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We analyze the higher-order core mode content in various
designs of antiresonant hollow core fibers using spatially
and spectrally resolved imaging. Hollow core fibers have
great potential for a variety of applications, and understand-
ing their mode content is crucial for many of these. Two dif-
ferent designs of hollow core fibers are considered, the first
with eight nontouching rings and the second with eight
touching rings forming a closed boundary core. The mode
content of each fiber is measured as a function of length
and bending diameter. Low amounts of higher-order modes
were found in both hollow core fibers, and mode specific and
bending-dependent losses have been determined. This study
aids in understanding the core modes of hollow core fibers
and possible methods of controlling them. © 2016 Optical
Society of America

OCIS codes: (060.2270) Fiber characterization; (060.2280) Fiber
design and fabrication.
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Hollow core fibers (HCFs) based on the antiresonant effect are
quickly gaining attention for their excellent guiding properties,
such as low loss and wide transmission windows. The first
HCFs to guide by the antiresonant effect were Kagome fibers
[1,2], which extended the transmission bandwidth and reduced
the field overlap with the glass structure when compared to
photonic bandgap fibers [3]. These fibers achieve low propa-
gation losses due to strong suppression of coupling between
the core modes and any available mode in the surrounding
of the core. In order to increase the inhibited coupling between
the core and cladding, a negative curvature, or hypocycloid,
HCF fiber was developed in both simplified designs [4] and
full lattice Kagome designs [5]. It was found that the core boun-
dary shape has a strong influence on the guidance properties of
all HCFs, and its accurate control is required in order to achieve
low propagation losses [6-10]. In antiresonant hollow core
fibers (ARHCFs), strong coupling to the cladding structure
only occurs around specific resonance wavelengths, leading to
significant propagation losses of the core modes at these wave-
lengths. As these resonances are dependent on the thickness of
the core wall, open boundary ARHCFs were proposed in order
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to maintain constant core wall thickness and increase the trans-
mission bandwidth over closed boundary designs [11].
Extensive research in the design of ARHCFs has been done in
both simulation and experiment in an attempt to reduce the
overall attenuation and bend-induced losses, control dispersion,
and shift the resonance wavelengths in order to provide custom-
ized ranges of high transmission [12-18]. While many of these
fibers’ guidance characteristics have been studied in detail, the
higher-order mode (HOM) content has not been looked at in
depth experimentally. They are generally assumed to be approx-
imately single mode, mostly determined from camera images of
the near field [11,19] or recently, through selective excitation of
the HOMs [20]. Understanding the mode content of ARHCFs
is crucial for their applications, which include high-power de-
livery [21], UV and mid-IR transmission [11,19], sensing [22],
nonlinear fiber optics [23], and in-fiber gas lasers [24].

Here we show an analysis on the mode content of two geo-
metric designs of antiresonant hollow core fibers, which were
both fabricated in-house. Using spatially and spectrally resolved
imaging (5?), the number of guided modes as well as the dis-
tribution of power between them can be accurately measured
[25,26]. §? uses both the spatial and the spectral interference
produced by the propagation of multiple modes in few-mode
fibers to simultaneously image all of the supported modes and
measure their relative intensities. This method has been used to
measure passive and rare-earth-doped large-mode-area fibers,
few-mode fibers for space-division multiplexing, photonic
bandgap fibers, and more [27-30].

First, we examined a fiber with eight nontouching rings sur-
rounding the air core. The core of the fiber is 70 pm in diam-
eter (measured between the inner edges of two opposing rings),
the rings have a 19 pm inner diameter with a 1.2 pm glass wall
thickness, and the outer diameter is 150 pm. The spectrum of
light transmitted through 4 m of this fiber is shown in Fig. 1(a),
along with a scanning electron microscope (SEM) image of the
fiber facet. Two resonances located at 850 and 1250 nm are
clearly visible. These resonance wavelength locations can be
predicted from the following equation:

4, =2r 0, 1)
m

where 7 is the wall thickness of the rings, 2 is the order of the
resonance (1, 2, 3...), and 7 is the index of refraction of the
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Fig. 1. (a) Transmitted white-light spectrum of 4 m of nontouching
ring HCF (black) with a measured loss spectrum (blue dash) and an
SEM facet image. (b) Simulated loss spectrum from COMSOL with
the fiber design inset.

rings [31]. Using a cut-back measurement, a total propagation
loss of 0.68 dB/m was measured around 1500 nm, and a partial
loss spectrum is shown in Fig. 1(a). In order to verify the ex-
perimental results and gain predictive capabilities, simulations
were performed using COMSOL Multiphysics. The nontouch-
ing ring fiber was created, shown in the inset of Fig. 1(b), and
the loss spectrum of its fundamental mode was calculated. A
maximum element size of 24 in the air regions and 4/5 in
the silica capillaries was used, with perfectly matched layer
boundary conditions applied to the outer jacketing tube.
The calculated loss spectrum is presented in Fig. 1(b), beneath
the measured transmission spectrum of the fiber. Clearly, the
resonances appear at the same locations, corresponding to
the wall thickness of the rings.

The $? measurement setup is illustrated in Fig. 2. A super-
continuum source (NKT Photonics SuperK Compact) is used
as the broadband light source, a single-mode fiber (SMF) is
used as the excitation fiber, a microscope objective (MO)
and lens (L) are used in a 4-f configuration to image the near
field of the ARHCFs on a CCD as well as on the facet of the §?
collection fiber (CF, a 50 pm graded index fiber), using a 50/50
beam splitter (BS). This enables a visual check on the input
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alignment conditions, e.g., the verification that most of the
light is launched into the fundamental mode. The $? measure-
ment is then performed as the collection fiber scans across the
image of the ARHCF:s facet on a 2D translation stage while the
optical spectrum analyzer (OSA) measures the spectral interfer-
ence at each location. All $ measurements shown for this fiber
were measured for 1400-1600 nm, as this range is spectrally
flat and far from the fiber’s resonances.

The HOMs present after propagation through various
lengths of the nontouching ring HCF and their dependence
on bending were investigated using this method. Figure 3
shows the Fourier spectra after propagating through 3.35 m
of this fiber straight and bent to a diameter of 55 cm. The
straight fiber clearly shows three peaks in the Fourier spectrum.
These peaks correspond to the group delay difference (GDD)
between the fundamental mode and the respective HOM with
intensity distributions shown above them. Asymmetry in the
drawn fiber is the assumed reason for the difference in effective
index of the two LPy,-like modes. The power in each of these
three modes is less than 1%, with about 0.7% in LP;; and
0.3% in each of the LPj, modes, calculated with the method
described by Nicholson ez al. [25]. As the ARHCEF is bent, the
first two HOM peaks drop into the noise, and the third shifts in
GDD. This shows that the bending caused the power in the
first two HOM s to be coupled out of the core, while the ef-
fective refractive index difference between the fundamental
mode and the second LPy, mode decreased.

A dependence of the HOM content on the fiber length of
the nontouching ring fiber was then investigated by analyzing
the §? measurements. Figure 4 shows the Fourier spectra of two
of these measurements, taken as the length of the straight fiber
was cut from 3.2 m down to 2 m. The same three HOM peaks
are clearly visible, but a notable change in the peak height of the
LPg, modes can be seen as the HCF was cut to 2 m. The height
of the LPy; peak did not change significantly, indicating that
the propagation loss of this mode is similar to the propagation
loss of the fundamental mode. The above-mentioned total loss
measured from a cut-back of this fiber was 0.68 dB/m in the
region from 1400-1600 nm, and these data are shown as the
black squares in the inset of Fig. 4. The loss of the combined
LPy, modes was found to be approximately 4.2 dB/m from
the $? measurement, corresponding to the red circles in the
inset. When the length of this fiber was cut to 0.5 m, the power
in the higher-order modes increased significantly, and several
more modes appeared at higher GDDs. At this short length
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Fig. 2. Experimental setup used for $? measurement. An example near field of the nontouching ring ARHCF is shown above the CCD and an
example transmitted light spectrum with multimode interference is shown next to the OSA.
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Fig. 3. Fourier spectra of straight and bent nontouching ring HCF,
with mode images above the corresponding peaks.
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Fig. 4. Fourier spectra of two lengths of nontouching ring HCF.
(Inset) Loss cut-back measurements.

of ARHCEF, only approximately 50% of the light was guided in
the fundamental mode, while the rest was divided among
five HOMs.

In addition to calculating the fundamental mode loss as a
function of wavelength, see Fig. 1(b), the loss of the first
few HOMs was also calculated using COMSOL at the wave-
length of 1550 nm. The loss of LP;; was found to be 0.6 dB/m,
which is similar to the experimentally measured total loss of this
fiber, 0.68 dB/m integrating from 1400 to 1600 nm. This
agrees with the $? measurement, where no significant change
in the amplitude of the LP}; peak was observed as the fiber was
cut from 3.2 m to 1.5 m. The loss of the LPy, mode at
1550 nm was calculated to be 3.7 dB/m. Again, this is com-
parable to the measured loss obtained from the $? measure-
ment, approximately 4.2 dB/m. Our simulation shows that the
loss values calculated from $? agree with the theoretical
predications. The only major difference was the loss of the
fundamental mode, which simulation calculated to be just
0.13 dB/m at 1550 nm. The measured loss is higher than this
theoretical value due to imperfections in the drawn fiber which
increase the overall attenuation.

The measurements on this fiber show that HOMs are in fact
supported and can propagate in the core of the ARHCF. While
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at a length of 3.35 m more than 98% of the power is in the
fundamental mode, this low HOM content can still have a sig-
nificant impact depending on the application of the ARHCEF.
This HOM content can be further mitigated by either bending
the fiber, or by using longer lengths.

Next, an ARHCEF with touching capillaries that form a closed
core boundary was investigated. An SEM image of the
fiber is shown in the inset of Fig. 5. The core is 48 pm in diameter
(measured between the inner edges of two opposing capillaries),
the capillaries are 30 pm along the long axis (radial direction), the
thickness of the capillaries is 770 nm, and the outer diameter of
the fiber is 150 pm. The light transmitted through 4 m of fiber is
shown in Fig. 5. Due to the locations of the resonances of this
fiber, it was investigated in the region from 1100-1300 nm by §?
imaging. The total propagation loss measured in this wavelength
range was 1.1 dB/m, and the loss spectrum in this region is in-
cluded in Fig. 5. A 4 m long piece of the ARHCF was measured
straight and bent at various bending diameters. Figure 6 shows
the corresponding Fourier spectra of the straight fiber and bent
to a diameter of 75 cm. Only one peak was visible, and the re-
constructed LPy; -like mode image is shown above it. As the fiber
is bent, the GDD of the LP;; mode shifts to smaller values, sim-
ilarly to the nontouching ring ARHCF discussed above. In ad-
dition to shifting in the GDD, the intensity of the peak decreases
with decreasing bending diameter, showing the increased
coupling of the LP}; mode to cladding modes of the fiber as
bending causes changes in the effective refractive indices of
the core and cladding modes. The dependence of the power
in LP; is shown in the inset of Fig. 6 as a function of the inverse
bending diameter. With 4 m straight, the relative power in the
LP;; mode was very low, approximately 0.01%. As the fiber is
bent to a diameter of 35 cm, this power decreases to 0.001%.

The length dependence of the HOM content was also de-
termined with a cut-back §? measurement. As expected, Fig. 7
shows an increase in the peak intensity of the LP}; mode as the
fiber is cut to a shorter length. Shown in the inset of Fig. 7
is a comparison of the total loss measured in a cut-back
measurement (black squares), and the loss of power in LPy;
obtained from the S? measurement (red circles). The estimated
loss of the LP;; mode (red line in the inset) is 3.7 dB/m, which
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Fig. 5. Transmitted white-light spectrum of 4 m of the touching

ring HCF (black) and loss spectrum (blue dash). (Inset) SEM image
of the fiber facet.
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Fig.6. Fourier spectra of straight and bent touching ring HCF, with
mode images above the corresponding peaks. (Inset) LP;; power with
inverse bending diameter.

is much higher than the total propagation loss of 1.1 dB/m. At
a length of only 1 m, the power in LPy; was still relatively low,
at a value of about 0.9%.

In conclusion, we have, to the best of our knowledge, exper-
imentally measured the mode content of ARHCFs using spa-
tially and spectrally resolved imaging for the first time. Both
fibers analyzed showed some HOM content, with the majority
of the light being guided in the fundamental mode. The HOM
content found in the core of the closed boundary fiber was sig-
nificantly lower than that measured in the nontouching ring fi-
ber. This is most likely due to the ratio of the cladding element
diameter to the core diameter, as it was found that a ratio of 0.68
was optimal for coupling the LP;; mode into the cladding mode,
and the closed boundary fiber is much closer to that value [20].
Both fibers showed that, in general, the HOMs had higher bend-
ing loss and propagation loss than the fundamental mode,
enabling possible mitigation of these modes through bending
or using longer lengths of ARHCF. While the fundamental
mode losses of the fibers shown here (~1 dB/m) and the
HOM losses (~4 dB/m) allow for sufficiently single-mode
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Fig. 7. Fourier spectra of two lengths of touching ring HCF. (Inset)
Loss cut-back measurements.

Letter

operation after a few meters of ARHCF, much lower fundamen-
tal mode losses and higher HOM extinction ratios have been
shown to be possible. Recently, we have fabricated an
ARHCEF with a propagation loss of 70 dB/km and a HOM loss
ratio of over 150. Also, simulations have shown HOM extinc-
tion ratios over 500 for a nested antiresonant nodeless HCF [17]
and 1200 for a six-ring open boundary ARHCEF [20].
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