IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 24, NO. 3, MAY/JUNE 2018

0902308

Continuous-Wave Mid-Infrared Gas Fiber Lasers

Mengrong Xu —, Fei Yu

Abstract—Efficient continuous-wave laser emission of acetylene
molecules at 3.1 um wavelength has been demonstrated in low-
loss hollow-core fiber by optically pumping using a fiber-amplified
diode laser around 1.53 pm. In this paper, we report and compare
the continuous-wave laser performance of acetylene molecules in
the cavity and single-pass configurations. The use of low-loss an-
tiresonant hollow-core fiber makes the single-pass configuration
ideal for high-power laser generation and enables over 1.1 W
continuous-wave mid-infrared laser output with over 33% slope
efficiency relative to the absorbed pump power. The systematic
characterization of power-scaling and pump power absorption
properties demonstrates that the molecular Kinetics inside hollow-
core fiber determines the laser performance, and that low fiber
attenuation is key to high-efficiency continuous-wave output.

Index Terms—Optical fibers, optical fiber lasers, gas lasers .

1. INTRODUCTION

ID-INFRARED fiber lasers with high output powers
have developed rapidly in recent years thanks to the ma-
turing fabrication of soft glass and soft-glass fiber, as well as the
advanced fiber laser technologies proven in the development of
near-infrared fiber lasers [1]-[3]. At mid-infrared wavelengths
above 3 um, rare-earth-doped silica and silicate fibers fail to
provide the efficient laser operation which they deliver at near-
infrared wavelengths due to the high material loss as a result of
strong phonon absorption at these longer wavelengths [4]. Al-
though inferior to silica/silicate glasses as laser host glasses in
terms of mechanical strength, chemical durability, thermal con-
ductivity, and optical nonlinearity, the soft glasses, e.g., chalco-
genide, telluride and fluoride glasses, offer advantages as host
materials because of their lower phonon energies [2], [5].
Among many soft-glass fiber lasers, Erbium-doped fluoride
fiber lasers have been demonstrated as the most successful can-
didate for high-power mid-infrared fiber lasers, being used to
generate 30 Watt mid-infrared laser output at wavelengths near
3 pm [1]-[3], [6]-[9], with a predicted potential exceeding the
100 W power level [9]. By using a dual wavelength pumping
scheme, watt-level fiber laser output can be achieved at longer
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wavelengths up to 3.55 pm [10]. The outstanding performance
of fluoride fiber lasers is attributed to the high achievable doping
level up to 10 mol%, the relatively high mechanical strength,
and low material loss (<0.05 dB/m) [1]. However, the overall
progress of mid-infrared fiber lasers towards higher power out-
put and longer wavelength extension is ultimately challenged in
numerous ways, e.g., the typically high quantum defect, thermal
management and fiber failure [2], some of which originate from
the host materials. As an alternative technology, novel gas-filled
hollow-core fiber lasers [11] based on the use of low-loss hollow-
core fibers (HCFs) formed from silica and transmitting into the
mid-infrared are free of those limitations and have demonstrated
potential for high-power mid-infrared laser emission [12], [13].
They provide an alternative route to developing versatile high-
power mid-infrared fiber lasers.

A. Low-Loss Hollow-Core Fibers

In 1999, the first hollow-core photonic bandgap fiber was
demonstrated [14] and since then, the concept of hollow-core
fibers (HCFs) [15] has been demonstrated to have the poten-
tial to greatly improve fiber performance, e.g., higher damage
threshold, and reduced fiber nonlinearity and dispersion. The
low-loss window of HCFs has been shown to extend from the
mid-infrared spectral region to the near infrared and visible
[16], [17]; meanwhile the attenuation record of HCFs is around
1 dB/km at 1.55 pm [16], approaching (although not yet quite
competitive with) the best conventional silica fibers [18].

Recently, a modified design of low-loss HCF has emerged
known as anti-resonant hollow-core fibers [19], characterized
by an anti-resonant core wall with negative curvature. In con-
trast to the earlier photonic bandgap fibers this design offers
several low-loss transmission windows and a larger core size.
Because of the very low overlap of the light in the core with the
material forming the cladding [20], [21], anti-resonant HCFs
made from silica glass overcome the phonon barrier and exhibit
excellent low-loss transmission at 3 pum wavelength [22], [23].
A minimum attenuation of 25 dB/km at 3 ym wavelength was
reported [23]. The absorption of bulk silica is above 50 dB/m
[4] at this wavelength, but the attenuation of the silica-based
anti-resonant HCF is competitive with the best soft-glass fibers
in this wavelength range [5], [24], [25]. In 2013, a low-loss anti-
resonant HCF was successfully demonstrated in high energy (up
to 195 mJ) pulsed laser delivery at 2.94 pm wavelength [26].
The large-core anti-resonant design makes the performance of
anti-resonant HCFs far exceed its photonic bandgap counterpart
in terms of damage threshold and fiber attenuation at long wave-
lengths [27]. More importantly, by proper design, single-mode
performance can be obtained in anti-resonant HCF by using
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phase matching [28]; higher-order modes are quickly dissipated
in a short length by coupling to cladding modes with higher
attenuation.

B. Traditional Optically-Pumped Gas Lasers

Optically-pumped molecular gas lasers are a convenient and
versatile coherent source for the spectral region from 10 pum
to 1 mm, initially developed for photochemical applications
[29]. Unlike the electrical-discharge-pumped scheme, optically-
pumped gas lasers greatly simplify the laser configuration and
usually stand out in terms of high power conversion efficiency.
Up to 28% conversion efficiency was reported in a continuous-
wave (CW) NHj laser at 12.8 yum via a resonance-enhanced Ra-
man scattering process pumped by COs laser source [30]. Due
to the nature of gaseous molecule absorption, the development
of optically-pumped molecular gas lasers has been dependent on
other gas lasers of rich emission spectral lines (commonly CO,
lasers) as the pump source, which has limited the development
of optically-pumped gas laser.

Today the rapid progress of solid-state lasers and fiber laser
sources have provided various new coherent light sources of
high performance combining wavelength tunability, narrow
linewidth and high power, e.g., optical parametric oscilla-
tor/amplifiers, distributed Bragg reflector diode lasers, quan-
tum cascade lasers and high-power fiber lasers. However, tra-
ditional gas lasers based on a simple capillary waveguide have
not benefitted from these technologies that mainly cover the
near-infrared wavelength region below 2 pm. This is because
of the high loss of capillary waveguides used in optical-pumped
gas lasers at those long wavelengths [31]. For example, in a
capillary with a bore diameter of 100 pm the attenuation of
fundamental mode is about 15 dB/m at a wavelength of 1 ym
and 137 dB/m at 3 um. Today we can address this problem with
the emergence of anti-resonant HCFs. The emerging gas hollow
core fiber lasers exhibit advantages of gas lasers in terms of the
broad laser emission spectral range owing to a rich selection of
gaseous gain media, and potential to achieve much higher-power
emission. Optically-pumped HCF lasers can fill some spectral
gaps where rare-earth-ion-doped fiber lasers fail to deliver [11],
by using fiber laser pump sources.

C. Acetylene Fiber Laser for 3 um Wavelengths

Acetylene was used as the gain medium in the first optically-
pumped gas fiber laser in 2011 [32]. By using nanosecond pulses
from an Optical Parametric Oscillator to pump at 1.52 ym wave-
length, two mid-infrared emissions at 3.12 and 3.16 um were
observed in a ‘Kagome’ type of anti-resonant HCF filled with
acetylene in a single-pass configuration [32]. Due to a high fiber
loss (20 dB/m) at the laser wavelengths, the output power was
low [32].

In 2013, by using an 11 m anti-resonant HCF with losses re-
duced to less than 0.2 dB/m at both pump and laser wavelengths,
over 0.7 pJ pulsed laser emission around 3 pm was measured
in a single-pass configuration with 30% power conversion ef-
ficiency pumped by a diode laser system at 1.53 pum [33]. Gas
pressure was found to play a decisive role in the efficient laser
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operation [33], [34], as in the earlier studies of traditional op-
tically pumped gas lasers [29]. Recently, by pumping with a
narrow-bandwidth OPA at 1.53 um wavelength, 1.4 pJ pulse
energy at 3 um was obtained using a 10 m long acetylene-
filled anti-resonant HCF in single-pass configuration [12]. A
constant 20% slope efficiency was reported to be unaffected by
the acetylene pressure [12] which may be a feature of lasing
in the transient regime [13]. The M? of the output beam was
measured as 1.2 [12].

The first cavity-based mid-infrared laser oscillation in
acetylene-filled hollow fiber was realized in a ring cavity by
a synchronous diode-pumping scheme [23]. 101 m of low-loss
anti-resonant HCF was used as a feedback fiber with 25 dB/km
fiber loss at 3 pum [23]. A maximum of over 4 mW average
power was recorded at a repetition rate of 2.5 MHz [23]. In the
same paper, the first CW lasing of acetylene molecules at 3 ym
was also observed under CW diode laser pumping in the cavity
configuration [23]. Later, we investigated acetylene gas lasing
in the cavity and single-pass configurations under high-power
pump well above lasing threshold [35], which demonstrated that
the single-pass configure was preferred for high-power opera-
tion. Recently, we realized over 1 Watt mid-infrared laser output
at 3 pm wavelengths under CW amplified diode laser system
pumping [13]. Over 33% conversion efficiency was measured
in a 15 m anti-resonant HCF in a single-pass configuration [13],
relative to the absorbed pump power.

In this paper, we compare CW operation of optically-pumped
acetylene HCF lasers in cavity and single-pass configurations
based on both previously published data and our latest exper-
imental results. By analyzing the power scaling and pump ab-
sorption of the laser, we demonstrate that the dynamics of the
gain molecules constrains the laser performance under high-
power CW pump. Both the need for low gas pressure and the
reduced pump absorption of acetylene under high-power pump-
ing necessitate use of long fiber lengths to maximize laser output
power. Therefore, the low fiber attenuation is key to further in-
creasing the CW output powers of optically-pumped acetylene
HCF lasers.

II. ACETYLENE GAS AS GAIN MEDIUM

Acetylene gas has been widely used for wavelength calibra-
tion in the telecommunication band around at 1.53 pm because
of the strong absorption lines at telecommunication wavelengths
which arise due to the ro-vibrational transitions from the ground
level to the v; + w3 vibrational level [36]. Jones et al. reported
that 3 pum photons could be emitted by the excited acetylene
molecules transiting from the v; + v3 vibrational state to the
vy vibrational state [32]. Fig. 1 inset shows the energy diagram
of acetylene energy levels for 3 ym emissions when pumped
at the 1.5 pum absorption band. The P(9) absorption line from
the vy ground vibrational state to the vy + v3 vibrational state
is ideal because of its high thermal population and large ab-
sorption cross-section. By pumping P(9), the J = 8 rotational
state of v; + v3 vibrational state is populated; and according to
the selection rules, the excited molecules are allowed to transit
to the J = 7 and J = 9 rotational states of v; vibrational state,
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Fig. 1. Simulated absorption of acetylene gas in 1.5 pm spectral region at
20 °C using data from the HITRAN database [37]. For 1 mbar pressure, the
linewidth is assumed decided by the Doppler broadening only. Inset: Energy
diagram of acetylene energy levels for 3 m emissions when pumped at P(9).

giving the R(7) and P(9) emissions respectively, which are at
3.12 and 3.16 pm. In this paper, all laser performance charac-
terization and measurement were recorded by pumping at the
P(9) wavelength (1530.385 nm).

It is noted that the transition from the v; vibrational state to
the ground state is dipole forbidden [38], so that non-radiative
relaxation plays an important role in CW lasing of acetylene
molecules. A possible radiative route to depopulate the laser
lower-level was indicated in [39] but no experimental obser-
vation was reported. Han et al. reported a removal rate of
12.3 x 1071% cm3s~! that reflects the relaxation of population
on vy + v3 to neighboring states via vibrational and rotational
energy transfer processes [40].

Doppler broadening dominates the linewidth of acetylene gas
in anti-resonant HCF for 1 mbar pressure or less, where the
mean-free-path of molecules is longer than the hollow core
diameter at the room temperature [33]. As the pressure increases,
the pressure broadening coefficient is about 9 MHz/mbar [36].
Fig. 1 shows the reconstructed acetylene absorption when the
Doppler broadening dominates at 1 mbar pressure.

III. Low-LosS ANTI-RESONANT HCFS FOR OPTICAL PUMPED
ACETYLENE LASING GENERATION

Since 2011 when the first low-loss silica-based anti-resonant
hollow-core fiber was demonstrated at 3.5 pm wavelength and
above [41], various types of anti-resonant HCFs have been pro-
posed [19], [42], and tens of dB/km or even lower fiber atten-
uations of anti-resonant HCFs been reported for various spec-
tral regions from UV [43] to mid-infrared wavelengths up to
4 pm [19].

Anti-resonant HCFs are leaky waveguides, and the total in-
ternal reflection model fails because of the reversal of refrac-
tive index contrast (low index air core and high index solid
cladding). Leakage of light from the core is reduced by use of
an anti-resonant reflection layer core wall, which is well ex-
plained by the ARROW model [44]. Such layer is regarded as
a Fabry-Perot resonator at the glancing incidence. At the res-
onance wavelengths, light simply leaks out through the core
wall into the surroundings, which defines the resonant loss re-
gion between low-loss transmission bands. Off resonance, the
multiple-interference at the core wall reflects most of the light
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Fig. 2. Low-loss anti-resonant HCFs developed for acetylene HCF laser. (a)
Anti-resonant HCF used as gain fiber filled with acetylene in the ring cavity
[23]. (b) Anti-resonant HCF used as feedback fiber in the ring cavity [23]; 25
dB/km attenuation was measured at 3 gm. (c) Anti-resonant HCF used in the
single-pass configuration [35]. (d) Anti-resonant HCF used in the single-pass
configuration with the most balanced losses at pump and laser wavelengths
[13]. The core sizes of (a)—(d) are approx. 109 pm, 88 pm, 72 ym and 72 pm
respectively.

back into the core and confines it to the fiber. On one hand,
the anti-resonant cladding design can be used with large core
sizes which reduces the fiber attenuation and dispersion and
increases the optical damage threshold. On the other hand, the
large-core design and curved core wall shape further reduce the
core mode overlap with the fiber material (up to 10~*) [20],
[21] so that the fiber material loss and optical nonlinearity are
reduced. Meanwhile, in contrast to photonic bandgap fibers, the
simple fiber structure provides more flexibility in fiber design
to fine tune for better optical properties, e.g., broadband single-
mode performance [45] and low bend loss [46], ef al. These
merits make anti-resonant HCFs the most promising candidates
for high-power/ultrafast laser delivery [47].

We have developed three types of anti-resonant HCFs for
the optically-pumped acetylene fiber laser as shown in Fig. 2.
Neighboring fiber transmission bands are used for pump and
laser light transmission. Attenuation of the fiber shown in
Fig. 2(b) is 25 dB/km at 3 pm [23], which is the lowest loss
at this wavelength reported so far. However, due to the higher
loss of this fiber (over 0.5 dB/m) at the 1.53 pm pump wave-
length [23], the fiber in Fig. 2(b) was only implemented as the
long length feedback fiber in a ring cavity configuration and
is not ideal as a gain fiber. The 10-cell cladding design of anti-
resonant HCF has exhibited the most balanced loss performance
for simultaneous pump and laser light transmission. An early
10-cell cladding anti-resonant HCF (Fig. 2(c)) was reported to
have 0.1 dB/m and 0.12 dB/m fiber attenuations at 1.53 pm and
3.1 um respectively [35]. Later we reduced the fiber losses to
37 dB/km and 70 dB/km at pump and laser wavelengths [13],
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Fig.3. A generic ring-cavity configuration of acetylene HCF laser.

which corresponds 42 m fiber length with less than 1.6 dB and
3 dB losses at pump and laser wavelengths respectively.

IV. RING-CAVITY CONFIGURATION

Acetylene HCF lasers have been extensively explored in the
ns pulsed region since first proposed in 2010 [11], [32]-[34].
Due to the nature of low-pressure gas absorption, many efforts
were devoted to the development of narrow-band pump sources
with high power at 1.5 pm wavelength [12], [34]. One factor
slowing the development of CW laser technology using more
mature telecoms-based pump sources was a concern that the
acetylene laser could self-terminate in CW operation because
of a lack of rapid (radiative) relaxation routes to effectively
depopulate the laser lower level. Another is the limitation of
high-power fiber-based amplifiers for narrow-linewidth sources
as a consequence of stimulated Brillouin scattering.

CW operation of acetylene HCF laser was first observed
in a ring-cavity configuration, which was initially designed to
achieve the laser oscillation in the pulsed region [23]. Fig. 3
shows a generic acetylene HCF laser based on a ring-cavity
configuration adopted in [23], [35]. The introduction of feed-
back fiber was to reduce the laser threshold and establish the
genuine laser oscillation [23]. In experiment, over 100 m low-
loss anti-resonant HCF was used as the feedback fiber for a
synchronously pumped scheme. As expected, the power con-
version efficiency increased as the repetition rate of pump ap-
proached the characteristic frequency of the ring cavity. It was
noted that the laser oscillation at 3 pm did not completely dis-
appear at pump repetition rates away from the cavity frequency
and harmonics, which implied a potential for CW operation.
By using a shorter feedback fiber (3 m), the CW running state
of acetylene anti-resonant HCF laser was first experimentally
observed by CW diode laser pumping and the power conversion
efficiency reached 6.7%, comparable with the maximum 8.8%
in the pulsed region of cavity configuration [23].

Feedback in the ring-cavity configuration was found key to
achieve laser generation near the threshold in both CW and
pulsed regions [23]. However, well above the laser threshold,
the introduction of feedback becomes a barrier impeding the
extraction of full optical power [35]. At 0.6 mbar pressure,
the power conversion efficiencies were 12.4% and 18.6% with
and without feedback [35]. The ratio of slope efficiencies with
and without feedback are nearly constant around 0.65, close
to the 70% reflectivity of output coupler at 3.1 pum wave-
lengths [35]. It indicates that well above the laser threshold, the
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Fig. 4. (a) Schematic of single-pass configuration. (b) Measured spectra of
EDFA output when the seed laser is tuned at P(9) wavelength. (c) Measured
attenuation of anti-resonant HCF shown in Fig. 2(d) at both pumping and lasing

wavelengths: 37 dB/km at 1.53 pm, 63 dB/km and 69 dB/km at 3.12 pm and
3.16 pm. Part of data in Fig. 4 are included [13].

ring-cavity configuration of acetylene HCF laser does not ben-
efit laser output power but is simply an additional source of
loss.

V. SINGLE-PASS CONFIGURATION

Fig. 4(a) presents a schematic of single-pass configuration
of acetylene HCF laser. The pump source comprises a tunable
DBR diode laser as seed (ID Photonics GMBH, CoBrite DX1,
maximum power 40 mW, linewidth 100 kHz) and a customized
high-power EDFA (Bktel Photonics, HPOA-S370ac). The mea-
sured spectra of EDFA output are shown in Fig. 5(b) when the
seed laser is tuned to the P(9) line. The maximum output of the
EDFA is 9.6 W (with a strong ASE background) of which about
4.9 W is measured to be absorbed by acetylene in a 31 m length
of anti-resonant HCF at pressure of 0.6 mbar. Therefore roughly
50% of the EDFA output power can be regarded as the effective
pump power for acetylene to absorb at the P(9) wavelength.

The anti-resonant HCFs in Fig. 2(c) and (d) were both used
in the single-pass configuration [13], [35]. In this section, all
presented measurements of acetylene HCF laser is based on
use of the anti-resonant HCF shown in Fig. 2(d) which has the
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Fig.5. For 15 m fiber length and different pressures, measured acetylene HCF

laser output at 3 zm as a function of (a) total incident pump power (b) absorbed
pump power at P(9) line. Part of data in Fig. 5 are included in [13].

lowest combined attenuations at pump and laser wavelengths
(Fig. 5(c)) reported so far [12], [13], [32]-[35].

The coupling efficiency of pump light into the anti-resonant
HCEF is generally above 90% using a coated CaFs lens with
50 mm focus length. A dichroic mirror (94% transmission at
1.53 pim, 99% reflection at 3.16 m) is used after the gain fiber
output end to separate the residual pump light/ASE from the
mid-IR output for measurement. A long-pass filter is used to
further remove residual pump light before the 3 pm laser power
is measured by the thermal detector (Ophir VEGA).

In fact, measurements of the pump transmission (tuned off
P(9) line) combined with this measured attenuation value can
only be explained by assuming 100% pump coupling efficiency,
indicating that the actual attenuation might be somewhat lower
than the value measured using a white light source.

A. Power-Scaling of Acetylene HCF Laser

Anti-resonant HCFs have been successfully demonstrated for
high-power laser delivery [47], having higher damage threshold
and reduced optical nonlinearity compared to conventional solid
fibers. The improved power handling suggests that gas fiber
lasers based on anti-resonant HCFs have the potential to deliver
a higher power output than solid fiber lasers. In contrast to solid
fiber lasers/amplifiers, the limit of gas HCF lasers in high-power
laser generation is more likely determined by the power range
of available pump sources of narrow linewidth rather than the
constraints from HCFs as hosts of gain media. As a fiber gas
laser, the density of gas as gain for lasing could be flexibly and
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Fig. 6. For 6 m, 15 m and 40 m fiber lengths, (a) measured maximum

3 pm laser output power for different gas pressures; (b) measured laser threshold
(absorbed pump power) for different gas pressures. Part of data in Fig. 6 are
included in [13].

conveniently adjusted in a broad range along the fiber length.
This merit provides a new freedom in optimization of fiber laser
performance for high-power laser generation, which is difficult
to achieve in its counter-parts of rare-earth-ions doped solid
fiber lasers.

Fig. 5 show the power scaling of acetylene HCF laser for 15
m fiber length at different pressure against (a) the total incident
pump power including effect pump and ASE from EDFA and
(b) the absorbed pump power at P(9) line. The maximum output
power at 3 um was measured as 1.12 W with the maximum
power conversion efficiency of 33.2% at 0.6 mbar relative to the
absorbed pump. At lower pressures of 0.23 mbar and 0.42 mbar,
gain saturation was observed; whereas at pressures higher than
0.6 mbar, the laser output decreased with pressure.

The dependences of power conversion efficiencies on acety-
lene gas pressure for different fiber lengths were found of similar
trend. Fig. 6 summarizes (a) measured 3 pm laser output power
under full-power incident pump and (b) measured laser thresh-
old as functions of acetylene gas pressure, for three fiber lengths.
For 6 m and 40 m, the maximum laser outputs were recorded as
0.8 W and 0.92 W at 0.88 mbar and 0.42 mbar, with the slope
efficiency of 28% and 31.2% respectively.

This similar dependences of power scaling for different fiber
lengths on gas pressure imply the pressure-induced dynamics
of acetylene molecules inside HCF underlies the gain perfor-
mance of laser. The acetylene pressure is a macroscopic mea-
sure of molecular collisions inside the fiber including inelastic
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collisions with the core wall to dissipate the pump energy
into environment and inter-molecular collisions to realize vi-
brational/rotational energy transfer. As discussed in Section II,
the pressure-induced dynamics of acetylene molecules is key to
maintain the efficient CW operation of acetylene given lack of
radiative relaxation routes for laser lower level.

The J = 8 rotational state of v; + v3 vibrational state has
been reported to be depopulated at a total removal rate of 12.3 x
10%m?s~! (measured when pressure lower than 0.4 mbar) in
[40], by the vibrational and rotational energy transfer processes
via intermolecular collisions. Unlike in free space, the inelastic
collisions with the core wall of acetylene molecules confined in
HCEF also make a significant contribution to, or even dominate,
the relaxation processes, which equally depopulate the laser
upper and lower levels, in the extremely low pressure region
less than 2.1 mbar where the mean free path of molecules is
smaller than the fiber core radius (36 pum). The reduced gain
at higher pressure is clearly shown in Fig. 6(b) near the laser
threshold: for a fixed fiber length, the laser threshold increases
almost linearly with the pressure. However, under pump powers
sufficiently above the threshold, the reduced lifetime of excited
acetylene molecules can be compensated by the higher molecule
density in a certain range of pressure and the net gain can be
possibly maintained or even increased. It is noted that, when the
depopulation rate overwhelms the advantage of high molecular
density, the net gain of acetylene gas ultimately decreases as
shown in Fig. 6(a). The maximum output power is obtained
when the pressure is such as to absorb the maximum pump
power without leading to a significant decrease in gain as a
consequence of collisional de-excitation.

In the experiments, for 6 m fiber length, gain saturation was
observed under full incident pump power for all acetylene pres-
sures less than 0.88 mbar with the effective pump power being
partially absorbed. For 40 m fiber length, no saturation could be
observed at pressure less than 0.4 mbar at any pump power.

In the quasi-CW region, a similar dependence of laser power-
scaling performance on acetylene pressure has been also con-
firmed for pulsed pump of tens of ns pulse durations [23], [33],
[34]. When the pulse width is shortened to approximately 1 ns,
a constant 20% slope efficiency was observed instead for a pres-
sures range from 1.6 mbar to 18.7 mbar [12]. As the pump pulse
length becomes shorter entering the transient region, when the
pump duration becomes shorter than the collisional kinetic pro-
cess, it is reasonable to assume that collision-induced changes
barely take place (over a certain pressure range) in the short
pulse duration of pumping. In that case, the limited fraction of
acetylene molecules which can participate in the lasing process
is mainly decided by the thermal equilibrium distribution. As a
result, a higher pressure may be preferable for more effective
utilization of pump power for extremely short durations.

B. Output Spectra of Acetylene HCF Laser

As shown in the transition diagram (Fig. 1 inset), R(7) and
P(9) transitions from the v, + v3 vibrational state to the v
vibrational state can emit at 3.12 ym and 3.16 pm wavelengths
when pumping at P(9) line from the ground level and the v; + v3
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Fig. 7. The ratio of laser peak intensity via P(9) transition over the one via

R(7) transition as a function of the incident power. Inset: measured typical laser
output optical spectrum (not resolved). About 10 nm spectral offset is found in
measurements of laser lines which we attribute to the calibration error of our
monochromator at 3 m wavelengths. All spectral data was recorded at 0.6 mbar
pressure for the 15 m fiber length. The laser spectra in the cavity configuration
were found to be similar to that shown inset.

vibrational state. All the measured mid-infrared laser output
powers at 3 pum in Figs. 6 and 7 do not distinguish between
these two laser wavelengths. To characterize the output spectra,
a short piece (~1 m) of low-loss anti-resonant HCF with low
attenuations from 3 pum to 4 um was used to sample laser output
to be measured by a monochromator (Bentham TMc300).

Fig. 7 plots the ratios of measured peak intensities at two
laser wavelengths for different incident pump powers, at the
optimized acetylene pressure of 0.6 mbar for 15 m fiber length.
Just above the laser threshold, P(9) emission dominates the
output. At higher pump powers both lines are observed and
their ratio quickly reaches a steady state.

It is noted that no other emission lines of acetylene HCF laser
have been reported when pumping at one single ro-vibrational
transition line around 1.5 pm wavelengths, in the pulsed or CW
region [12], [32]—-[34]. It implies that neither the rotational nor
vibrational energy transfer via inter-molecular collisions should
be efficient enough to depopulate the excited ro-vibrational state
of laser upper level to its neighbor states to achieve significant
population inversion for stimulated emissions at any new wave-
lengths.

C. Characterization of Pump Absorption

To characterize the pump absorption we adopted the side-
scattering measurement to investigate the transmitted pump light
along the fiber length. The pump light lost from the fiber core
will leave the fiber through the side walls. By collecting some of
light locally using a standard multimode fiber, we can analyze
it with an optical spectrum analyzer (YOKOGAWA AQ6370).
Fig. 8(a) shows typical spectra measured from the fiber side,
when the seed laser is tuned at and off P(9) lines (on/off ab-
sorption resonance) of acetylene. The ratio of peak intensities
on and off resonance is used to quantify the pump absorption
for the measured position along the fiber.

Fig. 8(b) shows the pump absorption along 15 m fiber length
at 0.6 mbar pressure under different incident pump powers. The
slope of longitudinal absorption is found reduced as the incident
power increases. In the steady state, for a constant gas density,
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Fig. 8. (a) Typical measured spectra of the pump light at P(9) on/off resonant
wavelength. The ratio of the peak intensities represents the relative absorbed
pump power through the measured fiber length. (b) Pump absorption as a func-
tion of the longitudinal position along the 15 m fiber at 0.6 mbar pressure for
different incident powers (15 dBm, 30 dBm and 40 dBm). (c) Pump absorption
as a function of the longitudinal position along the 31 m fiber with the full inci-
dent pump power for different gas pressures. Part of data in Fig. 8 are included
in [13].

the pump absorption is dependent on the population distributions
of ground level and laser upper level. As the power pump is
increased, more molecules participate in the stimulated emission
processes while the ground level will be quickly depopulated,
reducing the pump absorption due to shelving in intermediate
states. As the pump further increases, the gain saturation can
be expected. Therefore, a longer fiber length is required for
higher-power generation under sufficient pump power.

For a fixed fiber length, higher acetylene pressure increases
the absorption as shown in Fig. 8(c). The inset shows the longi-
tudinal pump absorption as a function of the pressure, with 4.12
dB/m/mbear slope fitting. The increase of pump absorption with
pressure is attributed to both higher molecule density and faster
depopulation of laser upper/lower levels because of collisions.
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However, as demonstrated in Figs. 5 and 6, the increased pump
absorption at high pressure does not naturally come with higher
gain or power conversion. For a fixed length, the low pressure
condition provides the highest power conversion efficiency.

The reduced pump absorption under high-power pump and
the reduced laser output generation under higher pressure both
suggest a long fiber length filled with low-pressure acetylene is
key to efficient CW laser operation and high-power laser gen-
eration, necessitating the further development of anti-resonant
HCFs and novel HCFs with improved loss performance.

VI. CONCLUSION

In summary, we review the studies of CW acetylene HCF
laser for 3 um wavelength in both ring-cavity and single-pass
configurations. We systematically characterize acetylene HCF
laser in aspects of power-scaling, laser output spectra and pump
absorption. We find that a ring cavity can offer the lowest laser
threshold but that high efficiency at high pump powers is best
achieved using a single-pass configuration. Over 1 Watt output
power at 3 pm is reported as the maximum power with a slope
efficiency of over 33% at 0.6 mbar in 15 m anti-resonant HCF.
We discover that the molecular dynamics inside the gain fiber
determines the laser performance and that further improvement
in the loss performance of HCF would be required to achieve
higher-power laser generation at 3 pum wavelengths. The po-
tential for higher power laser generation in acetylene gas fiber
lasers can be realized by using a higher pump power and longer
length of anti-resonant HCF with lower loss. To achieve this
lower loss a larger core diameter and novel fiber design may be
needed.

All data underlying the results presented in this letter can be
found at [48].
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