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Abstract. Beam confinement or “no free-space optics” via fiber transmission can achieve improved reliability,
lower cost, and reduced component count for active sensing systems. For midinfrared delivery, mechanically
robust chalcogenide (arsenic sulfide) single-mode fibers are of interest. A 12-um core diameter fiber is shown to
transport >10 W at 2053 nm, and a 25-um core diameter fiber enables single-mode beam transport from
a 4550-nm quantum cascade laser. As midinfrared sources continue to increase their output power capabilities,
chalcogenide fibers will eventually be limited in their power-handling capacity due to optical nonlinearities or
thermal failure. These limitations are discussed and analyzed in the context of single-mode chalcogenide fibers
in order to provide a framework for power transmission limitations in various operating regimes. © 2018 Society of

Photo-Optical Instrumentation Engineers (SPIE) [DOI: [T 1 Z/ TOHL LT 111804]
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1 Introduction

Midinfrared (MIR) applications in remote sensing, medical,
and defense are under rapid development. Key to these appli-
cations is lasers and frequency conversion devices capable of
generating wavelengths throughout the 2- to 12-uym range.
MIR transition-metal solid-state sources, specifically Cr:ZnSe
and Fe:ZnSe, have demonstrated high average powers and
broadband wavelength tunability.'lI Rare-earth solid-state
sources have been efficiently frequency converted to the
MIR.E MIR fiber sources are also experiencing improve-
ments, with output powers of 30 W at 2.94 ym and 5 W at
3.55 um.B8 Compact and efficient quantum cascade lasers
(QCL) can generate over 1 W throughout the 3.8- to 10.7-um
range.

As all of these MIR sources continue to develop, there
will be a need to deliver these high power sources to the
application site as well as collect the scattered and re-emitted
light. For infrared sensing systems, free-space elements that
direct MIR radiation to a detector, or aim the source beams to
a target, can be replaced by fiber optics with considerable
improvement in size, weight, and cost of the system as
well as increased reliability. For many of these applications,
the MIR fiber optics must deliver high power beams several
meters to a target location. Silica fibers suffer high propaga-
tion loss beyond 2.5 um, requiring the use of heavy glasses
to push off the multiphonon absorption edge to enable MIR
fiber delivery. Common glasses used for delivering MIR
radiation are tellurite, germanate, ZBLAN, and chalcogenide
(ChG)H

Advances in ChG fiber development are rapidly evolving
in areas of all-fiber sensing,H nonlinear supercontinuum
generation,M ultralow loss fabrication,ﬂ and even
rare-earth doped ChG fibers. B While ChG fibers enable
some of the broadest transmission windows in the MIR
(1 to 12 ym depending on ChG composition), they can
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suffer from poor mechanical robustness for practical use.
By utilizing a multimaterial hybrid fiber fabrication process,
low-loss and mechanically robust ChG fibers have been
drawn.B For the intended applications of high power MIR
delivery, near diffraction-limited beam quality is preferred
and/or required. Therefore, the ChG fibers presented here
were designed and fabricated for coupling and delivery of
single-mode beams. The fabrication method and prelimina
characterization have been reported by Shabahang et al.,
and high power coupling of various MIR sources was
described by Sincore et al Bl

Here, we briefly describe the ChG test fibers and trans-
mission tests at 2053 and 4550 nm in Sec. . As previously
reported, the input uncoated facet sustained 12 MW /cm?
without failure from a 2053-nm source, and an antireflec-
tion (AR)-coated fiber transmitted 10.3 W with 90%
transmission.Zl However, the primary limitation for higher
power transmission was damage to the AR coatings on
the fiber facets. Improving the AR-coatings or utilizing
AR microstructures will enable higher power handling
capabilities.EI

Nonetheless, high power transmission will ultimately
be limited by optical nonlinearities and/or thermal failure.
These limiting mechanisms are addressed and discussed in
Sec. B. Theoretical calculations show that stimulated
Brillouin scattering (SBS) will limit power handling of
single-frequency sources to ~1 W through a few meters
of fiber while stimulated Raman scattering (SRS) becomes
problematic for >100 W delivery. Thermal failure due
to heating of the ChG glass material is also investigated.
As expected, ultralow loss fibers are necessary to prevent
thermal failure for ~100-W power delivery in an ambient
environment. Lastly, these power transmission limitations
are summarized for various operating regimes to provide
a framework for future high power MIR delivery in ChG
fibers.

0091-3286/2018/$25.00 © 2018 SPIE
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Fig. 1 Dimensions of the in-house drawn chalcogenide fibers and optical images of the flat polished
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Fig. 2 The uncoated ChG-A fibers sustains ~12 MW/cm? intensities on the facet without failure.
AR-coating the fiber enables high transmission and 10.3 W delivery through a 20-cm length. The
ChG-A results were first published in Ref. EQ. The AR-coated ChG-B fiber enables coupling and delivery

of highly divergent QCL radiation.

2 Single-Mode Chalcogenide Fibers and Measured
Beam Delivery

The in-house ChG fibers tested, as well as the fibers theo-
retically investigated for power handling limitations, are
based on arsenic sulfide glasses (As,S3). As such, the “ChG”
abbreviation implies arsenic-sulfide-based chalcogenide
fibers for the remaining discussion. Low numerical aperture
(NA) ChG fibers are typically in the range of NA = 0.2 to
0.3, limited by the difference in arsenic composition between
the core and cladding glasses. 2B Since unwanted optical
nonlinearities and damage processes scale with intensity,
large core diameters are desired. However, we limit further
discussion here to single-mode fiber where high beam quality
can be maintained. Large core diameter single-mode fibers
would require lower core NAs than currently available or
complex fiber geometries such as photonic crystal fibers B
As such, the ChG fibers drawn in-house were fabricated with
a core and cladding composition of As3gSg¢; and Assg 5561 5,
resulting in a core NA of ~0.2. The ChG fibers were pro-
duced via a hybrid multimaterial thermal drawing process
as described with detail in Ref. [[9.

Two ChG fibers were drawn: a 12-um core diameter fiber
for short-wavelength operation, henceforth labeled ChG-A;
and a 25-um core diameter fiber for long-wavelength oper-
ation, labeled ChG-B. Optical images of the polished fiber
facets are shown in Fig. [, along with the fiber dimensions.
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The large polyetherimide (PEI) jacket provides excellent
mechanical robustness as compared to the poor handling
properties of standard ChG fibers. Background loss measure-
ments indicate an upper-limit of 0.95 and 1.1 dB/m at 2.0 and
4.6 ym, respectively.E While these losses are significantly
higher than silica, these values are typical for ChG fibers.
With ideal glass and fiber preparation, ChG fibers can be
drawn with losses of ~0.1 dB/m or lower B

Power handling and single-mode beam delivery of the
ChG-A fiber was performed using a >15-W average power,
2053-nm, thulium-doped fiber laser® The high power
handling results for the ChG-A fiber were presented in
Ref. 0. In summary, uncoated ChG-A fibers could with-
stand the full power without failure, suggesting polished
facets can reliably sustain ~12 MW /cm? intensities. This
was also recently demonstrated by Chenard et alB in
which 6.9 W was incident on a 9-um core diameter ChG
fiber. Furthermore, a 20-cm length AR-coated fiber demon-
strated >90% transmission, enabling 10.3 W through the
fiber. Figure [] shows these results and shows the single-
mode output beam profile.

For the ChG-B fiber, the capability to couple and deliver
a highly divergent QCL at 4550 nm was investigated.
The Fabry—Perot QCL had a slow-axis and fast-axis FWHM
divergence of 60 deg and 110 deg, respectively. An in-house
designed telescope utilizing commercial-off-the-shelf lenses
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was used to couple the QCL radiation into a 20-cm length
AR-coated ChG-B fiber. Attempting to couple into an
uncoated fiber caused undesirable fluctuations of the QCL
output due to backreflections off the ChG facet, which
forms a cavity coupled with the QCL resonator cavity. As
shown in Fig. fl, 50 mW was coupled and transmitted
through the AR-coated ChG-B fiber with 87% efficiency and
single-mode beam quality. These results demonstrate the
capability to efficiently restructure the highly astigmatic and
divergent QCL output beam and couple into a single-mode
fiber for versatile MIR delivery.

For the AR-coated ChG fibers, the Al,O5 thin-film coat-
ings experienced cracking after deposition due to differences
in their coefficient of thermal expansion compared to the PEI
jacket. After high power exposure, the AR-coating of the
ChG-A fiber exhibited additional cracking and discoloration
at the input core region. Therefore, the limiting factor in
higher power handling for these particular AR-coated ChG
fibers was the Al,O; coating. For the ChG-B fiber, higher
power transmission is currently limited by the QCL output
power. As MIR sources continue to improve in output power
and brightness, ChG fibers will become limited in their
power handling capacity. Determining these power handling
limits is the focus of Sec. J.

3 Limitations in High Power, Single-Mode Delivery
Through ChG Fiber

From the experimental results presented above and in
Ref. B0, damage to the AR-coated facets was the primary
limitation for further power scaling. Uncoated fibers could
withstand 12.5-W incident on the input facet without failure.
Improvements in the AR-coating are required for high power
transmission while maintaining low reflections at each facet.
Another promising avenue is AR microstructures, 2 which
eliminates the need to match the ChG glass and AR-coating
coefficients of thermal expansion. Furthermore, the damage
threshold of the AR microstructures is expected to be equal
to or greater than the damage threshold of the ChG glass
itself. Damage threshold testing with 2.1 ym, 80 ns pulses
measured 2.5 J/cm? for uncoated As,S; windows, and
3.5 J/cm? for microstructured As,S; windows.El

Damage thresholds for CW operation are not readily
available in the literature but the results from Sec. [] and
Ref. P9 indicate that 12 MW /cm? can be handled by a pol-
ished fiber facet. Use of a high-quality AR structure and end-
caps (to increase the area of the beam at the air-fiber surface)
can significantly increase the power handling of ChG facets.
For example, an endcap that permits use of a 100-ym-diam-
eter incident beam theoretically indicates nearly 1 kW of
average power can be handled. Experimentally, a highly mul-
timode 1-mm core diameter fiber withstood over 400 W.E!
However, higher power handling of single-mode ChG fibers
will eventually be limited by either optical nonlinearities or
thermal failure. The power thresholds for these various proc-
esses are discussed and compared below for the ChG-A and
ChG-B fibers.

3.1 Stimulated Brillouin Scattering

SBS is a nonlinear interaction between an optical pump
wave and an acoustic phonon. The SBS Stokes frequency
shift induced by acoustic scattering in As,S3 chalcogenide
glass is ~8 GHz at A = 1550 nm.B8 For such a small
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frequency shift, it can be shown that the scattered Stokes
wave travels in the backward direction through an optical
fiber.2 For this reason, SBS is a detrimental nonlinearity
because it will scatter a large fraction of the optical power
back toward the input, damaging the source and/or any
components. Fortunately, the Brillouin gain bandwidth is
very narrow, measured to be 34 MHz at 1 = 1545 nm in
an As,S; ridge waveguide® This means only narrow-
linewidth, single-frequency sources suffer SBS. If a source
linewidth is broad, then the onset of SBS is increased
by approximately the ratio of the source linewidth to the
Brillouin gain bandwidth.

Calculation of the theoretical SBS thresholds for both
ChG-A and ChG-B fibers used the full derivation provided
by Kobyakov et al.q The derivation assumes the initial
SBS Stokes power originates from thermally populated
spontaneous phonons. The derivation also uses the
undepleted pump approximation to analytically solve the
coupled differential equations. This analytical solution for
the SBS threshold is given by the following transcendental
equation:

ras=y oo+ ufg) -1 (9
- (1=e )1, (g)} .

where
gpP
q="L 2)
At
1 —e
L = (%“), (3)
kTv,w
- @
B

Here I, is the modified Bessel function of order [, L is
the fiber length, gp is the Brillouin gain coefficient, A.;
is the optical mode area, a is the propagation loss, vy is
the Brillouin frequency shift, v, is the pump frequency,
wg is the Brillouin gain bandwidth, k is the Boltzmann’s
constant, and 7 is the temperature. The term u is the
ratio of pump power scattered into the SBS Stokes wave.
Because the undepleted pump approximation was used in
the derivation, it is ideal to keep p < 0.1 for accuracy. For
practical systems, x < 0.01 to prevent system damage from
backreflections.

Table [[] summarizes the input parameters used to calculate
the SBS thresholds. The ChG-A fiber is used to guide
a 2053-nm source while the ChG-B fiber guides 4550 nm.
The SBS frequency shift and gain bandwidth vary with
wavelength and are considered in the analyses. Also, propa-
gation losses of both 0.1 and 1.0 dB/m are theoretically
examined, corresponding to ultralow loss and typical loss
fibers.

The onset of SBS is primarily affected by the Brillouin
gain coefficient and fiber length. The Brillouin gain coeffi-
cient for As,S; glass has been both theoretically and exper-
imentally calculated, ranging from 0.48 to 3.9 nm/W.E83E
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Table 1 Fiber parameters used for determining SBS thresholds of the single-mode ChG fibers.

Parameter Unit ChG-A ChG-B Reference/comment
Wavelength nm 2053 4550

Mode radius um 5.3 11.2

Fiber loss dB/m 0.1 and 1.0 0.1 and 1.0

Brillouin gain coefficient nm/W 0.48 and 3.9 0.48 and 3.9 Refs. B3 and B3
Brillouin gain bandwidth MHz 19.3 3.9 Ref. Bg using 42 dependency
Brillouin frequency shift GHz 6.0 2.7 Ref. B3 using A~' dependency
SBS threshold definition % 1 1 With respect to input power

ChG fibers are known to have higher nonlinear gain com-
pared to silica fibers. For comparison, silica fibers range
from 0.01 to 0.05 nm/W.

Using these parameters, the SBS thresholds for the two
ChG fibers are calculated and shown in Fig. . The SBS
threshold can be approximated using the commonly used
expression given by Eq. (ﬂ),ﬂ where Cspg is a unitless
constant:

Actr
9Letr

®)

Pgsps ~ Cgps -

Typically, a factor of Csgg = 21 is used for silica fibers
from Smith’s derivation.B For these ChG fiber parameters,
a factor of ~15 to 19 matches the numerical derivations.
For the approximation in Fig. [J, a factor Csgg = 17 was
used and matched both fibers well.

The SBS threshold calculations indicate a ~1.9-W SBS
threshold for a 20-cm length ChG-A fiber if the Brillouin
gain coefficient is 3.9 nm/W. However, as shown in
Fig. B, ~11 W was transmitted through 20 cm utilizing
a single-frequency source (Av; =~ 600 kHz). During these
experiments, no indication of SBS was observed and no
power rollover occurred. This suggests that the Brillouin
gain coefficient is toward the lower reported value. If the
Brillouin gain coefficient is 0.48 nm/W, then the SBS

ChG-A fiber

T T T T
\—Approximation

0.8

SBS threshold (W)

5 10
Fiber length (m)

15

SBS threshold (W)

threshold is higher at ~17 W and would not have been
observed in the experiments from Sec. [.

For a fiber transport system, the key metric is the deliv-
ered power at the fiber output. Therefore, it is more inform-
ative to plot the transmitted power at the SBS threshold.
This is given as

Py = PSBS(e_aL - /’t)’ (6)

where Pggg is the calculated SBS threshold from Eq. ([l}).
Figure f] shows the transmitted power at the SBS threshold
versus fiber length for the parameters previously used. The
main point provided by Fig. ] is that the SBS threshold is
very low for small core diameter fibers such as ChG-A.
The SBS threshold is approximately 5x higher for the
ChG-B fiber. This is primarily because the fiber’s optical
mode area is correspondingly ~4.5% larger. Mode area scal-
ing with wavelength is a well-known advantage to mitigate
nonlinearities in fibers. Presuming the Brillouin gain coeffi-
cient is 0.48 nm/W at the low end of the reported range, the
ChG-B fiber can transmit over 1 W from a single-frequency
source for 10 m if the fiber loss can be kept low. At longer
fiber lengths, the higher loss raises the SBS threshold but
also decreases the net power transmission. This is the reason
for the downward curvature of the transmitted power plots
at long fiber lengths.

ChG-B fiber

10 T T
—==gp=0.48/0=0.1

sk ——=gp= 3.9/a=0.11-
_g5=0.48 /a=1.0

6l —gp= 3.9/a=1.0[_

5 10
Fiber length (m)

15 20 25

Fig. 3 Numerically calculated SBS thresholds using Eq. () and the simplified approximation from
Eq. (B). The parameters listed in Table [l were used for the calculations. The Brillouin gain coefficient,
dg, is units of nm/W and the fiber loss, a, is units of dB/m.
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Fig. 4 Calculated output power at the SBS thresholds using Eq. (B) for the two ChG fibers. The Brillouin
gain coefficient, gg, is units of nm/W and the fiber loss, «, is units of dB/m.

3.2 Stimulated Raman Scattering

SRS is a nonlinear interaction between an optical pump
wave and an optical phonon. The frequency shift induced
by Raman is much larger than SBS and is ~10.3 THz in
As,S; chalcogenide glass.’ SRS is undesirable because
it converts the initial wavelength into a separate redshifted
wavelength, which may not be useable for the intended
application. As such, SRS should be avoided during
fiber transmission. The SRS gain bandwidth in As,S;3 is
~2.7 THZ, and therefore will affect transmission of any
typical laser. Similar to SBS, ChG fibers are known to
have higher Raman gain compared to silica fibers. The
Raman gain coefficient for As,S; glass has been measured
to be around 4.4 to 5.7 pm/W at 1 = 1550 nm B8 1n com-
parison, silica fibers range from 0.06 to 0.11 pm/W at
4 = 1550 nm. 083

In order to calculate the theoretical SRS thresholds for
both ChG-A and ChG-B fibers, the well-known analysis pro-
vided by Smith is used.E The SRS process is conjectured to
originate from amplified spontaneous Stokes emission
throughout the fiber length. This “input noise” is equivalent
to seeding with an effective Stokes power given by Eq. ().
The derivation also uses the undepleted pump approximation
to analytically solve the coupled differential equations. This
analytical solution for the SBS threshold is given by the
following transcendental equation:

| Po-exp (PSRS gf;‘ft;j“ aL)
Pggrs = P p=2 . 7

where

Py = hu, ﬁL Q)

2 /P
A IR Lt

Here, P is the input noise power, g is the Raman gain
coefficient, wy is the Raman gain bandwidth, v, is the Stokes
frequency, and & is Planck’s constant & The remaining terms
were defined in Sec. B.]] for the SBS threshold derivation.
The fiber loss is assumed the same for both the pump and
Stokes frequency. The term u is the ratio of pump power
scattered into the forward SRS Stokes wave. Because the
undepleted pump approximation was used in the derivation,
it is ideal to keep u < 0.1 for accuracy.

Table ] summarizes the input parameters used to calculate
the SRS thresholds. The ChG-A fiber is used to guide a
2053-nm source while the ChG-B fiber guides 4550 nm.
In contrast to SBS, the Raman gain coefficient varies with
wavelength and is considered in the analyses. The average
Raman gain coefficient from Refs. and is used.
Lastly, propagation losses of both 0.1 and 1.0 dB/m are
examined.

Table 2 Fiber parameters used for determining SRS thresholds of the single-mode ChG fibers.

Parameter

Unit ChG-A ChG-B Reference/comment
Wavelength nm 2053 4550
Mode radius um 5.3 11.2
Fiber loss dB/m 0.1 and 1.0 0.1 and 1.0
Raman gain coefficient pm/W 3.8 1.7 Refs. Bg and BY using A~! dependency
Raman gain bandwidth THz 2.7 27 Ref.
Raman frequency shift THz 10.3 10.3 Refs. Bg and
SRS threshold definition % 1 1 With respect to input power
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Fig. 5 Numerically calculated SRS thresholds using Eq. () and the simplified approximation from
Eq. (B). The parameters listed in Table g were used for the calculations.

Using these parameters, the SRS thresholds for the two
ChG fibers are calculated and shown in Fig. . The SRS
threshold can also be approximated by the same expression
as the SBS threshold, which is given as

Actr
9rLetr

©

Pggrs = Csgs

Typically, a factor of Csgrs = 16 is used for silica fibers
from Smith’s derivation.E3 Unlike the SBS thresholds, one
value for Cgrg does not match both fibers. For these ChG
fiber parameters, it is found that a factor of ~17 matches
the numerical derivations for the ChG-A fiber, but a larger
factor of ~20 is required for the ChG-B fiber. This is because
of the longer wavelength and its impact on the numerical
derivation.

Figure [ shows the power transmitted through the fiber
at the SRS threshold determined using Eq. (f) similar to
the SBS analysis. Because the Raman gain coefficient is
lower by orders of magnitude than the Brillouin gain coef-
ficient, SRS is not as significant a limitation. For a 20-cm
length ChG-A fiber, the SRS threshold is over 2 kW. Clearly,
SRS should not be observed in short-length ChG fibers,
whereas for fibers >10 m in length transmission is limited
to under 50 W.

The SRS threshold is over 10X higher for the ChG-B fiber
at 4.55 ym. This is because the Raman gain coefficient
decreases with wavelength; and the fiber’s optical mode
area is larger by ~4.5%x. Both of these scaling factors com-
bined provide a ~10X increase in the SRS threshold. This is
beneficial for long wavelength MIR fiber delivery.

Overall, the SRS threshold is clearly much higher than the
SBS threshold. If the source linewidth is >100x broader than
the SBS gain bandwidth (>>1 GHz), then SBS will not be
observed while SRS will be the limiting factor for power lev-
els in the 100-W regime for short-length fiber transmission.
Given a 0.1-dB/m loss, over 50 W can be transmitted through
a 10-m ChG-A fiber and nearly 500 W can be transmitted
through a ChG-B fiber.

3.3 Thermal Failure

While the SBS and SRS nonlinearities will limit power han-
dling through single-mode ChG fibers, thermal limitations
also need to be considered. ChG glass has a significantly
lower glass transition temperature than silica, ~180°C to
200°C for As,S; glass.ﬂ' The upper use temperature for
As,S; is thus recommended to be 150°C.B In order to deter-
mine the power required to reach thermal failure, COMSOL
was used to solve the temperature profile across the fiber.
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Fig. 6 Calculated output power at the SRS thresholds using Eq. (B) for the two ChG fibers. SRS limits
attainable output powers much less than SBS when compared to Fig. .
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Table 3 Fiber parameters used for determining thermal failure thresholds of the single-mode ChG fibers.

Parameter Unit ChG-A ChG-B Reference/comment
Heat source diameter um 10.6 22.5 Gaussian profile
As,S3 diameter pm 145 310 Glass cladding diameter
PEI diameter um 700 920 Polymer coating diameter
Fiber loss dB/m 0.1 and 1.0 0.1 and 1.0

As,S3 thermal conductivity W/(m-K) 0.17 0.17 Refs. B4 and B3

PEI thermal conductivity W/(m-K) 0.22 0.22 Ref. B4

Heat transfer coefficient to surroundings W/(m? - K) 1 to 5000 1 to 5000 Stagnant to forced air cooling

Optical power to reach thermal failure («=1.0 dB/m)

150 - ChG-A (12 um core) -
ChG-B (25 um core)
2 100} ]
o}
% forced air
o
50 - b
stagnant air
0 1 1 1
1 10 100 1000

Heat transfer coefficient (W/m?K)

5000

Power (W)

Optical power to reach thermal failure («=0.1 dB/m)

1500 - —choa (12 um core) b
= ChG-B (25 um core)
1000 + .
forced air
500 | B
stagnant air
0 L 1 1
1 10 100 1000 5000

Heat transfer coefficient (W/m?K)

Fig. 7 The optical power required to reach thermal failure of the ChG fibers with two different propagation
losses. Thermal failure is when the As,S; glass reaches 150°C. Approximate heat transfer coefficient
values for stagnant and forced air-cooling are shown. An infinite heat transfer coefficient corresponds to
clamping the outer cylindrical PEI surface to ambient temperature.

Thermal failure was defined as when the ChG material
reaches 150°C. Heating of the ChG fiber originates
from background loss, and therefore low loss fibers offer
a significant advantage. Table [§ summarizes the parameters
used to model the temperature distribution across the ChG
fibers. Not only is the low failure temperature an issue
for ChG fibers but also the thermal conductivity is low at
~0.17 W/(m - K).BE The PEI polymer jacketing is similar
at ~0.22 W/(m - K)B but has a higher failure temperature
near 170°C.H Also, the PEI jacket will have lower temper-
atures than the maximal temperature because it is located
away from the heat source at the core.

Figure []] shows the power required to reach thermal fail-
ure with respect to the heat transfer coefficient. It is clear that
reducing the background loss is critical to enable high power
delivery in ChG fibers. For a background loss of 1.0 dB/m,
the ChG-A fiber can only withstand ~5 to 10 W in stagnant
air. As shown in Sec. [, the ChG-A fiber withstood >10 W
without cooling. It should be noted that the first few centi-
meters were in direct contact with an aluminum v-groove,
which would facilitate heat extraction. Furthermore, the mea-
sured losses of ~1.0 dB/m are an upper-limit and the actual
losses are likely lower. If the losses are 0.1 dB/m, the ChG
fibers can withstand >50 W in stagnant air and >500 W
with forced air-cooling. This is important in regards to
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active sensing systems in which it would be beneficial to
house the fibers without any need for cooling.

Doubling the core radius results in a calculated ~12%
increase in power handling. Any further increase in core
diameter is not practical because the fiber will no longer
be single-mode. Varying the PEI jacket diameter can provide
an increase in power handling before thermal failure.
Figure § shows the effect of varying the polymer jacket
thickness for fibers with low loss of 0.1 dB/m. For low
heat transfer coefficients, a larger diameter is advantageous
as it provides more surface area to extract heat. However, for
very high heat transfer coefficients, smaller diameters are
beneficial. The inflection point is related to the thermal
conductivity of the various fiber components. For common
ChG fibers and common cooling methods, it will typically
be beneficial to increase the overall diameter. Although,
increasing the diameter beyond several millimeters will
begin to restrict the fiber’s flexibility.

For fibers housed in stagnant air, a considerable ~3.5%x
increase in power handling can be realized by quadrupling
the PEI jacket diameter from 400 ym to 1.6 mm but with
the expense of flexibility. For air-cooled fibers (higher heat
transfer coefficients), this power handling benefit dimin-
ishes. If the thermal conductivity of the polymer jacketing
could be increased, this would benefit the thermal properties
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Fig. 8 The optical power required to reach thermal failure for low-loss ChG fibers for various PEI jacket
thicknesses. Heat transfer coefficients representing stagnant air (h = 10), forced air (h = 200), and direct
cooling (h = 5000) are illustrated. Thermal failure is when the As,S; glass reaches 150°C.
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ChG-B (0.1 dB/m)

1500 1500
] SRS limited [ ] SRS limited
Bl Thermal failure (forced air  H > 500) Il Thermal failure (forced air  H > 500)
1200 [ Thermal failure (stagnant air H > 10) 1200 1 Thermal failure (stagnant air H > 10)
g [ Safe operation [ Safe operation
o 900 900
=
o
o
2 600+ 600
=
3001 3001
0 T T T T T T T T T O I T T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20

Fiber length (m) Fiber length (m)

Fig. 9 Power handling regimes for the two ChG fibers considering low propagation loss and assuming
a broad laser linewidth to avoid SBS. Thermal failure is the primary constraint for a fiber in stagnant air.
For small-core ChG fibers (operation at shorter wavelengths), SRS will become a primary limitation if

forced air cooling is applied.

without having to affect the overall fiber diameter.
Improvements in coating technology or adding conductive
fillers would benefit this area.B

3.4 Summary of Limitations for High Power ChG
Fiber Delivery

Figure f] shows a summary of which optical and thermal
effects are dominant for various combinations of input
power and chalcogenide fiber. Figure ] considers only the
case where SBS is not dominant, i.e., where the spectral line-
width of the input beam is much greater than the Brillouin
gain bandwidth (>1 GHz). Differences in core diameter
(prime factor) and propagating wavelength (secondary fac-
tor) contribute major changes to the power and fiber length
limits of SRS onset. Heating is the primary limit where
SRS is not a factor. The thermal limit depends critically
on the heat transfer rate. Minimal air-cooling should allow
safe operation for 50 W of power. Larger core sizes and/
or improved heat removal should allow power transport of
hundreds of watts.

Not shown in these plots is the effect of surface damage.
Previous performance testing has always shown that surface
damage was the limiting factor for AR-coated fibers.
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However, as mentioned in Sec. [j introduction, use of end
caps and AR microstructures is likely to increase surface
total power handling by orders of magnitude; a change of
incident beam diameter from 10 to 100 ym results in a
100x increase in total power for the same power density.
Therefore, surface damage limits can be increased to levels
far greater than the SBS, SRS, and thermal limitations.

4 Conclusions

As MIR sources continue to demonstrate higher output
powers with improvements in beam quality, it will be highly
desirable to enable fiber transmission of such sources. ChGs
cover a broad MIR (1 to 12 ym) window; however, they
suffer from poor mechanical properties. To combat this,
mechanically robust ChG fibers have been drawn and
demonstrated power handling >10 W at 2053 nm. The
ChG fibers were AR-coated, enabling >90% transmission
through 20-cm length fibers. However, the AR-coatings
were the primary failure mechanism via cracking after high
power exposure. If AR microstructures are applied, or if
AR-coatings are avoided, there is still the question of other
effects on power handling capacity of single-mode ChG
fibers. The primary limitations are SBS, SRS, and thermal
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failure. Overall, SBS is the prime factor limiting power
handling of single frequency beams in ChG fibers that are
more than a meter long. For example, SBS will limit power
handling to ~1 W through a 1-m length of fiber, but can be
avoided by using a spectrally broadband source. For broad-
band sources, power handling is limited by either heating
effects or SRS; which one is dominant depends on the details
of incident power, passive loss, core size, wavelength, and
heat transfer rate. Chalcogenide fibers should be capable of
>100-W beam transport with use of low-loss fibers and
efficient heat removal.
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