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This entry briefly introduces hollow-core photonic crystal fibers (HC-PCF), and mainly discusses their applications in  fiber

gas Raman lasers (FGRL) at 1.7μm band. A 1.7 μm pulsed laser plays an important role in bioimaging, gas detection, and

so on. FGRLs based on HC-PCFs provide a novel and effective method for fiber lasers operating at 1.7 μm. Compared

with traditional methods, FGRLs have more advantages in generating high-power 1.7 μm pulsed lasers.
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1. Introduction

In recent years, lasers operating in the 1.7 μm band (1650–1750 nm) have received much attention due to the growing

number of promising applications, such as bioimaging, gas detection, medical treatment, and mid-infrared laser

generation. Compared with other types of lasers, 1.7 μm fiber lasers have been more intensively studied due to good

stability, compactness, and beam quality. However, reported works mainly involve 1.7 μm continuous-wave (CW) fiber

lasers , and the pulsed fiber lasers operating in this wavelength region have not been researched fully, though they

have unique advantages in some applications. For example, in bioimaging applications such as multiphoton microscopy 

, optical coherence tomography , and spectroscopic photoacoustic (PA) imaging , 1.7 µm pulsed lasers can be

used to realize three-dimensional (3D) volumetric imaging by time-resolved ultrasonic detection . Similarly, in methane

detection, the 3D distribution of the CH  concentration in space can be measured by using the time-of-flight ranging

method to analyze the temporal characteristics of pulsed lasers when the pulsed lasers are in the 1.7 μm band used as

the detection signal . In fact, whether in bioimaging or gas detection, high-power 1.7 μm pulsed lasers are conducive to

achieving higher sensitivity and deeper penetration/detection . Thus, it is important and necessary to increase the

output power of 1.7 μm pulsed fiber lasers.

The traditional methods of realizing 1.7 μm pulsed fiber lasers can be mainly classified into two categories. One is based

on population inversion to generate 1.7 μm pulsed lasers by using rare-earth-doped fibers, such as thulium-doped fibers

, thulium–holmium-codoped fibers , and bismuth-doped fibers . The other is based on nonlinear

effects in solid-core fibers to realize a frequency conversion, such as soliton self-frequency shift , four-wave

mixing , self-phase modulation , and stimulated Raman scattering (SRS) . Recently, fiber gas Raman

lasers (FGRLs) based on hollow-core photonic crystal fibers (HC-PCFs) have opened a new opportunity for 1.7 μm pulsed

fiber lasers . The principle of FGRLs is to realize a frequency conversion by gas SRS in HC-PCFs. The output

average powers and corresponding pulse widths of reported 1.7 μm pulsed fiber lasers are plotted in Figure 1.

Figure 1. The output average powers and corresponding pulse widths of reported 1.7 μm pulsed fiber lasers.
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It can be seen that the pulse widths of 1.7 μm pulsed lasers based on solid-core fibers are mostly in femtosecond and

picosecond regions and their output average powers are mostly less than 1 W. Only a pulsed Raman fiber laser can

achieve an output power of up to 23 W , but its pulse width is at the millisecond level. Thus, it is very challenging to

obtain high-power 1.7 μm pulsed lasers with a short pulse width based on solid-core fibers. The 1.7 μm FGRLs fill this gap

and achieve nanosecond pulsed lasers with an output average power of over 3 W . In fact, 1.7 μm nanosecond short

pulsed lasers have more advantages in bioimaging. To realize volumetric imaging with higher resolution, the pulse

duration should be around 10 ns or even shorter . Furthermore, 1.7 μm FGRLs with continuous wavelength tunability

and narrow linewidth also have more advantages in gas detection. Continuous wavelength tunability is conducive to the

detection of different kinds of gas molecules, and narrow-linewidth pulsed lasers can not only accurately distinguish the

absorption peaks but also have a longer coherent distance that is helpful in long-distance detection . Therefore,

compared with traditional 1.7 μm pulsed fiber lasers, 1.7 μm FGRLs have unique advantages and strong competitiveness

due to the characteristics of high power, high efficiency, continuous wavelength tunability, and a narrow linewidth.

2. Hollow-Core Photonic Crystal Fibers

HC-PCFs are the core components of FGRLs, which provide a platform for the interaction of laser and gas. The fiber core

of an HC-PCF is an air hole, so the refractive index of the fiber core is less than that of the fiber cladding and the law of

total reflection is not suitable for HC-PCFs. According to the light guide mechanism, there are two major classifications of

HC-PCFs, namely photonic bandgap hollow-core fibers (PBG-HCFs)  and anti-resonance hollow-core fibers

(AR-HCFs) (or inhibited-coupling fibers) .

2.1. Photonic Bandgap Hollow-Core Fibers

In 1999, Russell et al. demonstrated the first PBG-HCFs , the schematic cross section of which is shown in Figure 2a. It

can be seen that the fiber core is a larger air hole and periodic small air holes are distributed in the cladding of the PBG-

HCFs. These periodic air holes in the cladding form a two-dimensional photonic bandgap, so light cannot pass through

the cladding and be confined in the fiber core when the wavelength of light is located in the photonic bandgap. Since then,

HC-PCFs have been developed toward lower loss and greater bandwidths. In 2004, the University of Bath demonstrated

low-loss PBG-HCFs of 1.72 dB/km at 1565 nm , the schematic cross section of which is shown in Figure 2b. In 2005,

they further reduced the fiber loss to 1.2 dB/km at 1620 nm , which is currently the lowest loss of PBG-HCFs. Figure 2c

shows the schematic cross section of PBG-HCFs with a broad transmission band and low loss demonstrated by the

Beijing University of Technology in 2019 . The minimum loss of 6.5 dB/km at 1633 nm and a 3 dB bandwidth at 458 nm

were achieved, which is the broadest bandwidth in PBG-HCFs. The main factors affecting the loss of PBG-HCFs are the

scattering caused by the surface roughness of the fiber core boundary  and the coupling between the core and the

surface modes . Moreover, the coupling also causes multiple loss peaks in the transmission band, affecting the

transmission bandwidth of the PBG-HCFs.

Figure 2. The schematic cross section of HC-PCFs. (a) The first PBG-HCF , (b) low-loss PBG-HCF , and (c)
broadband PBG-HCF .

2.2. Anti-resonance Hollow-Core Fibers

The Kagome HCFs reported in 2002 are the first AR-HCFs , the schematic cross section of which is shown in Figure

3a. Compared with PBG-HCFs, the cladding structure pitch of Kagome HCFs is larger, which can widen the optical

transmission band . Furthermore, there is no complete photonic bandgap in the Kagome hollow fiber, and its light-

guiding mechanism can be explained by inhibited coupling  or the anti-resonant reflection optical waveguide (ARROW)

. According to the inhibited-coupling mechanism, a core-guide mode can be strongly inhibited from channeling out

through the cladding by a mismatch between the core and cladding modes . According to ARROW, the microstructure

in the cladding is similar to a Fabry–Perot cavity. The light that meets the cavity resonance conditions will leak out through

the cladding, while the light that cannot resonate in the cavity is prevented from leaking from the cladding and confined to
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the fiber core . Figure 3b shows the schematic cross section of hypocycloid Kagome HCFs, and the design of the fiber

core boundary with negative curvature reduces the transmission loss of the fiber . With further study of the light-guiding

mechanism of AR-HCFs, it has been found that the transmission performance of AR-HCFs is mainly determined by the

first ring microstructure of the fiber core boundary. Subsequently, AR-HCFs with simpler microstructures and better optical

performance have emerged , and all of these AR-HCFs obey the ARROW guiding mechanism. Figure

2c presents the schematic cross section of the first tube-structure AR-HCFs reported in 2011, the cladding of which is

composed of single-ring tubes . The attenuation of the single-ring AR-HCFs in the mid-infrared band is much lower than

that of the silica glass solid-core fiber. Figure 3d shows the schematic cross section of ice-cream-type AR-HCFs , the

transmission band of which is located in the mid-infrared band and the minimum loss of which is 34 dB/km at 3050 nm.

With further study of AR-HCFs, it has been found that the touching points of adjacent capillaries in the cladding behave as

independent waveguides supporting their own lossy modes, which would introduce additional transmission loss .

Thus, nodeless single-ring AR-HCFs were first demonstrated in 2013 . In addition, it was demonstrated that the

elimination of the tube’s contact point helps to reduce the bending loss . In 2019, nodeless nested AR-HCFs with the

attenuation of 0.65 dB/km in the C and L telecommunications bands were demonstrated, which means this was the first

time that HC-PCFs realized a loss comparable to that of silica glass solid-core fibers . The attenuation of nodeless

nested AR-HCFs was further recued to 0.28 dB/km in 2020 .

Compared with PBG-HCFs, the mode field of AR-HCFs overlaps the silica glass of the fiber core boundary less . Thus,

the surface scattering loss of AR-HCFs is lower than that of PBG-HCFs, which means that AR-HCFs have advantages of

realizing lower loss and reducing the nonlinearities caused by silica glass. Furthermore, although both AR-HCFs and

PBG-HCFs are multimode, the attenuation of high-order modes in AR-HCFs is higher than that of PBG-HCFs, which

means that with AR-HCFs it is easier to obtain a fundamental mode guidance at a short fiber length .

Figure 3. The schematic cross section of HC-PCFs. (a) The first AR-HCF , (b) hypocycloid Kagome AR-HCFs , (c)
single-ring AR-HCFs , (d) ice-cream-type AR-HCF , (e) nodeless single-ring AR-HCFs , and (f) nodeless nested

AR-HCFs .
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