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Attenuation in photonic bandgap guiding hollow-core photonic crystal fiber (HC-PCF) has not beaten the funda-
mental silica Rayleigh scattering limit (SRSL) of conventional step-index fibers due to strong core-cladding optical
overlap, surface roughness at the silica cladding struts, and the presence of interface modes. Hope has been revived
recently by the introduction of hypocycloid core contour (i.e., negative curvature) in inhibited-coupling guiding HC-
PCF. We report on several fibers with a hypocycloid core contour and a cladding structure made of a single ring from a
tubular amorphous lattice, including one with a record transmission loss of 7.7 dB/km at ∼750 nm (only a factor ∼2
above the SRSL) and a second with an ultrabroad fundamental band with loss in the range of 10–20 dB/km, spanning
from 600 to 1200 nm. The reduction in confinement loss makes these fibers serious contenders for light transmission
below the SRSL in the UV–VIS–NIR spectral range and could find application in high-energy pulse laser beam
delivery or gas-based coherent and nonlinear optics. © 2017 Optical Society of America

OCIS codes: (060.2280) Fiber design and fabrication; (060.5295) Photonic crystal fibers; (060.2270) Fiber characterization.
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1. INTRODUCTION

Since its first proposal [1], hollow-core photonic crystal fiber
(HC-PCF) has proved to be a remarkable platform for our under-
standing on how light is confined in such microstructured wave-
guides, and an outstanding host for gas–laser applications [2,3].

In HC-PCF, a core-guided mode is prevented from coupling
to the cladding by either photonic bandgap (PBG) [1] or inhib-
ited-coupling (IC) [4]. In PBG guiding fibers, the coupling of the
core mode to the cladding is disallowed by microengineering the
cladding structure such that its modal spectrum is void from any
propagation modes at the core guided-mode effective index-
frequency space, neff − ω (i.e., fjφcladg � Ø, with φclad being
the field wave function of the propagating mode in the cladding
structure) [1]. The lowest transmission loss of 1.2 dB/km at
1620 nm achieved with this type of HC-PCF 12 years ago is
set not by confinement loss (CL) but by surface-roughness
scattering loss (SSL) [5]. The latter scales with the amount of
the optical overlap of the guided light with the silica core contour
(typically in the range of 1%–0.1%), and increases with wave-
length shortening following ∼λ−3 scaling law. Furthermore, all
reported PBG HC-PCFs operating below 800 nm have transmis-
sion loss higher than 100 dB/km because of the difficulty of

drawing smaller-pitch PBG HC-PCF with comparable core–
surface uniformity to those operating at longer wavelengths.

For the case of IC guidance, the condition of a PBG is no longer
required. In analogy with quasi-bound and bound state in a con-
tinuum (QB-BIC), first proposed by Van Neumann andWigner in
1929 within the context of quantum mechanics [6], a core guided
mode and cladding modes can have the same effective index and
yet propagate without strong interaction. Though QB-BIC re-
mains an uncommon scheme of trapping waves, it is universal,
as shown in a recent review on the subject matter [7]. In the optical
fiber form, QB-BIC works as follows: a core guided mode (often
leaky mode) cannot, or is strongly inhibited to, channel out
through the cladding by a strong reduction in the coupling between
the cladding mode continuum and a core mode. In other words,
the dot product between the field of the core mode jφcorei and the
cladding mode jφcladi is strongly reduced (i.e., hφcladjΔn2j
φcorei → 0, with Δn being the photonic structure transverse
index profile). This can be done either by having little spatial in-
tersection between the fields of jφcladi and jφcorei or by having a
strong mismatch in their respective transverse spatial phases.

In a previous paper [4], the design parameters for optimal IC
guidance in air–silica HC-PCF such as Kagome lattice cladding
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have been laid down. It has been shown that IC guidance is
enhanced by having a glass microstructure exhibiting a very thin
and elongated glass–membrane network with a minimum num-
ber of sharp bends or nodes, and by operating in the large-pitch
regime or high normalized frequency (i.e., the lattice pitch is
larger than the optical wavelength λ) [8]. These structural features
ensure modes with strong localization in the thin silica web and
with a very fast transverse field oscillation (i.e., high azimuthal-
like number). Furthermore, unlike with PBG, the criterion
hφcladjΔn2jφcorei → 0 implies a CL with a strong dependence
on the core-mode profile, and thus the core contour. This led
to the seminal introduction of hypocycloid core-contour design
(i.e., negative curvature) in 2010 [9,10], and which resulted in a
dramatic reduction in transmission loss, as illustrated in the
17 dB/km at 1 μm achieved with Kagome lattice HC-PCF
and its record optical power handling [11,12]. This in turn
has triggered a wide effort to design hollow-core fibers with neg-
ative curvature [13,14]. In a hypocycloid core-contour fiber, the
core has a contour exhibiting a set of alternating negative curva-
ture cups with inner radius Rin, and a field overlap integral
between the core mode and the highly oscillating silica core-sur-
round mode (cladding mode) that is strongly reduced compared
to the previous circular or hexagonal shape in Kagome HC-PCF
[8]. Three reasons explain such a reduction. First, theHE11 mode
field spatial overlap with silica at Rin is reduced to the tangent
sections of the inner cups of the hypocycloid contour. Second,
the larger perimeter of the hypocycloid contour compared to a
circle with radius Rin results in a higher azimuthal-like number
in the silica core-surround modes, and hence stronger transverse
phase mismatch with the core mode. Finally, the spatial overlap
between the core mode with connecting nodes—which support
low azimuthal number modes—is strongly reduced [10,15,16].

These features for IC guidance are also fulfilled in a tubular lat-
tice, which consists of an arrangement of isolated thin glass tubes
[17], and its fiber form exhibits a hypocycloid core contour [13].
More crucially, when the cladding is reduced to a single ring of
an aperiodic lattice of such tubes, one can fabricate a fiber with a
core contour that is completely void of any connecting nodes
(as proposed in [18]), which strongly favors IC [4,13]. As a matter
of fact, because of the very weakHE11 core-mode field overlap with
the cladding in IC guiding fibers, low confinement loss can be ex-
pectedwith only one cladding ring. This is experimentally illustrated
by the results obtained with a hollow-core fiber having a single ring
of this cladding amorphous lattice [13,14]. In these works, the
fiber cladding tubes were relatively thick (>1 μm), and the achieved
transmission loss was as low as 34 dB/km in a 3–4 μmspectral range.
More recent works achieved 30 dB/km at 1 μmusing tube thickness
of 830 nm [19] and broad fundamental band with thinner tubes
(down to thickness of 360 nm) [20].

Here, by optimizing such a tubular cladding and operating
with a much thinner glass tube than has previously been achieved,
we report on the fabrication of several ultralow-loss single-ring
tubular lattice HC-PCFs (SR-TL HC-PCF) guiding in the
UV–VIS and NIR. Among the fabricated fibers, we count one
with a record transmission loss of 7.7 dB/km at ∼750 nm, which
is only 4 dB above the Rayleigh scattering fundamental limit in
silica, and observed guidance down to 220 nm. The loss figure of
7.7 dB/km is lower than ∼12 dB∕km, which is the PBG pro-
jected loss at 750 nm. It is also more than one order of magnitude
less than any reported PBG HC-PCF guiding below 800 nm.

We count a second fiber that exhibits an ultrabroad fundamental
band with loss range of 10–20 dB/km over one octave spanning
from 600 to 1200 nm. Both fibers present a near single-
modedness, with ∼20 dB extinction between HE11 fundamental
core mode and the strongest first higher-order mode (HOM), and
exhibit bend loss of 0.03 dB/turn for a 30 cm bend diameter at
750 nm. Finally, the results indicate that the SSL is currently the
limiting factor for wavelengths shorter than 1 μm.

2. FIBER PARAMETER DESIGN

The left panel of Fig. 1(a) shows an example of the SR-TL
HC-PCF that we are exploring. To understand and determine
the design parameters for fiber optimal guidance, we first examine
the nature of its cladding modes. For this purpose, one can con-
sider the SR-TL HC-PCF as an air defect (i.e., core) surrounded
by one ring of an amorphous lattice of isolated tubes (i.e., clad-
ding) [21,22]. In order to calculate the modal spectrum of such an
amorphous lattice, we exploit the fact that we operate in the large
pitch regime [8,23]. Under this regime, the photonic structure is
primarily governed by the modal properties of the lattice
single unit rather than their arrangement in the lattice [23].
Consequently, the modal spectrum of the SR-TL HC-PCF clad-
ding can be determined by considering an infinite lattice of any
symmetry arrangement [see Supplement 1 for the numerical cor-
roboration (Section 1) and its entailed physical background
(Section 2)]. Here, we take a triangular arrangement to calculate
the modal spectrum of the SR-TL HC-PCF cladding [see central
and right panels of Fig. 1(a)].

Figure 1(b) maps the photonic structure propagation modes in
the space neff − F for a lattice of isolated glass tubes of refractive
index ng � 1.45 and with representative radius Rt � 7 μm,
thickness t � 400 nm, and gap between two adjacent tubes
δ � 4 μm (corresponding to a lattice pitch of 18 μm, which is
much larger than any of our operating wavelengths). Here, F �
�2t∕λ�

ffiffiffiffiffiffiffiffiffiffiffiffi
n2g − 1

q
is a normalized frequency relative to the tube

thickness and refractive index of the glass and air. The plot shows
the density of photonic states (DOPS) normalized to that of the
vacuum [24] (see Supplement 1 for calculation details). The
DOPS diagram shows no PBG regions in the mapped neff − F
space, but a quasi-continuum of propagating modes. The nature
of these modes is revealed in Fig. 1(c) by showing the transverse
profile of their field magnitude for two frequencies (F � 0.8 and
F � 1.2) at two representative sets of neff . Within the first set
[from 1.2 to 1.3; see the shaded light-red rectangle of Fig. 1(c)],
the modes are all located in the silica tube as expected and are
identifiable in the DOPS diagram by their steep dispersion curves
(close to vertical). The second set of neff crosses the vacuum-line
(i.e., neff � 1) and ranges from 1.04 to 0.99 [see the dotted blue
rectangle of Fig. 1(c)]. Within this neff range, the modal content
exhibits, in addition to the just-discussed silica modes, modes re-
siding in air having flat dispersion curves (close to horizontal).
Furthermore, and except for F ≈ 1, air-residing modes seem to
have little interaction with the silica modes as shown by the dis-
tinguishable profile of their dispersion curves. This is in contrast
with the strong hybridization between the air and silica modes at
F ≈ 1 as shown by the “anti-crossing shape” in the DOPS.
This DOPS modal spectral structure, and especially the non-
hybridization of modes from two different materials like air
and silica, can be explained by considering the transverse wave
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vector components of each mode. Here, the field profile and
dispersion of each mode far from an anti-crossing region can
be approximated to HEml (i.e., electric field direction is azimu-
thal) or EHml (i.e., electric field direction is radial) given in [25]
for the silica modes, and to those given by Marcatili and
Schmeltzer for the air modes [26]. The suffixes m and l are
the indices of the azimuthal and radial components of the trans-
verse wavenumber, respectively. When the silica modes are lon-
gitudinally phase-matched with an air mode (i.e., they have equal
neff ), and considering our case of wavelength much smaller than
the radius of the tube, m and l are related via the following
identity (see Supplement 1, Section 2):�

m
2 Rt

�
2

�
�
�l − 1� π

t

�
2

≈ �2π∕λ�2�n2g − 1�: (1)

Furthermore, the silica and air modes strongly hybridize when
they are also transversely phase-matched. For the case of low-azi-
muthal-number air mode such as HE11, this occurs when the
silica mode azimuthal number is nil or close to zero [17]. This
means that the radial number takes the identity �l − 1��π∕t� ≈
�2π∕λ�

ffiffiffiffiffiffiffiffiffiffiffiffi
n2g − 1

q
or F ≈ �l − 1� (see Supplement 1, Section 2).

As shown in the DOPS diagram near the vacuum line, the
just-shown relations split the lattice modal spectrum into radial
number indexed bands located between F ≈ �l − 1� and F ≈ l .
Each band is populated by silica modes characterized with a fixed
l and azimuthal number given by Eq. (1). These transverse wave-
number indices are also defining parameters for the transmission
spectral structure and confinement loss of a HC-PCF whose clad-
ding is made up of such a tubular amorphous lattice. Indeed,
Eq. (1) and the transverse phase-matching condition hold for

the fiber air core modes in the same manner as with those of
the cladding tube. Consequently, the fiber transmission will
exhibit band edges at F ≈ l , corresponding to phase matching
with cladding modes having m nil or close to zero. This transverse
phase-matching condition can be written in the form

λl−1 � �2t∕�l − 1��
ffiffiffiffiffiffiffiffiffiffiffiffi
n2g − 1

q
, which is used in some of the current

literature as a defining feature of fibers guiding via anti-resonance
reflecting optical waveguide (ARROW) [23,27]. In Supplement 1
(Section 3), we provide some distinctive properties to differentiate
between PBG, IC, and ARROW, and discuss why the latter is not
appropriate in comprehensibly describing the guidance in fibers
such as SR-TL HC-PCF. Conversely, in each band, the fiber con-
finement loss αCL is set by the quantity hφcladjΔn2jφcorei, through
αCL ∝ jhφcladjΔn2jφcoreij2 [28], which quantifies the strength of
the power coupling between the core and cladding modes [4].
Similar to coupled mode theory results [29,30], hφcladjΔn2jφcorei
scales with the ratio between the normal modes’ transverse phase
mismatch and their field spatial overlap. In Supplement 1
(Section 5) we show that αCL ∝ DO∕g�m� for the fiber-core
HE11, with DO being the optical overlap of HE11 with the clad-
ding silica dielectric and g�m� being a positive and increasing
function of m.

Furthermore, from Eq. (1), it is easy to note that increasing m
can be achieved by either increasing the silica tube radius or
increasing t∕λ, which is consistent with the results reported in
[9,10,31]. However, because Rt is interconnected with the
fiber core radius Rc , δ, and the number of tubes in the
cladding ring N through the identity Rt � �Rc sin�π∕N � − δ∕2�
�1 − sin�π∕N ��−1, its increase can have reverse impact on both
the fiber CL and modal content. In order to find the best

Fig. 1. (a) Schematic of HC-PCF with a single-ring tubular amorphous lattice (i), section of a tubular lattice in a triangular arrangement (ii), and the
details of its unit cell (iii). δ is the inter-tube gap distance, Rt is the tube radius, and t is the tube ring thickness. (b) Density of photonic state (DOPS) of an
infinite tubular lattice in triangular arrangement. The DOPS value is normalized to that of the vacuum. (c) Transverse profiles of the electric field
magnitude of the photonic state (modes) for F � 0.8 (fundamental band) and F � 1.2 (first higher-order band). The vertical axes are the lattice mode
effective indices at F � 0.8 and F � 1.2. The displayed profiles correspond to modes with effective index above (dashed red box) and crossing (dotted
blue box) the vacuum line. The label on the top left of the mode profile corresponds to the nature of the mode (HE or EH). The numbers at the bottom of
the mode profile correspond, respectively, to the mode effective index and to the indices of the azimuthal and radial components of the transverse wave
number, respectively (m, l ).
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tradeoff between these parameters, we start by finding out
the optimal δ, then the number N , and finally the fiber core
radius.

Figure 2(a) illustrates the effect of increasing δ on the cladding
modal spectrum by the evolution of the electric field magnitude of
a representative silica mode [EH9;2 at wavelength of 700 nm for
t � 400 nm (i.e., F � 1.2) and tube radius of Rt � 7 μm ]. The
results show that increasing δ from 2 to 8 μm results in a decrease of
the mode neff from ∼1.00062 to 0.99993 and stronger light con-
finement in the silica tube, as shown in the 1D profile along a gap
line joining the center of two adjacent tubes [z line in Fig. 2(a),
bottom panel]. This trend favors larger inter-tube gap for IC;
however, this would make sense only if the fiber core mode profile
is not altered and kept its zero-order Bessel profile. Figure 2(b)
shows the evolution of the HE11 core mode of a single-ring tube
lattice fiber with eight tubes when the gap is increased. The results
show that increasing δ from 2 to 8 μm leads to an increase of the
mode-field radius relative to the fiber core radius Rc by almost 6%,
which entails a stronger optical spatial overlap of themode with the
silica. The bottom panel of Fig. 2(b) clearly shows the increase with
δ of field magnitude along the gap line, indicative of the stronger
spread of the core mode in the cladding. Equally, we investigated
the effect of δ on the core mode leakage by calculating the power
flux along the fiber radial and transverse directions using the
Poynting vector (see Supplement 1, Section 4). The results clearly
demonstrate that the transverse power leakage of the HE11 core
mode at the gaps strongly increases with increasing δ, and enhances
by up to 30 dB when δ is increased from 2 to 8 μm for
λ � 530 nm. The results also show that the primary power leakage

channels are the touching nodes between the tube and the outer
silica jacket for δ < 4 μm, and the inter-tube gap for δ > 6 μm.
Consequently, and given the stronger impact of the core radius on
the confinement loss (αCL ∝ R−4

c [31]) compared to that induced
by the observed cladding modal change, the optimal δ will be a
tradeoff between a value that is sufficiently small to avoid a core
mode leakage being too high, and sufficiently large to avoid a cou-
pling between the tubes being too strong or the formation of con-
necting nodes (which support low-azimuthal-number modes)
during the fabrication process.

The top of Fig. 3 summarizes the effect ofN and δ on the fiber
confinement loss. Figure 3(a) shows the CL over a representative
spectrum for different N and for fibers with fixed t � 400 nm,
Rt � 8 μm, and δ � 5 μm. The loss is expressed as αCLR4

c so as
to only keep the effect of N on the transmission loss trend with
increasing N independent from the associated fiber core radius
change. The results show that, for the same core radius, the
CL decreases with increasing N . However, the decrease rate of
the CL with N drops as N gets larger. For example, choosing
a wavelength of 540 nm, αCLR4

c decreases by a factor of 3 when
N is changed from 5 to 6. However, it decreases by less than 20%
when the tube number is increased from 8 to 9. This is due to the
resonance between the core mode and the air modes of the tubes
[15,17]. On the other hand, the power ratio of the higher-order
core modes TE01 andHE11, which is an indicator of how well the
fiber can operate in a single-mode manner, increases with decreas-
ing N , thus favoring a smaller number of tubes for single-mode
operation [see Fig. 3(b)]. Consequently, the optimal N is the
result of a tradeoff between CL decrease, which scales

Fig. 2. (a) Field amplitude transverse profile of a unit cell of tubular lattice (top left). First row shows its evolution with inter-tube gap δ when varied
from 2 to 8 μm, and second row shows 1D profile along the gap line (labeled “z”) between the center of two adjacent tubes. (b) Field amplitude transverse
profile of a fiber core with tubular amorphous lattice cladding (bottom right schematics) and its evolution with δ (third row). MFR/RC is the ratio
between the mode-field radius (MFR) and the fiber core inner radius Rc . 1D profile of the fiber core mode along a cladding inter-tube line (labeled “z”).
Here, the wavelength of the modes is 700 nm.
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proportionally with N ; the fiber single-modedness, which is
inversely proportional to N ; and bend loss sensitivity, which
favors smaller fiber core size and thus smaller N . We found
N � 8 to be a good compromise for a sufficiently low CL
and a modal content dominated by the HE11 mode. Figure 3(c)
shows the CL evolution with δ at two representative wavelengths
of a SR-TL HC-PCF with N � 8, t � 400 nm, and
Rt � 8 μm. The results show that the inter-tube gap range of
2–6 μm is suitable for low-loss guidance. Based on these design
results, we calculated the CL spectra for different tube thicknesses.
Figure 3(d) shows the spectra of CL (top) and DO (bottom)
at different tube thicknesses (t � 200, 400, and 500 nm) for
a SR-TL HC-PCF with N � 8, Rt � 8 μm, and δ � 2.5 μm.
Within the explored wavelength range of 400–1750 nm, the t �
200 nm fiber exhibits one large transmission band corresponding
to the fundamental band with a minimum loss of ∼1 dB∕km at
wavelengths near 600 nm. For the t � 400 nm SR-TL HC-PCF,
the spectrum exhibits two transmission bands separated by a high-
loss band centered around 800 nm. Here, the lowest-loss figure is
0.5 dB/km and occurs at wavelengths near 500 nm in the first
higher-order transmission band. For t � 500 nm SR-TL HC-
PCF, we observe a spectrum with the three transmission bands
and lowest loss of 0.3 dB/km occurring in the second higher-order
band around 480 nm. Below, we explore these results and scaling
laws in the fabrication of several fibers with N � 8. The DO
spectra show the same resonance structure as CL as expected
by IC guidance, and values in the range of 10−5–10−6. The mini-
mum obtainable loss can be reduced by further thinning the tube
thickness and operating in the shorter wavelength as the silica
cladding modes get more localized with F increase.

Finally, the consistency of the observed CL slope with wave-
length between fibers with different t and the scaling lawm ∝ 1∕t
is noteworthy (see Supplement 1, Section 6).

3. EXPERIMENTAL RESULTS

Figure 4(a) shows the micrographs of four fabricated SR-TL
HC-PCFs along with their physical properties. The experimental
fibers have been fabricated using the stack-and-draw technique.
Here, we endeavored to vary δ while keeping Rt , t, and Rc as
constant as possible so as to find out the optimal value from
the standpoint of fabrication and transmission performance.
The table summarizing these values for the different fibers shows
that δ spans from 2.7 μm (Fiber #4, pink-colored micrograph
frame) to 8 μm (Fiber #1, green-colored micrograph frame).
Within this δ span, the core radius Rc ranges from 13.75 to
18.5 μm, corresponding to a maximum relative difference be-
tween the different fiber core sizes of less than 35%. Similarly,
the cladding tube radius Rt and t range from 5.1 μm to
6.15 μm and from 415 nm to 580 nm, respectively, with a maxi-
mum relative difference less than 20% and 40%, respectively.
Figure 4(b) shows the four fibers’ measured loss spectra versus
λ∕t. As expected, for the measured wavelength range of 400–
1750 nm and tube thickness of 415–580 nm, the spectra show
three transmission bands corresponding to the fundamental band
(λ∕t > 2), first-order band (1 < λ∕t < 2), and second-order
band (λ∕t < 1). The different fiber-loss curves in the fundamen-
tal and first-order bands clearly demonstrate a dramatic reduction

Fig. 3. (a) CL for different N . (b) Ratio between TE01 and HE11 loss.
(c) Loss spectra versus δ. (d) Loss and optical overlap of HE11 with the
cladding silica dielectric (DO) spectra for different t values (200, 400,
and 500 nm).

Fig. 4. (a) SEM pictures of four fabricated HC tubular lattice
fibers with corresponding geometrical parameters (δ, Rt , t , Rc ).
(b) Experimental evolution of the loss spectrum with the gap between
the tubes.

Research Article Vol. 4, No. 2 / February 2017 / Optica 213

https://www.osapublishing.org/optica/viewmedia.cfm?URI=optica-4-2-209&seq=1


of the optical attenuation with δ decrease, from near 1 dB/m
loss level for δ � 8 μm (green curve) down to only a few tens
of dB/km for δ � 2.7 μm.

For the second-order band, the trend of the loss decrease with
δ is observed only for δ range of 5–8 μm. For smaller inter-tube
gaps corresponding to tube thicknesses t smaller than 500 nm, the
loss increases with δ decrease (e.g., orange curve compared to the
blue curve). Furthermore, a comparison of the rate at which
the loss decreases with the gap shortening shows that the loss
in the fundamental band decreases at a larger rate than that in
the first-order band. As a matter of fact, it plateaus down to
15 dB/km for δ range of 3.7–2.7 μm (see pink and orange curves).
Finally, because the attenuation due to the surface roughness scat-
tering is not taken into account in the calculated CL, the mea-
sured loss spectra don’t necessarily decrease with decreasing
wavelength. This scattering loss stems from the fiber core surface
roughness due to frozen capillary waves during the fiber draw [5]
and takes the form of αSSL�λ� � ς · F cc�λ� · λ−3 [5,32], with ς
being a constant related to the surface roughness root-mean-
square height and F cc�λ� being the core mode overlap with
the core contour. In the case of IC guiding HC-PCF, the

confinement loss dependence on the core mode overlap with
the cladding raises the question of whether the surface roughness
affects the CL. In order to address this question, we considered
the simulation of several SR-TL HC-PCFs with their tubes ex-
hibiting corrugated surfaces to mimic a surface roughness along
the azimuthal direction (see Supplement 1, Section 7 for more
details). The results show that CL changes little for wavelengths
larger than 800 nm but increases for shorter wavelengths, consis-
tent with the observed higher transmission loss at short wave-
lengths in the early IC guiding hypocycloid core-contour HC-
PCF [9–11,15,33].

Now that δ value impact on the transmission loss of fabricated
fibers is demonstrated, we use δ ∼ 2.5 μm as a parameter target
and undertake two fiber-fabrication campaigns with different
aims. The first aim consists of the fabrication of fibers with
the thinnest tubes possible so as to have the broadest fundamental
band while having loss figures as low as the surface-roughness-
induced transmission loss could permit. The second aim is to have
the lowest loss figure possible in the NIR–VIS spectral range. This
was undertaken in an iterative process of several fiber draws. As
mentioned previously, having a too-thin cladding tube (typically

Fig. 5. SEM pictures of (a) Fiber #5 and (b) Fiber #6. Transmission curves along the two fiber pieces recorded during cut-back measurement for (c)(i)
Fiber #5 and (d)(i) Fiber #6. Measured attenuation spectra (black curves) and calculated CL (dotted blue curves) for (c)(ii) Fiber #5 and (d)(ii) Fiber #6.
Fiber #5 reaches a record of 7.7 dB/km, and Fiber #6 exhibits a loss in the range 10–20 dB/km over one octave [(d)(ii)]. The blanked data around 1 μm in
(d)(ii) are due to the stronger supercontinuum power at 1064 nm. Bottom: Measured transmission of a 2 m long piece of (e) Fiber #5 and (f ) Fiber #6,
with purple-filled curve highlighting UV/DUV guidance.
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<250 nm) poses fabrication challenges in keeping the circular
shape of the tubes and also increases the surface scattering through
larger surface roughness that results from an enhanced surface
capillary wave during the draw process. Consequently, reaching
the lowest loss in the shortest wavelength will be a compromise
between CL (i.e., design limited) and SSL (i.e., fabrication lim-
ited). The results of this fabrication campaign are summarized in
Fig. 5. The source used is a supercontinuum which consists of a
piece of a nonlinear PCF and a nanosecond pulsed microchip laser
providing an average spectral power around 100 mW with a sta-
bility <1%. The fiber under test was coiled into a 60 cm bend
curvature and the fiber input ends were prepared using a com-
mercial cleaver. For each transmission measurement, 10 fiber
cleaves were done, demonstrating an error measurement under
the resolution of the optical spectrum analyzer (Ando AQ
6315A), i.e., 0.1 dB. The white light source was coupled into
the fiber using commercial coupling lenses to match the
mode-field diameter between the fiber and the laser source, result-
ing in the present case in a coupling efficiency >90%. The figure
shows the loss and transmission spectra of two fibers. The corre-
sponding scanning electron microscopy (SEM) pictures of the
fabricated fibers are shown in Figs. 5(a) and 5(b). The first
one (Fiber #5) exhibits an average δ value of 2.5 μm, t �
545 nm, and Rc � 20.5 μm. Its measured loss spectrum (cut
back between 293 and 10 m long pieces) shown in Fig. 5(c)(ii)
highlights ultralow loss in the first-order band with an absolute
record transmission loss, for a HC-PCF of 7.7 dB/km at 750 nm.
This loss figure is only about a factor of 2 larger than the silica
Rayleigh scattering limit shown by the grey filled curve.

The second design (Fiber #6) presents thinner tubes
(t � 227 nm), thus shifting the fundamental band blue edge
to a wavelength as short as 515 nm [Fig. 5(d)(i)]. It exhibits
an average δ value of 3 μm and Rc � 20 μm. An ultralarge
low-loss window is demonstrated over one octave ranging
from 600 to 1200 nm, with loss between 10 and 21 dB/km
[Fig. 5(d)(ii)] (cut back between 180 and 13 m long pieces).
This is, to our knowledge, the first time that a HC-PCF combines
such a large bandwidth with such a low transmission loss. The
measured transmission spectra of 2 m long sections from the
two fibers are plotted in Figs. 5(e) and 5(f ). Both fibers exhibit
guidance in the UV domain. Remarkably, Fiber #5 shows three
UV transmission bands spanning down to 220 nm (purple filling
color). Reliable measurements of loss spectra for wavelengths
shorter than 350 nm were prevented due to the limited dynamics
of the photospectrometer.

Figures 5(c) and 5(d) also show the theoretical CL loss spectra.
The CL is calculated numerically for the case of fibers with no
surface roughness. Comparing αCL�λ� with the measured loss
shows that, for Fiber #5, the loss is dominated by the CL in the
range of 1300–1750 nm, which is in the range of 80–45 dB/km.
However, for the first and second higher-order bands of Fiber #5,
the discrepancy between the measured loss and CL is much
higher, indicative of stronger contribution of SSL. Here, the
CL for a surface-roughness-free HC-PCF reaches a minimum
of ∼1 dB∕km in the first band and ∼0.1 dB∕km in the second
band. This trend is also observed for Fiber #6, where the CL
dominates for wavelengths larger than 1000 nm, and the
surface-roughness-induced SSL and CL increase become the
dominant transmission loss for shorter wavelengths (typically less
than 800 nm).

In addition to the just-shown low transmission loss, these
fibers present a low bending sensitivity of less than 0.05 dB/turn
for a 30 cm bend diameter over the whole transmission band, and
reach 0.03 dB/turn at 750 nm for Fiber #5 (see Supplement 1).
The modal content has also been characterized using spectral and
spatial (S2) imaging techniques [34,35]. Figure 6(a) shows the
typical S2 modal content and the evolution with the group delay
of the interference signal Fourier transform for fiber length of
L � 5 m and L � 15 m from Fiber #6. The S2 imaging system
comprises an InGaAs camera and tunable laser source with a tun-
ing range of 1010–1070 nm and minimum step size of 40 pm. At
the output of the fiber, a telescope is used to collect the light re-
corded through the camera, which is triggered directly from the
laser and controlled by a PC. For 5 m long fiber, the LP11 mode
presents a multi-path interference (MPI) of 21.4 dB, which cor-
responds to a quasi-single-mode operation and increases to
22.4 dB for a length of 15 m.

The fibers’ polarization-maintaining properties were explored
by launching a laser beam into the fiber from a linearly polarized
laser emitting at 1030 nm and a half-wave plate for polarization
control. The transmitted beam is then passed through a polarizing
beam splitter (PBS), and each of its two output beams is recorded
by a power meter and a camera imaging its reconstructed near-
field beam profile. Figure 6(b) shows the evolution of the polari-
zation extinction ratio (PER) with the fiber length (Fiber #6 is
used). The inset shows the fiber-transmitted laser power from
each of the two output ports of the PBS in function with the
half-wave plate angle. The deduced PER was recorded for differ-
ent fiber lengths. The results show a maximum PER of 15.5 dB
achieved with a fiber length of 16 m, and an evolution with the
fiber length which comprises a decrease in PER as fiber length
decreases for length shorter than 12 m, and then an enhancement
in PER as the fiber length increases for length longer than 12 m.

Fig. 6. (a) Group delay curves of the HOM content propagating in
Fiber #6 for 5 and 15 m long pieces. The reconstructed mode field pro-
files are indicated with the corresponding MPI. (b) Evolution of the PER
versus the fiber length.
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It is noteworthy that the profiles of the crossed-polarized beams
show that, for an input polarization corresponding to a maximum
PER, the mode of the dominant polarization orientation is mainly
that of HE11 while the one with the crossed polarization shows a
profile of that of the LP11 family [inset of Fig. 6(b)]. We believe
that this PER evolution with the fiber length and the fact that the
mode of the crossed-polarized beams is that of LP11 results from
the back-coupling to the core of the light scattering off the core
inner surface. Indeed, by virtue of stronger optical overlap of the
higher-order core modes with the core contour, the light that is
coupled back from the core-surround surface is likely to couple to
higher-order modes rather than the HE11.

4. CONCLUSION AND DISCUSSION

In conclusion, we fabricated several SR-TL HC-PCFs guiding in
the NIR–VIS–UV spectral range and showing ultraloss. The
fiber cladding physical properties were adjusted for optimum con-
finement loss and close-to-unity modal content using the IC for-
malism. Among the fabricated fibers we listed, one fiber had a
record loss of 7.7 dB/km at 750 nm, and a second SR-TL
HC-PCF combined an octave-wide transmission band with trans-
mission loss in the range of 10–20 dB/km. We have shown that
the transmission loss is limited by CL for a wavelength longer
than ∼1 μm, indicating that improving the loss at these spectral
ranges and with core diameters comparable to the ones reported
here would require a different cladding design with stronger IC.
Nested tube lattice HC-PCFs [36,37] are excellent candidates for
this purpose, as their cladding modes exhibit larger azimuthal
number than the reported tubular lattice for the same neff − ω.
The challenge with such a nested tubular lattice is the difficulty
in controlling the different tube thicknesses during the fabrication
process and keeping them the same and constant throughout the
draw. On the other hand, for shorter wavelengths (typically less
than 800 nm), the fiber transmission performance is no longer
limited by the fiber design but by the surface roughness. The lat-
ter affects the propagation loss of SR-TL HC-PCFs via both SSL
and CL. Improving the transmission loss for a wavelength shorter
than 800 nm would require reducing the surface roughness dur-
ing the draw, and the cladding lattice design of any hypocycloid
core-contour HC-PCF will play no significant role until the trans-
mission loss reaches the level of 1 dB/km or below. The reported
results represent an important tool in improving the loss in IC
guiding HC-PCF. Given the much lower optical overlap with
the core surround and the larger transverse dimensions of this
type of fiber compared to PBG fibers, these results could revive
the prospect of developing optical fibers with transmission loss
much lower than the silica Rayleigh scattering limit if the surface
roughness is reduced.
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