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Hollow-core–photonic-bandgap fiber, fabricated from high-purity synthetic silica, with a wide operating bandwidth
between 3.1 and 3.7 μm, is reported. A minimum attenuation of 0.13 dB∕m is achieved through a 19-cell core design
with a thin core wall surround. The loss is reduced further to 0.05 dB∕m following a purging process to remove
hydrogen chloride gas from the fiber—representing more than an order of magnitude loss reduction as compared
to previously reported bandgap-guiding fibers operating in the mid-infrared. The fiber also offers a low bend sen-
sitivity of <0.25 dB per 5 cm diameter turn over a 300 nm bandwidth. Simulations are in good agreement with the
achieved losses and indicate that a further loss reduction of more than a factor of 2 should be possible by enlarging
the core using a 37-cell design. © 2014 Optical Society of America
OCIS codes: (060.5295) Photonic crystal fibers; (060.2280) Fiber design and fabrication.
http://dx.doi.org/10.1364/OL.39.000295

Conventional all-solid optical fibers have revolutionized
many fields, starting with telecommunications and
branching to areas as diverse as fiber optic gyroscopes
and other sensors, high-power fiber lasers, and endo-
scopes for medical applications [1,2]. The spectral range
where conventional fibers have made the greatest impact
has been largely defined by the transparency window of
silica glass, which is usually the main constituent of these
fibers. High-purity, dry synthetic silica (e.g., Suprasil F300
from Heraeus) is transparent (<10 dB∕km [3]) between
∼500 and 2000 nm, and limited at short wavelengths by
electronic absorption and at longer wavelengths bymulti-
phonon absorption. The fabrication of low-loss, durable,
and bend-insensitive fibers at wavelengths extending to
longer wavelengths and into the mid-infrared (mid-IR)
is desirable for applications including high-power laser
beam delivery, gas sensing, gas lasers, and surgery.
Toward this goal, several avenues have been explored,

starting with chalcogenide glasses and followed by fluo-
ride, polycrystalline, and tellurite fibers (see [4] for a re-
view). While low attenuation values have been achieved
(e.g., 0.45 dB∕km in a ZBLAN fiber [5]), a mid-IR fiber has
not yet been able to provide the combination of durabil-
ity, bend insensitivity, modal quality, and power handling
offered by silica-based fibers in the near-IR. Hollow-core
fibers offer an attractive alternative [6], where the major-
ity of light is guided in air, or a controlled composition of
gas, minimizing loss contributions from material absorp-
tion. Guidance in a hollow core also offers a higher dam-
age threshold and additional functionalities leading to
further applications such as gas sensing and quantum
optics [7,8]. This is particularly of interest in the mid-
to far-IR where the fundamental vibrational lines of
molecular species lie; these resonances are inherently
stronger than those in the near-IR, indicating the poten-
tial for high-precision spectroscopy at ultralow pressures
and gas sensors with faster response times. Hollow-core
silica-based fibers have recently been reported that
deliver optical guidance up to 7.9 μm [9], sparking a
revival of interest in this fiber composition for mid-IR ap-
plications. In particular, Yu et al. [10] reported a loss of

34 dB∕km at 3.050 μm in combination with a broadband
low-loss guidance region extending from 2.85 to 3.85 μm.
This loss figure is truly remarkable considering the at-
tenuation of bulk dry synthetic silica ranges from 60
up to more than 600 dB∕m in this spectral region [3].
These recently reported fibers confine light in the fiber
core through antiresonance (AR) within the core sur-
round, enhanced by a negative curvature core design
[11], and low loss is in part achieved through a large core
diameter (e.g., 94 μm [10]), which minimizes overlap be-
tween the core modes and the silica regions of the fiber.
This large diameter, while suited for some applications,
can restrict the use of these fibers due to the challenge of
achieving low-loss coupling to conventional step index
IR fibers. Furthermore, due to the leaky guidance mecha-
nism, AR fibers are extremely bend sensitive, preventing
a compact device footprint and/or limiting the maximum
usable operating lengths.

Hollow-core–photonic-bandgap fibers (HC-PBGFs)
provide an alternative mechanism for light confinement
in an air-core fiber. Until now, the lowest reported loss in
this spectral region was ∼1 dB∕m [12] in a seven-cell
fiber operating at wavelengths up to 3.4 μm. Here we
report a 19-cell HC-PBGF that demonstrates an order
of magnitude reduction in loss (0.13 dB∕m at 3.33 μm)
in combination with a wide operating bandwidth, extend-
ing from 3.1 to 3.7 μm, and that also exhibits very low
bend sensitivity. Furthermore, we show, for the first
time, to the best of our knowledge, experimental results
confirming that unwanted absorption features due to
HCl in the hollow core can be successfully removed
through gas purging. Transmission loss measurements
in the near-IR show that in addition to the fundamental
bandgap guidance in the mid-IR, several further low-loss
spectral regions exist with losses as low as 1.2 dB∕m.
The origin of this guidance is discussed. Finally, we
present simulations of the fiber characteristics based
on the structure of the fabricated fiber that are in good
agreement with the achieved minimum loss.

The HC-PBGF has a 19-cell core design and was fab-
ricated using the conventional two-step stack and draw
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technique. The differential pressure between the core
and cladding regions of the structure was carefully
controlled during the fiber drawing process to maintain
an optimum core surround and to minimize the overlap
between the core guided modes and the silica core sur-
round. This approach, combined with a thin-walled core
surround, is necessary to enable a wide, surface mode
free operating bandwidth [13]. A scanning electron
microscope (SEM) image of the fabricated fiber is shown
in Fig. 1(a); the average core diameter is 50 μm, the aver-
age hole-to-hole distance is 9.3 μm, and the relative hole
size [14] is 0.965.
The fiber transmission in the mid-IR [Fig. 1(b)] was

recorded using a custom built supercontinuum source
that generates a broad spectrum spanning from 0.75 to
4 μm by pumping a ZBLAN fiber with a diode-seeded
picosecond thulium-doped fiber amplifier system at
2 μm [15]. A monochromator with ∼5 nm resolution was
used for detection of the signal transmitted through the
PBGF. The measurement over a 5 m fiber length [purple
line in Fig. 1(b)] shows that the bandgap extends from 3.1
to 3.8 μm and a cutback loss measurement (58 to 5 m)
shows a minimum loss of 0.13��0.05� dB∕m at 3.33 μm
and <1 dB∕m transmission loss over >500 nm band-
width despite the high bulk silica attenuation. The uncer-
tainty associated with this measurement arises from a
combination of source instability [15] and variations in
the fiber cleave. This low-loss value indicates that the
average overlap between the core guided modes and
the silica surround is less than 0.3%.
At the short wavelength edge of the bandgap, there are

several loss peaks that we believe are due to surface
modes, while between 3.3 and 3.6 μm many gas absorp-
tion lines are visible. These can be attributed to HCl
absorption; this gas is present in the fiber due to the
use of chlorine to dehydrate the bulk silica glass
that is used as the raw material in fabrication [16].
Figure 2(a) shows the theoretical HCl absorption lines
in this spectral region [17]; the excellent agreement
between this data and the observed loss peaks in exper-
imental loss measurement confirms that their origin
is HCl absorption. The measured minimum loss lies

between two such absorption lines, and it is likely that
the loss value would be lower if the gas was eliminated
from the fiber. Note that the loss measurement shown in
Fig. 1(b) is limited by the 5 nm resolution of the mono-
chromator. Furthermore, due to the large mismatch
between the launch ZBLAN fiber (9 μm core diameter)
and the HC-PBGF, excitation of higher-order modes in
the latter is almost inevitable, which will most likely lead
to a loss overestimate.

In order to investigate the dynamics of the HCl gas and
the possible limitations that the presence of this gas may
place on the use of HC-PBGF in this spectral region, we
purged 53 m of the fiber for five days. The input end was
attached to a reservoir of 6 bar, high-purity argon gas,
while the output end was left open to atmosphere.
Figure 2(b) shows cutback loss measurements for the
fiber before and after purging. These measurements were
recorded using a Yokogawa optical spectrum analyzer
that operates at wavelengths up to 3.4 μm and enables
high-resolution data (0.2 nm presented here) to be
recorded. It is clear from Fig. 2 that purging for a reason-
ably short time completely removes the HCl gas from the
fiber. Furthermore, the measured minimum fiber loss
after purging was reduced to 0.05� 0.03 dB∕m. The
oscillations remaining in the loss spectrum are believed
to originate from modal interference.

The bend loss of the HC-PBGF was measured by com-
paring the transmission through a 5 m length, which
included five coils of 5 cm diameter, with the same fiber
only loosely coiled. These spectra, along with the result-
ant bend loss per turn, are shown in Fig. 3. This measure-
ment shows the bend loss is <0.5 dB∕turn over the
entire surface mode free region of the bandgap and
<0.25 dB∕turn over a 300 nm bandwidth. This loss is sig-
nificantly lower than that reported recently for AR fibers
operating in the same wavelength region (e.g., ∼6 dB loss
for a ∼20 cm diameter coil [10]) and indicates that this
fiber is well-suited for the fabrication of compact gas
cells for sensing and spectroscopy. It is also important

Fig. 1. (a) SEM of fabricated fiber. (b) Transmission through
5 m (purple line) and 58 m (red line) and corresponding attenu-
ation calculated from cutback measurement (black line).

(a) 

(b) 

Fig. 2. (a) HCl absorption spectrum taken from HITRAN data-
base. (b) High-resolution attenuation measurements (0.2 nm)
measured by cutback technique before and after purging the
HC-PBGF with argon for five days (red and green lines, respec-
tively). Cutback lengths were from 53 to 5 m and 48 to 5 m,
respectively.
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to note that this measured bend loss could be due to bend
sensitivity of the higher-order modal content of the fiber,
as with conventional multimode step index fibers, and
therefore the loss of the fundamental mode may well
be lower and we can consider the measured value as
an upper limit.
Several low-loss guidance windows were also ob-

served in the visible and near-IR, with a minimum trans-
mission loss of 1.2 dB∕m at 1690 nm and several similar
low-loss regions between 800 and 1000 nm, as shown by
the cutback measurement in Fig. 4. This opens up the
possibility of simultaneous guidance of both near and
mid-IR light in this fiber. The presence of resonant loss
features within this band is indicative of AR guidance,
although it is possible that these low-loss regions could
be attributed to narrow, higher-order bandgaps. AR guid-
ance bands have been previously observed in the visible
region in HC-PBGFs designed to operate at 1550 nm [18],
with losses of the order of dB/cm, two orders of magni-
tude higher than the losses reported here. However, for a
fair comparison it is important to note that those results
were recorded at wavelengths around 600 nm in a fiber
with a smaller core diameter (11.4 μm), so scattering due
to surface roughness would have a much larger impact
on attenuation than in the fiber reported here. From

the SEM image shown in Fig. 1(a), the core surround
thickness was estimated as 180� 30 nm. From these
measurements, resonance with the core surround would
be expected at ∼370 nm, with a broad AR region at
longer wavelengths.

To gain further insight into this guidance mechanism,
the bend loss in this spectral region was also recorded. In
the low-loss regions of the near-IR guidance, the bend
loss was ∼0.8 dB per 8 cm diameter turn. For a funda-
mental bandgap operating in this spectral region, the
bend losses are expected to be negligible [19], so this
could support an AR guidance mechanism; however,
the transmission properties of higher-order bandgaps
in HC-PBGFs have not been extensively examined and
studies in all-solid PBGFs have revealed complex bend
sensitivity that does indeed increase with bandgap num-
ber [20]. Further work is underway to confirm the nature
of the guidance mechanism that is appropriate here.

In order to assess the potential of improving this fiber
design for lower loss operation in the mid-IR we first
simulated the fabricated fiber to determine the agree-
ment between the minimum attenuation achieved in
the fabricated fiber and that expected theoretically. Fiber
parameters, such as average cladding strut thickness and
hole separation, were extracted from the SEM shown in
Fig. 1(a) and used in a model based on the finite element
method. The wavelength dependence of the attenuation
of Suprasil F300 in this spectral range was extracted
from [3]. The simulated fiber transmission is shown in
Fig. 5(a); the minimum attenuation was found to be
0.07 dB∕m for a core mode overlap with the silica struc-
ture of 0.1%. This is in good agreement, to within the
associated uncertainty of the experimental minimum loss
post purging. In contrast to HC-PBGFs operating in the
near-IR, the loss is limited by the silica absorption instead
of scattering due to surface roughness [21]. The domi-
nance of silica absorption in defining the fiber attenua-
tion is highlighted in Fig. 5(b), where confinement loss

Fig. 3. Bend loss: transmission of 5 m of the HC-PBGF was
recorded with five coils of 5 cm diameter in the fiber (red line)
and with the fiber loosely coiled (purple line). The bend loss per
turn (blue line) is <0.25 dB over a 300 nm bandwidth.

Fig. 4. (a) Transmission through 10 m of HC-PBGF recorded
using a commercial supercontinuum source; the mode image
shown in the inset was recorded at ∼1.1 μm. (b) Attenuation
of the HC-PBGF in the near-IR calculated by cutback to 5 m
length. Blacked out regions correspond to effectively zero
transmission.

(a)

(b)

Fig. 5. (a) Simulated attenuation (blue line) is in good
agreement with measured attenuation before and after purging
(black and green lines with 5 and 0.2 nm resolution, respec-
tively). (b) Breakdown of loss contribution; simulated confine-
ment loss (purple line) is compared to total simulated loss
(red line).
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is plotted and compared with the total attenuation. From
this figure it is clear that confinement loss is negligible
compared to silica absorption for the fiber design oper-
ating in the mid-IR. Furthermore, two surface modes are
indicated in the simulation, toward the short wavelength
edge of the bandgap; the presence of these indicates
that the loss peaks observed in this region of the bandgap
in the experimental transmission are also due to sur-
face modes.
To achieve lower losses using a bandgap fiber design,

it will be necessary to reduce the overlap with the silica
fiber cladding. The use of a 37-cell defect core to increase
the core radius, which has already been demonstrated for
data transmission applications [22], is expected to reduce
the overlap by an additional 60%, indicating that losses
can be reduced to achieve a level comparable with or
in fact lower than state-of-the-art AR fibers operating
in this spectral region [9,10], without compromising on
bend sensitivity.
In conclusion, we have fabricated and characterized a

19-cell HC-PBGF that provides low-loss (<1 dB∕m) guid-
ance between 3.1 and 3.6 μm. The fiber has a record mini-
mum attenuation of 0.13 dB∕m at 3.33 μm for a HC-PBGF
operating in the mid-IR, which reduced to 0.05 dB∕m
after purging to remove HCl gas. This low-loss operation
is combined with an extremely low bend loss for this
spectral region of <0.25 dB per 5 cm diameter turn over
a 300 nm bandwidth making this fiber suitable for appli-
cations such as gas sensing and surgery, which may
require a device with a small footprint and/or high flex-
ibility. In particular, it is expected that a fiber with the
same design but scaled to operate at 2.94 μm would
be highly suited for Er:YAG laser delivery for high-
precision medical applications, such as cutting through
hard biological tissue [12]. Interestingly, low-loss guid-
ance (1.2 dB∕m) in the near-IR was also recorded in this
fiber, the nature of which is yet to be confirmed, but an
initial investigation indicates the possibility of antireso-
nant guidance. Due to this near-IR transmission, this fiber
may be a suitable host for a hollow optical fiber gas laser
that is pumped in the near-IR and lases in the mid-IR [23].
By enlarging the core to a 37-cell defect, in order to
reduce the overlap of the core guided mode with the
silica cladding, it is anticipated that losses can be re-
duced further without increasing the bend sensitivity.
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