions, in both designs, after 2 km of propagation the total loss
is predicted to be less than 0.5 dB and the leakage loss is less than 0.14 dB/km. Given such
low leakage loss it is reasonable to assume that microbending, which increases rapidly with
core size [45], will become the dominant source of propagation loss. Although the impact of
microbending can be reduced or mitigated with choice of fiber packaging, given the lack of
relevant experimental or theoretical data on large core, multi-mode ARF, we restrict ourselves
in this work to studying the effects of differential leakage loss and multi-mode guidance. We
note that the effective leakage loss is almost an order of magnitude less than the loss of the
highest order mode. We can understand this result by considering Fig. 5(d) that shows the
confinement losses of the 10 mode groups of Design 1 at 1030 nm. The loss of lower order
modes is significantly less than the highest order mode, indeed the loss of the fundamental mode
of Design 1 is nearly 3 orders of magnitude lower than the highest order mode. When launching
power into MM fiber the low order fiber modes capture a significant fraction of the laser power
(see Fig. 3) and so the total loss is consequently lower than that of the highest order mode. The
fraction of power that propagates in the glass is shown in the right axis of Fig. 5(d) and increases
with mode order. The glass fraction for the highest order modes is less than 4x1073, similar to
the fundamental mode in single-mode NANFs [4], and the nonlinear contribution from silica is
not expected to increase in multi-mode ARFs. Increased glass overlap has an effect on dispersion
which is discussed in Section 4.4.

We also considered the M? of the laser beam at the output of the fiber and found that there was
a negligible change compared to the incident beam, due to the extremely low, < 0.5 dB, losses.
The effects of power coupling between the modes of the fiber may modify the output M? [37].
Most applications using these large M? sources will be tolerant to small changes in beam quality
as measured by M. If necessary, the guidance mechanism of ARF does suggest a means of
limiting the maximum output M? by designing the fiber such that any undesired modes, those
with higher order than the initial design, have high enough losses that any power in those modes
will be lost after propagation through the length of the fiber. The output M? would therefore be
effectively limited by the highest order, low-loss fiber mode. This technique could be used to
counter the effects of intermodal coupling or indeed to spatially filter the laser source, improving
its M?. Although this would incur additional power loss, it might be more desirable to develop
longitudinal cooling techniques to dissipate power over the length of the fiber rather than at the
fiber coupling where it can result in dangerous heat build-up. We leave for future work the task
of investigating this possibility.

4.2. Coupling efficiency

In an industrial environment the coupling between the laser and fiber will generally experience
variations in focus and alignment due to eg. thermal fluctuations and mechanical vibration.
Maintaining coupling in these conditions is important if the fiber is to avoid thermal buildup due
to lost power at the coupling and maintain the throughput power delivered to the workstation.
We now consider the behaviour of the fiber when the incident beam is perturbed from optimal
focus and alignment. The coupling efficiency of Design 1 for a M?> = 3 beam at different values
of beam waist ratio, wg/R, is shown in Fig. 6(a). The coupling efficiency decreases as beam
waist departs from the optimum, wo/R = 0.48, where it reaches 96%. For Design 1, a change in
beam waist of +7% still results in 95% coupling or above. We show in Fig. 6(c) the coupling
efficiency for Design 1 as an incident M? = 3, wy/R = 0.48 beam is offset transversely. The
coupling efficiency at zero offset, 96% (the optimum described above), decreases as alignment
offset increases. We observe moderate tolerance to misalignment: a beam with a transverse offset
of 10% of the core radius still achieves 95% coupling efficiency. The offset beam excites the fiber
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modes differently, with more power coupled into the higher order modes which increases the
effective loss of the fiber. Input coupling remains the dominant source of loss, however, and the
total loss over 2 km with 10% transverse offset is less than 0.2 dB greater than an ideal launch

with no offset.
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Fig. 6. The coupling efficiency (blue solid) and maximum pulse energy (red dashed) before
damage for (a),(c) a 10 ns, M?=3 pulse incident on Design 1 and (b),(d) a 10 ps, M2 =13
pulse incident on Design 2. The beam is modified by varying (a),(b) the beam waist ratio
at zero alignment offset or (c),(d) the alignment offset at optimal beam waist. Alignment
offset is normalized relative to the fiber core radius. The horizontal dotted line indicates the

maximum pulse energies of high-energy, commercial nanosecond and picosecond lasers.
[39,53].

In Fig. 6(b) and Fig. 6(d) we show for Design 2 and a M? = 13 beam the behaviour of coupling
efficiency with variation in focus and misalignment respectively. The results are qualitatively
similar to that of Design 1; there is an optimal beam waist and the coupling efficiency decreases
with detuning from optimum focus or increasing transverse offset. The maximum coupling
efficiency is 95%. When the transverse misalignment is 10% of the core radius or the focus is
+5% from optimal, coupling efficiency is 2.5% lower than maximum. The increased higher order
mode content of the M? = 13 beam results in a smaller optimal beam waist ratio, wo/R = 0.30
compared to the M> = 3 beam used with Design 1. The maximum coupling efficiency and
tolerance to misalignment and focus is improved by guiding more modes in the fiber.

4.3. Damage threshold for pulsed lasers

The light induced damage threshold (LIDT) of an ARF is the maximum power it can withstand
before the intensity on the glass microstructure exceeds the LIDT of bulk silica. In this work we
take the LIDT of bulk silica to be 100 J/cm$2$ at 1030 nm for a 8 ns pulse [54]. Experimental
work on microstructured hollow-core fibers suggests that this is a conservative limit, with 3x
higher values being reported [14].

The dashed red lines in Fig. 6 show the LIDT of Designs 1 and 2 as the focus and alignment
is modified with nanosecond and picosecond pulses, respectively. The maximum 10 ns pulse
energy for Design 1 at optimal coupling is 230 mJ, a peak power of more than 20 MW. Due to
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the low glass overlap, the LIDT of the NANFs is well above the achievable power from CW
lasers. Therefore, here we consider instead the case of pulsed lasers which produce significantly
higher peak powers. The LIDT behaves significantly differently to what might be expected in
solid-core fibers since the peak optical intensity in the core does not damage the microstructure.
In Figs. 6(a),(b) the damage threshold increases dramatically as the laser is more tightly focused
since the intensity is reduced at the core/cladding interface. For Design 1 the maximum 10 ns
pulse energy at wo/R = 0.5 is 100 mJ, at wy/R = 0.45 it is 500 mJ and at wg/R = 0.4 it is more
than 4 J. We also found that there was little improvement from higher M? beams that have a
more flat-top profile since by far the dominant effect was that of focus. This means that the
practical damage threshold can be significantly increased in MM ARF compared to few-mode or
single-mode fibers since with more modes, tighter laser focus is possible while maintaining high
coupling efficiency. This is evident in Fig. 6(a) which shows that the maximum pulse energy
for 10 ns pulses at optimal coupling is 230 mJ but by decreasing the laser focus by just 7%, the
coupling is still above 95% but the maximum pulse energy before damage increases to 650 mJ.
For comparison, we chose a very high-energy nanosecond laser emitting at 1060 nm wavelength
with a reported beam M? suitable for coupling to this fiber. The commercially available IPG
Photonics YLPN has a maximum pulse energy of 10 mJ with a duration of 30 ns and requires a
solid-core delivery fiber with a core diameter of 400 um (more than 5x larger than that of Design
1) [39]. We note that even at optimal coupling the maximum pulse energy is already more than
an order of magnitude higher than the YLPN and other typical nanosecond pulse lasers [7].

Figure 6(b) shows the LIDT of Design 2 when delivering 10 ps pulses. We find that the
maximum pulse energy before damage of Design 2 at optimal coupling is almost 20 mJ. The
high energy, commercially available, Trumpf TruMicro 2070 picosecond laser has a maximum
pulse energy of 500 pJ [53]. We believe that suitably designed MM AREF fibers would be capable
of handling the typical powers used in most applications and laser sources currently available,
with considerable margins for further laser power up-scale.

Finally, as one might expect, Figs. 6(c),(d) show that the damage threshold decreases as
alignment offset increases; for Design 1 a misalignment of 15% of the core radius results in
almost an order of magnitude decrease in damage threshold. If large misalignment tolerances
are required it may be therefore necessary to tighten the laser focus to maintain the damage
thresholds.

4.4. Impact of dispersion on short pulse delivery

The delivery of nanosecond and picosecond pulses requires that we consider the dispersive
properties of the fiber, as these may induce significant pulse broadening, thus lowering the
output peak power and distorting the temporal profile of the pulses. Although single mode
ARFs generally have lower dispersion compared to their solid-core counterparts, the dispersion
increases markedly for higher-order modes. Furthermore, when operating in a few-mode or
multi-mode regime, we must also consider the effect of intermodal differential group delay
(DGD). Both dispersion and DGD increase approximately linearly with mode order [43]. Figure 7
shows the chromatic dispersion and DGD of the highest order modes of Designs 1 and 2. Design
2 guides more modes than Design 1, and this would increase both its maximum DGD and
dispersion. This is however offset by the larger core which commensurately decreases both values
[43]. Tt follows therefore that both designs offer similar values of maximum DGD and dispersion
for the high order mode with the highest loss.

We consider the two cases described in Section 4.2: 10 ns pulses propagating in Design 1 and
10 ps pulses propagating in Design 2. When calculating dispersion, we assume that all power is
propagating in the highest order mode which constitutes the worst possible case. The dispersion
experienced by a short pulse will depend on the precise coupling conditions and, if present,
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Fig. 7. For the highest order modes of Design 1 and 2 (a) the dispersion parameter, D, and
(b) the differential group delay as a function of wavelength. (c) the DGD of every tenth
mode group in Design 2 at 1030 nm.

intermodal power coupling along the length of the fiber. However, the case of uncoupled modes
with the greatest DGD which we consider here represents again a worst-case scenario.

T2
The dispersion length, Lp = zilrf" ITE)I’ for an initially unchirped, temporally-Gaussian pulse of

duration 7y propagating in a waveguide with dispersion D, is defined as the distance over which
the duration of that pulse increases by a factor of V2. For a 10 ps pulse in Design 2 the dispersion
length is over 3 km for the highest order mode whilst for a 10 ns pulse the value is 6 orders of

magnitude larger. Clearly chromatic dispersion will not have a significant impact on propagation.

Considering DGD, we can define the dispersion length, Lpgp = T‘ﬁ)‘g—)‘l) for a square wave of

duration 1y with 50% of power in the fundamental fiber mode and 50% power in the highest order
mode as the distance over which the duration of that pulse increases by a factor V2. For Design 1
a 10 ns pulse has Lpgp = 1.7 km. A 10 ps pulse propagating in Design 2 has Lpgp = 1.4 m.
Although this is a worst-case scenario estimation, the DGD will clearly be the limiting factor
for delivering high-power, low beam quality pulses of picosecond duration in MM ARFs. The
DGD can be reduced in ARF by increasing the size of the core or by reducing the number of
modes in which power is guided. In Fig. 7(c) we show the DGD in Design 2 of every tenth mode
group relative to the fundamental mode (other groups are omitted for clarity of reading). The
dependence on mode order is approximately linear. Picosecond duration pulsed lasers generally
have lower M? values than what we have so far assumed; if we consider a 10 ps pulse with
M? = 3, very similar to [26], then more than 95% of the power is coupled into the first 10 mode
groups. Taking the DGD as that of the tenth mode group then Lpgp = 10.5 m, comparable to the
maximum lengths of typical solid-core power-delivery fiber. Despite the high DGD compared
to solid-core fibers, MM ARF permits order of magnitude higher damage thresholds and more
flexible fibers due to the low bending loss, < 2.5 dB/km at 35 cm bend radius, and smaller core
size, eg Design 1 has a 5x smaller core than comparable fibers for nanosecond delivery [39].

5. Conclusions

We have presented a technique for the design of MM ARFs for high-power fiber-delivery of
few- and multi-moded laser sources. Using this technique we designed, as an example, two MM
NANTF:s for use with beams of M? = 3 and 13. We have assessed the performance of these fibers
using numerical simulation and found them both to satisfy the design requirement, confirming
the validity of the design method. Both fibers can provide > 95% coupling efficiency to their
multi-mode laser inputs. Besides, both can deliver power with negligible leakage loss whilst
tolerating bends with radii under 35 cm and seem capable of multi-km flexible laser delivery with
little loss. Delivery of 10s of kW power over multi-km distances presents several opportunities in
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novel and existing applications. For example in situations, such as nuclear decommissioning,
where the laser processing target is difficult or hazardous to access [55] or for subsurface rock
drilling for the extraction of gas and oil [56]. Equally, in existing factory machining applications,
such long distance delivery offers greater flexibility; high-power lasers, and their associated power
and cooling requirements, could be physically removed from the production line. In applications
demanding shorter distances, the size of the core can be reduced without sacrificing coupling
efficiency. For example if Design 1 were modified to have a 60 um core diameter it would still
be capable of delivering an M? = 3 beam with < 0.5 dB loss over at least 100 m whilst also
increasing the flexibility of the fiber.

The damage threshold of the fibers considered here are between 20x and 40x greater than current
typical requirements of nanosecond and picosecond pulses and can be increased significantly
further if the fibers are designed to guide more modes. The DGD of the highest order modes is
likely to limit the reach of picosecond pulses to 10 m but we believe this can be mitigated by
increasing the core size, although this may reduce the degree of bending the fiber can tolerate.

This work demonstrates that MM ARFs are capable of delivering radiation from high-power
laser sources with large M? beams over significantly larger distances and with greater power
damage thresholds than current solid-core fibers and do so with similar or improved flexibility.
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