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Abstract: We report on numerical and experimental studies showing the
influence of arc curvature on the confinement loss in hypocycloid-core
Kagome hollow-core photonic crystal fiber. The results prove that with
such a design the optical performances are strongly driven by the contour
negative curvature of the core-cladding interface. They show that the
increase in arc curvature results in a strong decrease in both the
confinement loss and the optical power overlap between the core mode and
the silica core-surround, including a modal content approaching true single-
mode guidance. Fibers with enhanced negative curvature were then
fabricated with a record loss-level of 17 dB/km at 1064 nm.
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1. Introduction

Hollow-core photonic crystal fiber (HC-PCF) consists of an optical-guiding central air-core
surrounded by an arrangement of micro-scaled silica tubes running along its length [1]. Since
its first experimental demonstration by Cregan et al. in 1999 [2] two main types of HC-PCF
were established and their guidance mechanisms characterized [3]. The first HC-PCF family
guides via photonic bandgap (PBG), and holds the potential for guiding light with attenuation
several orders of magnitude lower than the fundamental limit of ~0.16 dB/km in conventional
optical fibers, and which is set by the Rayleigh scattering in silica. Hitherto, however, the
lowest loss obtained with this type of fiber is 1.2 dB/km [4]. This is set by the roughness of
the air/glass interface and the presence of silica residing interface modes that couple with the
core modes. This has not only limited the optical linear transmission performance but has also
set several limits to the PBG guiding HC-PCF, such as poor optical power handling because
of the subsequent strong overlap with the core silica-surround, and higher group velocity
dispersion. Finally, another major limitation of this PBG guided HC-PCF is its limited
transmission bandwidth (typically less than ~70 THz), which has hindered its use in
applications where a large optical spectral band is required [3].

The second type of HC-PCF is distinguished by its broadband optical guidance and the
relatively higher transmission loss-levels compared to the PBG guiding HC-PCF. This HC-
PCF family guides via inhibited coupling (IC) between the cladding modes and the guided
core modes. Unlike in PBG guiding HC-PCF, the cladding of the IC guiding HC-PCF doesn’t
exhibit any photonic bandgap but relies on a strong transverse mismatch between the
continuum of cladding modes and those of the core, and the subsequent reduction of their
field overlap integral. This guidance mechanism was proposed by Benabid and associates [5]
to explain the salient features of Kagome-lattice HC-PCF, which was first reported in 2002
[6]. Subsequently, this guidance mechanism has been demonstrated in PCF with other
cladding structures [7-9], including solid-core fiber [9] and different materials [7, 10].
Despite the effort in optimizing the cladding structure to further reduce the coupling between
the cladding modes and those of the core, such as thinning the silica web of the HC-PCF
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cladding and reducing the connecting nodes [5], the attenuation figures remained relatively
high (>0.5 dB/m).

In 2010, we have proposed a new route in enhancing IC in Kagome HC-PCF and
demonstrated a dramatic reduction of loss [11]. This consists of core-shaping the HC-PCF to
a hypocycloid-like contour (i.e. with negative curvature) [11, 12] so as to minimize the spatial
overlap between the high “azimuthal-like” number modes that reside in the silica core-
surround and the zero-order Bessel-profiled core modes [13]. The second advantage of a
negative curvature core-contour is that the connecting nodes of the silica are located further
away from the mode field radius of the core compared to the circular core-surround. These
connecting nodes are inherent to the fiber fabrication process, and support modes with a low
azimuthal number, which subsequently strongly couple to the core modes. This seminal work
[11,12] has proved to enhance the coupling inhibition even with single ring cladding [14], and
to exhibit loss figures as low as 30 dB/km in the IR domain at 1.55 um [15-17].

These new developments call for a further understanding on the relevant physical
parameters behind the confinement loss. This is of interest in the fundamental physics
underlying this novel optical guidance mechanism, and to assess IC guiding HC-PCF as a
potential long-haul optical fiber. Furthermore, the use of this type of fiber in high-field
physics is proven to be an excellent vehicle for ultra-short pulsed high power laser pulse
delivery and compression [16], and for nanosecond laser pulse delivery with energy levels
higher than 10 mJ [18].

Here and in a follow-up paper we explore respectively the effect of arc negative curvature
of the hypocycloid core along with that of the cladding on the confinement loss in this
Kagome HC-PCF. This effect was firstly reported by the present authors in [19], and then
followed by [20]. In the present paper, we give a detailed account of what has been reported
in [19] by reporting on experimental and numerical work showing the influence of the arc
curvature of the hypocycloid-core on the loss figure of the fiber and on its modal properties.
In section 2, we define the arc curvature and present the theoretical and experimental loss
spectra for different arc curvatures. In section 3, we show the evolution with arc curvature of
the optical power overlap between the core mode with the cladding silica struts, and of the
core modal content. Finally, we present the fabrication of fiber exhibiting the largest arc
curvature and a record loss level of 17 dB/km at 1064 nm.

2. Loss evolution with the arc curvature

Figure 1(a) shows a typical example of hypocycloid-like core HC-PCF with a Kagome lattice
cladding. In the case considered here, the hypocycloid core contour results from 7 missing
cells of a triangular arrangement of circular tubes. Consequently, the core contour is formed
by two alternating arcs, which result in a small circle with radius Rj, that is tangent with the 6
most inward arcs, and a larger circle with radius R, which is tangent with the 6 most outward
arcs. The curvature of the hypocycloid-like core is quantified through the parameter noted b
(see Fig. 1(b)). The latter is defined as b = d/r, where d is the distance between the top of the
arcs and the chord joining the nodes connecting the inward arc to its two neighboring ones
and r is half the chord-length. With this definition, the “classical” Kagome fiber with a
“quasi” circular core corresponds to b = 0, whilst b = 1 corresponds to a core contour with
circular shaped arcs. For 0<bh<1 and b>1, the inward arcs have an elliptical shape whilst the
outward ones are set to have a circular shape.
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(a) (b}

Fig. 1. (a) Structure of a hypocycloid-like core HC-PCF. (b) Definition of the parameters
quantifying the curvature of the core arcs.

Figure 2(a) shows the calculated loss spectra of the HE;; core mode for a hypocycloid-like
core Kagome-lattice HC-PCF with different arc curvatures. The numerical results have been
obtained through the modal solver of the commercial software Comsol Multiphysics 3.5
based on the finite-element method, with an optimized anisotropic perfectly matched layer
(PML) [21], and which was already successfully applied to the analysis of loss and dispersion
properties of several IC HC-PCFs [22,23]. In the simulations, all the HC-PCFs have a 7-cell
core defect and a Kagome-latticed cladding of 3 rings, and with strut thickness ¢ equal to 350
nm. The HC-PCF structure has been studied for core arcs varying from b = 0 to b = 1.5.
Furthermore, the core inner diameter (i.e. 2 x R;,) has been kept constant and equal to 60 um
throughout (see Fig. 2(b)). Consequently, this has an effect on the pitch A of the cladding
which changes by AA =[R, +t(1-b/3)]/(3-b/2)

The calculated spectra clearly show the strong influence of the inward arc curvature on the
loss confinement, and where the loss level drops from ~1000 dB/km in the case of a “quasi”
circular core (i.e. b = 0) to lower than the 1 dB/km for hypocycloid core with >1. For a given
structure, the loss spectrum exhibits a high loss spectral-region near 700 nm; corresponding to
the resonance of the fundamental core-mode with the glass struts, and occurring at

in

wavelengths A, given by the expression A, =1/ ))2t, /n; —1, where is an integer, n is the

refractive index of the glass forming the cladding structure and ¢ is the thickness of the glass
web which is assumed to be uniformly constant throughout the cladding structure [5]. Outside
these spectral regions (i.e. the spectral ranges where the silica cladding structure is anti-
resonant), the confinement loss exhibits an exponential-like decrease with the increase in the
curvature parameter b. Figure 2(c) illustrates this trend for one wavelength in the first
transmission band (/1]. =(1000 nm), and one wavelength at the second order transmission

window (4, =500 nm). It is noteworthy that all the confinement loss spectra exhibit

relatively strong oscillations. These are attributed to resonant structural cladding features such
as corners [5], and in some cases are Fano resonances [24]. These oscillations deserve further
study which is beyond the current scope.

This trend of loss reduction with the increase in b has been experimentally confirmed with
the fabrication of four Kagome-latticed fibers with different ». Figure 3(a) shows scanning
electronic microscope (SEM) images of the fibers around the fiber core. Figure 3(b) shows
the loss spectra in the fundamental band (i.e. for wavelengths longer than roughly twice the
thickness of the silica struts [5]), obtained by a cutback measurement using a supercontinuum
source, and fiber lengths were in the range of 50 to 70 m. The loss base-line level was found
to be ~1300 dB/km for » = 0, 400 dB/km for b = 0.39, 200 dB/km for b = 0.68, and 40 dB/km
for b = 0.75, which is in a qualitative agreement with the theoretical calculations. Care was
taken in the fiber design and fabrication so as to have all the fibers with the same strut
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thickness of 350 nm, core diameter of 60 um and the pitch of 21 um within a measured
relative uncertainty of less than 10%. Figure 3(c) shows, for a given wavelength of 1500 nm,
a comparison between the calculated confinement loss and the measured transmission loss
when b is increased. The higher level in the measured loss relative to the numerical results is
likely due to the cladding imperfections such as non-uniform strut thickness.
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Fig. 2. (a) Kagome-latticed HC-PCF computed confinement loss evolution with the arc
curvatures (b =0, 0.2, 0.5, 1 and 1.5). The dashed lines are added for eye-guidance. (b) The
fiber structure transverse profile for the different b values. (c) Evolution with b of the
transmission loss figures for 1000 nm (joined solid squares) and for 500 nm (joined open
circles) wavelengths.

#197514 - $15.00 USD  Received 12 Sep 2013; revised 2 Nov 2013; accepted 5 Nov 2013; published 13 Nov 2013
(C) 2013 OSA 18 November 2013 | Vol. 21, No. 23 | DOI:10.1364/OE.21.028597 | OPTICS EXPRESS 28601



2000

1600 |

-
»
o
o

1200
1000

100k e E

Loss (dB/km)
g

600
400
200

Loss (dB/km)

10} \ |
—O—Simulations -
Experiments

0 | N X i i f 1 L 5 A i
1000 1100 1200 1300 1400 1500 1600 1700 0.00 025 050 075 1.00
Wavelength (nm) b

Fig. 3. SEM images (a) and measured loss spectra (b) of fabricated hypocycloid-core Kagome-
latticed HC-PCFs with different b. (c) Experimental and theoretical evolution of the
transmission loss with the b at 1500 nm.

3. Power overlap and modal content “cleansing” with increasing b

Figure 4 shows the evolution of the mode profile for the core fundamental mode (FM) HE,;
with the increase of b. As above, the inner radius of the fiber R;, is still kept constant at 30 pm
throughout all the simulations. We observe that the change of the curvature doesn’t affect the
mode profile (see Fig. 4(a)). More remarkably, the mode-field diameter MFD ((1/e)* diameter
of the modal transverse profile) shows little change when b is altered from 0 to 1.5. This is
illustrated by the radial profile of the mode along the two axes of the core-symmetry (i.c.
along the axes of Ry, and R, respectively (see Fig. 1)), and where the MFD radii are shown in
a vertical dashed line.

In order to gain further insight into the properties of the HE;; in this hypocycloid-core
Kagome HC-PCF, it is useful to compare its MFD to that of a dielectric circular capillary
whose properties such as dispersion and guided field profile takes simple and analytical forms
[25]. For example in the case of a dielectric capillary with a bore radius R,,, and a dielectric
index n,, the effective index and the MFD of the fundamental core-mode HE,, are given by

o = \/ n? —(Ax(2.405/2zR,,))* and MFD,, =0.7285(2R

the wavelength.

) respectively [25]. Here A is

cap
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Fig. 4. (a) Evolution with b of HE;; mode profile at 1000 nm: Radial profile of the mode
intensity along the two symmetry axes (lhs), and the 2D transverse intensity profile (rhs). (b)
Evolution with b of the relative error in the MFD of hypocycloid-core Kagome HC-PCF when
approximated to that of a capillary, at 1000 nm. (c) Effective index spectrum of a capillary
with R, = 30 um (grey dashed curve), and for a 30 pm inner radius hypocycloid-core Kagome
HC-PCF with different 4 (solid curves).

Figure 4(b) shows the relative error, (MFD,, —MFD,,)/ MFD,,, when the

hypocycloid-core Kagome HC-PCF mode field-diameter, MFDycpcr, is approximated to that
of a capillary, MFD.,,, with its radius R, = R;,. Here, the MFDycpcr is deduced from the

numerically calculated effective area A by. MFD o pep =2,/A ;| 7.

The results indicate that within a maximum relative error of less than 7%, one could
approximate the MFD of hypocycloid-core HC-PCF to that of a capillary with an effective
radius equal to that of the inner radius of the hypocycloid. Similarly, the dispersion of the
HE,; mode deviates little from that of the capillary when the curvature parameter b is
increased from 0 to 1.5. Figure 4(c) shows the HE;; mode effective index spectra for different
b along with that of a capillary with a bore radius of 30 um. The dispersion traces show that
the shorter the wavelength the closer the traces are. Furthermore, outside the resonance with
the glass region, one could qualitatively approximate the effective index of hypocycloid-core
Kagome HC-PCF fundamental mode to that of a dielectric capillary of bore radius equal to
the inner radius of the hypocycloid-core.
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A direct consequence of the above-mentioned properties of the hypocycloid-core Kagome
HC-PCF fundamental core-mode is that its spatial optical power overlap (SPOPO) with the
silica core-surround is reduced when the core shape is changed from a circular contour to a
hypocycloid one. This is expected from a simple assessment of the geometrical overlap
between the zero-order Bessel shaped HE|; mode and the core-contour at radius R;, [9,12]. A
numerical corroboration is shown in Fig. 5, which gives, for a wavelength of 1 um, the
evolution with b of the fractional optical power residing in the cladding silica web for the core
fundamental mode HE;, and the first four higher order modes (HOM) (represented only by
one curve for better visibility as the curves for these four HOM are so closed to each other),
which consist of the two polarizations of the HE,; mode, the TEy and TMy, modes. The
fractional power in silica n was deduced numerically using the following expression:

_jsmpzds
n_.USmpZ dS,

where p, is the longitudinal component of the Poynting vector, while S, and S_ indicate

integration over the silica region and the whole cross section, respectively. The results show
that the relative power ratio for the HE;; decreases by a factor of ~10 when b is increased
from 0 to 0.5, and then decreases at a lower rate when b is increased from 0.5 to 2. The HOM
fractional power in silica follows the same trend for the b in the range of 0-1.5. However for
b>1.5 the overlap with silica strongly increases. This is due to the coupling between the HOM
core modes and the inner arc hole modes (HM), that is the modes confined inside the holes of
the large arcs surrounding the core. Figure 6(a) shows spectra of the effective index
difference between the HOMs and the HM for 5 = 1.0, = 1.5 and b = 1.9. The curves clearly
show that increasing b from 1 to 1.9 reduces the index difference between the HOM and the
HM, thus favoring coupling between them by virtue of phase matching. Indeed, as b
increases, the hole size of the large arc increases, and thus the HM effective index increases
and approaches that of the fiber core. This is also illustrated in the inset Fig. 6 which shows
the intensity profile evolution of one of the HOM core modes (here HE;; mode) at 1 um for »
=1.0,b=1.5and b =1.9. For b = 1.9, the HE,, intensity profile differs strongly from those in
the case of » = 1.0 and b = 1.5, and show a strong hybridization with the HM. This has
already been experimentally observed in [5] and further investigated in [13,26]. As a result,
since the HMs are much less confined than the HOM, the hybridization causes an increase in
both the fraction power in silica and the confinement loss of HOM. The coupling between the
HOM and HM is also indicative of the strong coupling inhibition between the core modes and
the silica strut modes [5]. The decrease of the SPOPO between the fundamental core modes
and the silica core-surround in the case of the hypocycloid-shaped core HC-PCF corroborates
the qualitative picture reported in [11-13]. This also explains the high power handling
demonstrated recently in [16].
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It is noteworthy, that the decrease in the spatial overlap between the core guided modes
and silica core-surround is not the only mechanism behind the confinement loss decrease by
increasing b. Indeed, this can be observed in the decrease rate difference between the strong
confinement loss (Fig. 2(c)), and that of the SPOPO when b is increased above 0.5 (Fig. 5).
Furthermore, in addition to the SPOPO decrease between the core modes and those of the
core silica-surround, the increase of b also results in a reduction of the overlap integral
between the fiber core-modes and those of the silica core-surround via symmetry-mismatch
(i.e. transverse phase-mismatch). Figure 7 summarizes the evolution around 1 pum wavelength
of a representative silica core-surround mode when b is increased from 0 to 1.9 whilst
keeping R;, to 30 um. Figure 7(a) shows the intensity profile of a mode with closest effective
index to that of HE;; mode for different 4. For each b, the profile shows the expected silica-
residing mode with a fast-oscillating transverse-phase [5]. The latter is quantified by an
azimuthal-like number m which corresponds to the number of phase oscillations along the
silica core-contour. Figure 7(b), which shows the evolution of m with b increase, clearly
indicates that as b is increased, m is increased exponentially, and subsequently the overlap
integral between the core mode and the silica core-surround is strongly decreased. The
increase in m with b results from the increase in the perimeter of the hypocycloid contour as b
is increased, as is illustrated by the red trace in Fig. 7(b). The net result of the azimuthal-like
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number increase is an enhanced coupling inhibition between the fundamental core mode and
the cladding modes, and subsequently a decrease in the experimentally observed confinement
loss.
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Fig. 7. (a) Profile of a representative silica core-surround mode for 5 = 0 (top left), b = 0.5 (top
right), b = 1 (bottom left) and b = 1.5 (bottom right) at 1 um. In inset: zoom-in of the cladding
profile on a small section of the first inner arc. (b) Evolution of the azimuthal-like number m
and the perimeter of the silica core-surround contour with b.

Finally, the increase of b carries a third merit as it involves the suppression of the higher
order modes via propagation loss enhancement. Figure 8(a) shows the spectra loss for the four
HOMs versus b at 1 pm wavelength (represented only by one curve for better visibility as the
curves for these four HOM are so closed to each other). Unlike the HE;; loss, which keeps
decreasing with b, the HOM confinement loss shows an increase for b larger than 0.5, which
is due to the coupling with the HM as mentioned above. This explains the single modedness
observed in [16]. Furthermore, the confinement loss “extinction-ratio” between the HE;;
mode and the HOM increases from 0 dB for 5#<0.5 to 7 dB for b = 1, reaching the staggering
figure of >100 dB for b = 1.9. These results clearly show that in order to have a near single-
mode guidance, b should be much higher than 0.5. This is illustrated experimentally by
inspecting the near-field and far field of the output of 1064 nm laser beam from 3m-long of
two fabricated HC-PCFs with a »=0.39 and b = 1 (see Fig. 8(b)).
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Fig. 8. (a) Calculated spectra loss at 1 pm for the fundamental core-mode HE,; and for the first
four higher order modes. (b) Measured fundamental core-mode near field and far field at 1064
nm for 2 fabricated fibers with b=0.39 and b= 1.

It is noteworthy that the HC-PCF with b = 1 was obtained with a silica strut thickness of
1400 nm instead of # = 350 nm, which is the thickness of all the fabricated fibers mentioned
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above. This was dictated by the difficulties in drawing thin strut HC-PCF with enhanced
negative curvature. Indeed, in the above, the highest achieved b parameter without altering
the desired structure was limited to 0.75. Furthermore, we experimentally observed that with
such thin struts, the higher-order transmission bands exhibit stronger transmission loss (>1
dB/m) than what is numerically predicted [2]. We believe that this is due to an enhanced
capillary wave effect, and hence the fiber core-wall surface roughness during the fiber draw.
Further investigations are required to assess the source of the higher loss in the short
wavelength (< 700 nm in the case of our 350 nm thick strut HC-PCF), and the feasibility of
enhanced negative curvature with the stack-and-draw process used here.

In order to achieve higher values than this experimental limit whilst keeping the same
fabrication process, a new design of fiber has been explored based on thicker struts so as to
mitigate the induced surface roughness mentioned above, and with the aim to optimize the
loss for a wavelength around 1 pum. Numerical simulations show that ~1 dB/km loss-level
could be obtained with thicker struts if 5 = 1 could be experimentally achieved (see Fig. 9(a)).
The figure shows calculated loss spectra for three different ¢ values, £ = 350 nm, 800 nm and
1400 nm. Here the inner core radius has been set to be the same as the simulations above for
the case of thinner struts (i.e. Ry, = 30 um). An attenuation level of ~1 dB/km at 1 pm was
numerically predicted for the three fibers but in the fundamental band for £ = 350 nm, in the
second band for 800 nm and in the third for 1400 nm. It is noteworthy, that whilst thickening
the struts would reduce the bandwidth of each transmission band, the fiber total bandwidth,
unlike the PBG HC-PCF, remains unrestricted. Furthermore, this relative loss in bandwidth
could be compensated by a more uniform strut thickness throughout the whole cladding
structure, which narrows the high loss bands [5].

Figures 9(b) and 9(c) correspond to the loss spectra of two fabricated fibers with thicker
struts with £ = 800 nm and 1400 nm respectively. A maximum arc curvature of 0.9 is obtained
for + = 800 nm. In contrast with thin-strut fibers, which exhibit strong attenuation in the
higher-order transmission band, a loss figure as low as 80 dB/km was achieved in the first
high-order band. This result was further corroborated with the # = 1400 nm fiber in which the
wavelength of 1 um lies in the second higher-order band. With this fiber, an arc curvature as
high as b = 1 was successfully achieved, and a record loss fiber of 17 dB/km at 1064 nm was

reached.
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Fig. 9. (a) Computed loss of Kagome-latticed HC-PCFs with arcs curvature b = 1 for three
strut thicknesses 350, 800 and 1400 nm; Measured loss of fabricated Kagome-latticed HC-
PCFs with strut thickness (b) # = 800 nm and (c) # = 1400 nm. In inset, pictures of the core
structures.

In order to put these results into perspective with the PBG guiding HC-PCF, Fig. 10
compares the loss spectra of two hypocycloid Kagome HC-PCF with the same strut thickness
(here 1400 nm) and same b (here 1) but with slightly different drawing parameters, with four
state-of-art commercially available PBG guiding HC-PCF [27]. Three of the fibers set are 7-
cell PBG guiding HC-PCF whose transmission window is centered at ~800 nm, 1000 nm and
1550 nm respectively (light gray filled curves). The fourth fiber is today’s record 19-cell PBG
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guiding HC-PCF [4] (gray filled curve). The figure shows that whilst one single IC guiding
Kagome HC-PCF guides a much wider spectral window than PBG HC-PCF, its loss figures
are comparable. As a matter of fact, the loss is lower for Kagome HC-PCF in the region near
1 pm and 800 nm, indicating thus that IC guiding HC-PCF could be a good alternative to
PBG HC-PCF for ultra-low loss guidance HC-PCF.

(A) 1550 nm 19 cell PBG HC-PCF (B) 1550 nm 7 cell PBG HC-PCF (C) 1000 nm PBG HC-PCF (D) 800 nm PBG HC-PCF
Kagomé HC-PCF 1  =m=m Kagomé HC-PCF 2
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Fig. 10. Comparison of the loss spectra of the current lowest loss 19-cell BPG HC-PCF
centered at 1550 nm (A), and three state-of-art 7-cell PBG HC-PCF centered at 800 nm (B),
1000 nm (C) and 1550 nm (D) with the two different hypocycloid-core Kagome HC-PCF with
b =1 (blue and green solid curves).

4. Conclusion

In conclusion, we reported a systematic numerical and experimental study on the effect of the
hypocycloid-core Kagome HC-PCF negative curvature on the fiber transmission loss and its
modal properties. The results showed that enhancing the core-surround curvature carries three
merits: (i) several orders of magnitude decrease in the fundamental core-mode confinement
loss, (ii) more than tenfold reduction in the fundamental core-mode power overlap with
cladding silica, and (iii) nearing a truly single-mode guidance. The results show that the
transmission loss of IC guiding HC-PCF can outperform the PBG guiding HC-PCF, as
demonstrated with 17 dB/km transmission loss around 1 pm spectral range in b = 1
hypocycloid-core Kagome HC-PCF, whilst providing much larger bandwidth, a much higher
optical power handling and a modal content approaching single-modedness.
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