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Table 1 Reported maximum resisted mid-IR power of ChG fibers
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Fig. 1 Summary of reported maximum incident CW
laser damage threshold of ChG fibers™'*
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Fig. 2 Comparison of maximum resistable peak power
density of silica, fluoride, fluorotellurite, and
ChG fibers under irradiation of pulsed laser with
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Table 2 Damage threshold of various glass fibers, including
silica, fluoride, fluorotellurite, and ChG fibers

under CW laser irradiation

Laser damage
Fiber host material ) . Ref.
threshold /(GWeem™ ")

Silica (SiO,) ~0.8 [28]
Fluorotellurite
~0.07 [34]
(TeO, BaF,-Y,0,)
Fluoride (ZrF,-based) ~0.02 [31]
Chalcogenide (Ge-As-S) 0.01-0.02 [11]
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Fig. 4 Measured optical properties of host materials for ULMA ChG PCF and numerical simulations of single-mode ULMA

ChG PCF. (a) Measured transmission and (b) refractive index curves of prepared Ge;, As,,S;; and Ge, As,, Seg,
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Bl ACe) 7R 43 5l o JE 1 7 b S Rl g 3 0 B 2
L P GZS O 2 AR S AR 80 pm I Y AR
LP,, MEAKE AL LP,, 76 2 pm Al 4 pm 3% A3
TPiFe. WTLAER] .Y d/A<0.45 B, B A7 2 BT
EMIR LR I LP,, BLAT LP,, Y i U 151 AE 4 1
H~1 dB/km Fl~1 dB/m, W 1 it I 53 FE 25 18 3
2 AMNECER TR CETE 2 pm LU Y 2080 BB
REM 2 A R s pas 47 5 i T BB 1 PB4 A i 0t
£F,LP,, SR LP,, A5 s 45 FE 25 52 R K, A i/F SR A
IBAT BT XIS BN TR AE d /A ~0. 6 7 IX.
Sl 3CHE 3G I G 27 T A rboRS o 45 TGOS A RO B K
. B, 3 B O EF b i IS BT S R 4 A T R

2 1.

Bl 5Ca) it /s A il Y B AE 42 500 ULMA
ChG PCF Ay 4 s 55 KE, It Al s 5 R
JEOL JSM-6510., MHLEE KIS T LUE 3, G4 442
M 520 pm, 542 91,2 pm, MHAR A K <AL
BIHE A N (57.7+£3.9) pm, MEEWIL"E d H
(26.0+1.3) pm, ML B CTF ML S d/A
1 0. 45 Zifa % 1 KLY PCE S BLA R4S I il
S d/A WERIEE N, HECTFRER A
25 IO LT S 0 2 B AT BB AL, TR A A
4.0 pm P K 4b, PCF By SEAEL LP,, Y45 37 1 AL
(52004200) pm®, %F R i) MFD 252k 80 pm.,

0101006-7



F£49% F1H/2022 £ 1 A/HERH

SEI  10kV ~ WD20mm S$$30

-7’; Far field
- 10 . . . 2 . r
(O] ® ChG ULMA PCF
= 8 Ge-As-Se unclad fiber]!
| =}
S 6
S !
c 4 \
£ \
o T AN
[0] pad ey N &
2 =
B T 3 4 5 6 7 8 9

Wavelength /um

Bl 5 S2ill Bt ULMA ChG PCF f& 45 1k, (a) BLAE
ULMA ChG PCF i B I A5 76 4 pem P AL
#2311 ULMA ChG PCF i (b) I3 Fl (o) i 1550

&R 5 (D T4 I 1045 31 B9 ULMA ChG PCF

TE 4 pm R AL B % B UG I B R Gey Ay, Sey,

WHEZ AL 2~9 pm T8 REAFE I 22
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Fig. 7 Microstructure and numerical simulation of dual-moded ULMA ChG PCF. (a) Schematic of dual-moded ULMA
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Abstract

Significance Mid-infrared (mid-IR) spectral region contains two important atmospheric windows, i.e., the mid-
wave infrared window (3-5 pm) and the longwave one (8-12 um), where a laser can be transmitted over multiple
kilometer along air paths. Furthermore, the vast majority of chemical and biological molecules demonstrate intrinsic
fundamental vibration absorptions in the mid-IR domain. High-power mid-IR laser technology has recently advanced
rapidly for a variety of applications including remote detection, medical treatment, security, metrology, and high-
precision IR spectroscopy. Practically speaking, these applications require components with a minimum power
handling capability of 100 W-level.

Compact and lightweight mid-IR fiber medium with excellent beam quality is in high demand in a variety of
scenarios, including laser generation and power delivery in airborne and spaceborne platforms. Chalcogenide (ChG)
glasses have the most transparent spectral range of any mid-IR glass. In comparison with the commonly used fibers
whose host materials are silica, tellurite, and fluoride glasses, ChG fiber is the only candidate with a sufficiently low
loss of <<1 dB/m to cover the most useful 3-5 pum window or even a broader range. This is made possible by the
weak chemical bonds that make up the ChG glass network. In addition, ChG glass possesses the highest refractive
index and nonlinear refractive index in comparison with any other glass materials. As a result, ChG glass has been
regarded as an ideal fiber host material for producing and delivering mid-IR lasers. However, due to the glass
structure’s weak chemical bonds, ChG has a low laser damage threshold. Hence, a conventional ChG glass fiber with
a typical core diameter of 10 pm appears unsuitable for mid-IR high-power applications.

There have been numerous attempts to break through the mid-IR high-power barrier of ChG fiber usage. First,
it has been demonstrated that optimizing the ChG glass composition does not improve the laser damage threshold.
This is because it requires the introduction of strong chemical bonds into the glass and the longwave transmission
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performance will have deteriorated unavoidably through this material approach. Another possibility is to use
multimode fibers with a very large core. Indeed, multi-hundred-watt mid-IR laser power has been reported to be
transmitted through a multimode ChG fiber with a core diameter of 1 mm. Such a method, however, comes at the
expense of forfeiting the beam quality of the laser output, as well as the most important advantage of an optical fiber
and the flexibility.

Large-mode-area (LMA) fiber technology, which has been successfully developed during the development of
multiple kilowatts high-power silica fiber lasers, the only effective solution to such a mid-IR high-power dilemma of
ChG fibers is then LMA fiber technology is capable of increasing the power handling capability of a ChG fiber while
maintaining near-diffraction-limited beam quality. For instance, when the effective mode field diameter (MFD) of a
single-mode fiber increases from 10 pm to 100 pm, the power handling capability is scaled up by two orders of
magnitude. However, for an ultra-large-mode-area (ULMA) fiber with a large MFD of 100 pm, the numerical
aperture (NA) must be <C0.02, corresponding to a <C10 * index difference between the core and the cladding,
which is beyond the current capability of fiber fabrication technology.

LMA photonic crystal fiber (PCF) is also called “endless single-mode PCF”. It can realize a single-mode fiber
with precisely controlled ultra-low NA. An index-guided LMA PCF is single-moded in theory for all wavelengths or
all scaled core diameters. When there is large discrimination between the confinement losses of the fundamental
mode and the first higher-order mode in an LMA PCF, effective single modes are realized. This can be accomplished
by carefully tailoring the PCF cladding’s microstructure parameters. The largest MFD of silica PCFs recorded thus
far is 205 pm in a passive silica PCF. One can therefore be enlightened to apply the ULMA PCF technology to ChG
fibers for high-power mid-IR laser usages.

Progress The host materials of the studied ULMA ChG PCFs are based on high-index Ge,;As,,Se,, glass as the
background material and low-index Ge,,As,, S¢ glass as the filling glass. The fibers were generated using the formal
capillary stacking method (Fig. 3). A single-mode ULMA ChG PCF with an MFD of 80 m was designed and built
(Fig. 4 and Fig. 5). Because of the ultra-low NA of a single-mode PCF of this type, the fiber must be kept straight
during use. We have then designed and fabricated a dual-moded ULMA ChG PCF (Fig. 7). When the bending radius
is as small as 12 cm, a ULMA ChG PCF with selective mode-exciting exhibits a low bending loss of 0.7 dB/m
(Fig. 8). The effective mode area of the fundamental mode of such a fiber at 2-m is calculated to be 10500 pm®,
corresponding to an MFD of 115 pm. It indicates that a few-moded ULMA ChG PCF is promising for obtaining the
desired ULMA and excellent bending resistance.

Conclusions and Prospects In conclusion, the recent progress of ULMA ChG PCFs shows promise for high-power
mid-IR applications at 100 W. Single modes and low bending loss are traded off in ultra-low-NA ULMA ChG PCFs.
Finally, it is pointed out that refractive index fluctuation at the order of 10 ° in the ChG glasses (Fig. 9) is the
ultimate barrier responsible for i) increasing the MFD of a ULMA ChG PCF to 200-pm or higher, and ii) mode
instability of such a ULMA PCF during high-power operation. To address such a technical issue, additional glass
purification and precise thermal management are proposed.

Key words laser optics; photonic crystal fibers; infrared optical fibers; supercontinuum generation; laser
transmission

0101006-15



