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We report on the recent design and fabrication of kagome-type hollow-core photonic crystal fibers for the purpose of 
high-power ultrashort pulse transportation. The fabricated seven-cell three-ring hypocycloid-shaped large core fiber 
exhibits an up-to-date lowest attenuation (among all kagome fibers) of 40 dB ∕ km over a broadband transmission 
centered at 1500 nm. We show that the large core size, low attenuation, broadband transmission, single-mode gui
dance, and low dispersion make it an ideal host for high-power laser beam transportation. By filling the fiber with 
helium gas, a 74 μJ, 850 fs, and 40 kHz repetition rate ultrashort pulse at 1550 nm has been faithfully delivered at the 
fiber output with little propagation pulse distortion. Compression of a 105 μJ laser pulse from 850 fs down to 300 fs 
has been achieved by operating the fiber in ambient air. © 2012 Optical Society of America 
OCIS codes: 060.3510, 060.5295, 140.3510. 

The recent advances in high-power ultrashort pulsed of the optical spectral analyzer (OSA)]. Furthermore, the 
lasers (pulse width <1 ps) and their wide use in applica- fiber exhibits single-mode operation. By filling this fiber 
tions as varied as biophotonics, micromachining, surface with helium gas to minimize optical nonlinearities and 
marking, texturing, sensing, and military applications compensate the small waveguide dispersion, we demon
[1–3] call for a flexible and robust means for beam deliv- strate delivery at the fiber output of 74 μJ, 850 fs, and 
ery over a several meter-long optical path. An “ideal” 40 kHz repetition rate USP (peak power 87 MW, average 
transport solution for such ultrashort pulses (USPs) power 3 W) operating around 1550 nm. With air-filled 
requires low propagation loss and low dispersion, high HC-PCF, we demonstrate a compression of 850 fs wide 
input coupling efficiency, high damage threshold, and and 105 μJ energy USP down to 300 fs. To the best of 
single-mode guidance over a large optical bandwidth. Un- our knowledge, this is the first demonstration of an op
fortunately, silica-core-based optical fiber is only capable tical device that combines high power handling, ultra-
of nanojoule pulse energy in the USP regime [4] due to its low pulse temporal spreading, and pulse compression 
low material damage threshold, high dispersion, and capabilities for high-power USP. 
other nonlinear effects. More recently, photonic bandgap Figure 1(a) shows the scanning electronic micrograph 
(PBG) hollow-core photonic crystal fiber (HC-PCF) was of the seven-cell three-ring hypocycloid-core kagome 
used for power delivery [5,6]. However, the fiber has a fiber we fabricated. The hypocycloid core is created by 
limited bandwidth (∼70 THz) and a small core size removing the seven central capillaries and carefully con
(∼10 μm). Also, its guided core mode suffers from a large trolling the relative pressures between the core and the 
spatial overlap with the silica core wall, thus limiting the cladding during the fiber drawing [11]. The fiber presents 
coupled power level to be within several microjoules. an outer diameter of 300 μm, a pitch of 23 μm, and a strut 
In parallel, work on kagome lattice cladding HC-PCF thickness of 350 nm. The hypocycloid core exhibits a sub-

shows that this type of fiber exhibits broadband gui- jacent inner circle with a diameter of ∼66 μm and an outer 

dance, low spatial overlap with silica, and low group ve- circle with a diameter of 79 μm [Fig. 1(b)], introducing no 

locity dispersion [7]. These attributes make such a fiber a distortion to the first cladding ring. 

good candidate for many applications [8], including USP 
delivery [9,10]. Indeed, microjoule level USP has already 
been delivered using a kagome fiber [9]. However, the 
maximum energy demonstrated was limited to 10 μJ 
at 800 nm [9]. Recently, a hypocycloid-core kagome 
HC-PCF was demonstrated [11] showing attenuation 
figure as low as 180 dB ∕ km at near IR over optical trans
mission bandwidth of 200 THz, and lower optical power 
overlap with the core silica surround. 
Here we report, for the first time to our knowledge 

[12], a hypocycloid-shaped large core (∼70 μm) kagome
type HC-PCF with a record loss figure of 40 dB ∕ km over 
a broadband transmission from 1100 to >1750 nm [limit 

Fig. 1. Scanning electronic micrograph (SEM) of the fabri
cated seven-cell three-ring hypocycloid-core kagome fiber 
showing (a) the whole structure and (b) the 66–79 μm core. 

0146-9592/12/153111-03$15.00/0 © 2012 Optical Society of America 
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Figure 2(b) shows the optical attenuation spectrum of 
this fiber obtained by a cutback measurement using both 
a white light lamp source and a supercontinuum source 
from a 55 m length fiber to a 5 m length fiber [Fig. 2(a)]. It 
shows a record baseline of 40 dB ∕ km (�5 dB ∕ km) over 
a bandwidth spanning from 1100 to >1750 nm (limit of 
OSA) and reaching a minimum of 33 dB ∕ km at 1440 nm 
and 1490 nm. This beats the PBG HC-PCF in terms of 
bandwidth (∼70 THz for PBG) and demonstrates a com
parable loss figure [13]. Compared to the fiber we pre
viously reported in [11], the larger core size increases 
the laser-induced damage threshold and the 4 times smal
ler propagation loss means less scattering and radiation 
to the silica cladding. Figure 2(b) also shows the calcu
lated group velocity dispersion (GVD), which shows an 
anomalous dispersion over most of the transmission 
windows with a value of ∼2 ps ∕ nm ∕ km around the 
wavelength range of interest 1500–1600 nm. 
Despite the relatively large core size of the fiber, and 

provided a good NA matching (NA ∼ 0.023), the fiber 
guides light in a single-mode fashion and the coupling ef
ficiency exceeds 90%. Figures 2(c)–2(f) show the mode 
profiles of the fiber. Both the calculated and measured 
mode field diameter (MFD) shows a value of ∼47 μm 
[Figs. 2(c) and 2(e)], much smaller than the core size 
(66–79 μm). This MFD approaches that of a capillary with 
a bore diameter equal to the inner diameter of the hypo
cycloid core of the HC-PCF. This implies a reduction of 
the spatial overlap of the core mode with the silica core 
wall, making it thus a good candidate for beam delivery. 
To test the fiber’s capability in transporting high-power 

USP with no pulse spreading on one hand and in pulse 
compression on the other hand, we launch the output 
beam of a USP laser operating at 1550 nm with pulse width 
in the range of 0.9 and 0.8 ps, a pulse energy of 105 μJ, and a 
repetition rate of 40 kHz into ∼2.3 m long HC-PCF. 
Figure 3 shows the setup for the pulse-spread free 

Fig. 2. (Color online) (a) Fiber optical transmission spectra. 
(b) The fiber optical attenuation spectrum (solid black curve) 
and calculated GVD (dashed red curve). The dotted 
horizontal curve shows the baseline of the attenuation figure. 
(c) Calculated near-field (NF) pattern with an MFD of 47 μm. 
(d) Calculated intensity profile showing along the axis shown 
in the top left insert. (e) Measured NF pattern showing. (f) Mea
sured far-field (FF) pattern. 

experiment. By matching the NA of the incoming beam 
to that of the fiber, a coupling efficiency of >90% has been 
achieved. Note that the maximum coupling is done at very 
low pulse energy (∼0.5 μJ) so to avoid damage to the silica 
struts of the fiber. After that, the launched energy is slowly 
increased to minimize thermal shock, which has been ob
served to cause slight fiber movements and hence fiber 
damage. This issue would be negated by rigid mounting 
of the fiber tip and a better thermal management design. 
The output of the kagome fiber is sealed in a chamber and 
3.4 bar helium is introduced to the fiber through this cham
ber so to minimize the effect of nonlinearity in the hollow 
core [helium has a much smaller nonlinear refractive in
dex (n2 ∼ 4 × 10−25 m2 ∕ W) than most other noble gases 
(usually of the order of 10−23 m2 ∕ W)] and also cooling 
the fiber end. At the output, a power meter, USP laser in
tensity autocorrelator (AC), OSA, and a scanning slit beam 
profiler (Nanoscan) are consecutively positioned to 
measure the beam characteristics. 

Figures 4(a)–4(c) show the spectral and temporal trace 
of the delivered pulse with different energies. As a refer
ence, the input pulse is first monitored, as shown in the 
gray dashed curve in Fig. 4(a) OSA trace and Fig. 4(b) AC 
trace. By rotating the half-wave plate at the input, differ
ent output pulse energies were obtained. Figure 4(a) 
shows the output spectrum for output energies varying 
from 10 to 74 μJ with different colored curves. One can 
see that there are no significant changes between these 
spectra. Similarly, in Fig. 4(b), the AC traces show neg
ligible changes when the output energy varies from 30 to 
70 μJ. The deduced temporal pulse width at FWHM for 
each AC trace is shown in Fig. 4(c). The pulses have a 
FWHM of 830, 837, 803, 854, and 844 fs, respectively, 
all similar to that of the input pulse (850 fs). These results 
show the shape of the pulse in both frequency domain 
and the time domain has been well maintained with in
significant optical nonlinearity and propagation linear 
dispersion. This is so, even when the input peak inten
sity exceeds 5 TW ∕ cm2 . This also indicates the little 
optical power overlap with silica core surround. It is 
noteworthy that the highest output pulse energy of 
74 μJ is limited by the maximum input laser pulse energy 
of ∼100 μJ. The coupling efficiency here is not as high as 
90% (obtained with low input energy) probably because 
of slightly coupling drift, or an onset of nonlinear effects, 
such as photoionization. However, with 74 μJ output 
pulse energy obtained, no damage to the fiber has been 
observed. This value is much higher than previously 
reported USP delivery using HC-PCF [6,9]. Furthermore, 

Fig. 3. (Color online) Setup of the pulse-spread free experi
ment. HWP, half-wave plate; PBS, polarizing beam splitter; 
OSA, optical spectrum analyzer; AC, second-harmonic intensity 
autocorrelator. 



Fig. 4. (Color online) Left: pulse-spread free experiment when 
the fiber is filled with helium. (a) Fiber output optical spectra of 
the fiber for different output pulse energies and the laser spec
trum at 100 μJ (gray dashed curve), (b) intensity autocorrelation 
(AC) traces, and (c) FWHM pulse durations versus output pulse 
energy (solid squares) and a linear fit (red line) for an HC-PCF 
filled with 3.4 bar of helium. Right: same with an HC-PCF filled 
with ambient air. In (f ), the error bar is �0.05 ps due to AC 
resolution, and the fit curve is for visual guidance. 

the 100 μJ pulse transported by the fiber corresponds to a 
fluence of 6 J ∕ cm2, which is 3 times larger than fused si
lica laser damage threshold with subpicosecond pulses. 
In order to have a qualitative estimate on the upper-limit 
of the energy that could be handled by the fiber, a similar 
kagome fiber tailored for a guidance around 1 μm was  
tested with 12 ns pulses from an Nd:YAG laser. Input 
pulses with energy as high as 10 mJ were transported 
with no damage to the fiber; corresponding to a fluence 
of 2000 J ∕ cm2, which is 40 times higher than the fused 
silica laser damage threshold. Consequently, one could 
project that transportation of millijoule energy-level 
subpicoseconds pulses is possible with this HC-PCF. 
For the pulse compression experiment, the experimen

tal protocol is similar to Fig. 3 except that the kagome 
fiber is exposed to the ambient air, which has n2 of 
∼4 × 10−23 m2 ∕ W. Figures 4(d)–4(f) summarize the re
sults. The input pulse shape is shown in the gray dashed 
curve for both OSA trace and AC trace. With 10 μJ en
ergy, the onset of spectral broadening is observed as 
shown in Fig. 4(d) red curve. By increasing the input en
ergy, the broadening of the output spectra is much 
clearer, proportional to the input pulse energy, as shown 
in different colors in Fig. 4(d). The near-symmetrical 
broadening of the spectra is indicative of self-phase mod
ulation being the dominant optical nonlinear mechanism 
[14]. This is corroborated with the temporal pulse traces 
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shown in Fig. 4(e). Pulse compression down to ∼300 fs 
has been observed [Fig. 4(e) purple curve] when the in
put pulse energy is on the maximum of 105 μJ and the 
output pulse energy is 78 μJ. It is noteworthy that the 
compression was achieved directly from the fiber out
put as one would expect from an anomalous dispersive 
media [14]. This means a peak power of 240 MW and peak 
intensity exceeding 10 TW ∕ cm2 , which is more than 
twice that of the original pulse. The evolution of the pulse 
duration versus pulse energy is plotted in Fig. 4(f). The 
pulse duration decreases in an exponential decay manner 
with the increase of the pulse energy. 

In conclusion, we fabricated a seven-cell three-ring 
hypocycloid-core kagome HC-PCF with a record optical 
attenuation of 40 dB ∕ km over a large spectral window 
with single-mode guidance and relatively low bending loss. 
The fiber proved to be an excellent means for high-power 
USP beam delivery with no pulse temporal broadening nor 
damage and for pulse compression. We believe by using a 
more powerful laser, delivery and compression of a pulse 
with more energy is possible. In the future, by further 
increasing the fiber’s hollow-core size, the laser-induced 
damage threshold should be further increased and could 
potentially meet the beam delivery requirements of the 
increasingly powerful short-pulse lasers. 
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