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ABSTRACT

Here, we present a high pulse energy Raman laser at 1946 nm wavelength pumped with a 1533 nm linearly polarized fiber
laser, with ∼92 μJ pulse energy, ∼60 pm linewidth, 8 kHz repetition rate, and 7 ns pulse duration. The Raman laser is
based on the stimulated Raman scattering (SRS) effect in an 8-meter carbon dioxide (CO2) filled nested anti-resonant
hollow-core fiber (ARHCF). The nested structure contributes to the significant reduction of the fiber loss caused by light
leakage, surface scattering and bend, therefore allowing coiling the gas-filled ARHCF with a relatively small bend radius
of just ~5 cm. When the pressure in the CO2-filled ARHCF increases from 1 to 17 bar, the pulse energy first reaches the
maximum pulse energy level of 16.3 μJ (corresponding to 28 % quantum efficiency) at only 1.2 bar, and then rapidly
decreases due to the pressure-dependent overlap of the Raman laser line with the absorption band of CO 2 at 2 μm spectral
range. The relative intensity noise (RIN) of the Raman laser reaches a minimum level (4%) when the pulse energy exceeds
∼8 µJ. Due to the low amount of heat release during the SRS process, the laser has a good long-term stability without
significant drift. Our results constitute a novel and promising technology towards high-energy 2 μm lasers.
Keywords: Raman laser, stimulated Raman scattering, anti-resonant hollow-core fiber, carbon dioxide

1. INTRODUCTION
Development of high energy and narrow linewidth fiber lasers at 2 μm has attracted significant research and commercial
attention due to their use in different applications such as gas detection, optical parametric oscillator, laser surgery, etc. 1,2.
Thulium and holmium doped fibers based on population inversion are widely used for this purpose. However, the nonlinear
effects (e.g., stimulated Brillouin/Raman scattering, nonlinear spectrum broadening), amplified spontaneous emission
(ASE) and thermal damage are detrimental and unavoidable factors for the generation of narrow linewidth and high energy
laser pulses 3,4. The advent of gas-filled hollow-core fiber (HCF) Raman laser technology provides an alternative solution
5–7
. This laser technology relies on gas as the active gain medium, thus offering important advantages such as low
nonlinearity and high damage threshold, while the relatively high threshold of SRS can effectively suppress the ASE
frequency conversion 6,8–11. Within the HCF family, emerging silica ARHCFs can overcome the high silica loss at
ultraviolet and infrared regions by confining most of the laser beam within its hollow-core region with extremely low
overlap with the surrounding glass structure 12–16. Several reports have demonstrated 2 μm high-energy Raman laser
generation by filling hydrogen (H2) into the ARHCF, where the vibrational SRS was used for 2 μm laser conversion from
a pump around 1 μm 5,6,17. However, the use of high pressure H2 adds an extra limitation of implementing these lasers in
practical applications requiring portability. Furthermore, the use of H2 introduces not only high permeability of silica over
long time periods 18, but also a high amount of heat release because of the long vibrational Stokes shift coefficient (4155
cm-1), inducing thus a significant long term drift of the Raman laser 19. The aforementioned challenges can be addressed
by utilizing SRS through the rovibrational Q-branch of ν1 band of the ν1/2ν2 Fermi dyad of CO2 20,21. This is because its
relatively small Stokes shift coefficient of 1385 cm-1 allows the direct generation of 2 μm laser from the 1.5 μm spectral
range. Moreover, the remarkably narrow Raman gain linewidth (∼ 300 MHz at 1 bar) formed by Dicke narrowing and
collisional line-mixing effect is an important advantage for the development of ultra-narrow linewidth lasers 22. Recently,
a near-infrared (near-IR) frequency comb has been demonstrated based on cascaded SRS in a CO2-filled ARHCF using a
1064 nm pump laser 23. The cascaded SRS leads to the formation of a weak 3rd order Stoke line at 1911 nm driven by the
2nd Stoke at 1510 nm. Although the intensity of the 3rd order Stokes line is quite low due to the cascaded configuration
and the long CO2 molecule dephasing time relative to the pump pulse duration of ∼450 ps, this work confirms that 2 μm
laser can be achieved directly from a 1.5 μm pump. Here, we report our recent experiment result on a CO2-filled ARHCF
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Raman Stoke line at 1946 nm by using a 1533 nm fiber laser as pump 24. A maximum pulse energy of up to 16.3 μJ
(corresponding to 28 % quantum efficiency) is obtained with CO2 pressure of only 1.2 bar.

2. EXPERIMENTAL METHOD AND RESULTS
Figure 1 presents the experimental setup. The pump laser consists of a directly modulated distributed feedback diode laser,
followed by a three-stage amplification, to generate a pulse train with ∼92 μJ energy, ∼60 pm linewidth, 8 kHz repetition
rate, and 7 ns pulse duration 25. The pump is coupled into a 8-m long ARHCF with a coupling efficiency of ∼80%. A halfwave plate (HWP) was used to optimize the pump polarization direction and therefore the SRS efficiency. The ARHCF is
sealed by two gas cells that allows a maximum CO2 pressure of 20 bar. The collimated output from the ARHCF passes
through a CaF2 dispersive prism, to spatially separate the Raman laser from the residual pump, and to allow the
simultaneous characterization of both lasers. A flip mirror is placed before the prism for laser’s spectral characterization
using an optical spectrometer (Spectro 320, Instrument Systems). The pulse profiles of the residual pump and Raman laser
are respectively detected by a 5 GHz near-IR photodetector (DET08C/M, Thorlabs) and a 100 MHz mid-infrared
photodetector (PDAVJ10, Thorlabs). The beam profiles are measured with a slit scanning beam profiler (BP109- IR2,
Thorlabs).

Figure 1. Experimental setup for the generation of the 1.94 μm Raman laser.

The ARHCF used, shown in Figure 2(a), has a nested structure, forming a hollow core region with diameter of ~37.6
µm 7. The wall thickness and diameter are 406 nm and 22.2 µm for the outer capillaries, 621 nm and 6.04 µm for the nested
(inner) capillaries, respectively. The nested structure contributes to the significant reduction of the fiber loss caused by
light leakage, surface scattering and bend 26. Our calculations indicated that, this structure enables a wide transmission in
the near-IR range while having high loss in the mid-infrared (mid-IR), as shown in Figure 2(b). The relatively wide
transmission window from 1.5 to 2 μm supports the 1st order Raman conversion, while significantly increases the threshold
of higher order Stokes which cannot be reached by the 1st order Stokes with a pulse energy less than 20 µJ. As a result,
the higher order Stokes are blocked, leading to the confinement of the full pulse energy only on the 1st order line. The
losses at 1.53 µm and 1.95 um were found to be ~0.008 dB/m and ~0.35 dB/m, respectively.
A supercontinuum laser source (SuperK Extreme, NKT Photonics) was used to measure the transmission spectrum
of the ARHCF. A ZBLAN fiber patch cable was used to couple the light into an optical spectrum analyzer (Spectro 320,
Instrument Systems). Figure 2(c) shows the spectra of the supercontinuum laser before coupling into and after propagating
through the ARHCF in ambient conditions, where they are normalized to facilitate comparison. The spectrum of
propagating through the ARHCF exhibits a significant drop at ~850 nm, due to the resonance of the ARHCF. In the spectral
region of ~1.1 to 2.4 µm, it can be seen that the difference between the two spectra increases at longer wavelengths, which
could be attributed to the increase of the ARHCF loss.
We investigated the Raman laser power under different bend radii of 25 cm, 20 cm, 15 cm, and 10 cm. During this
experiment the CO2 pressure was maintained at atmospheric pressure. The results show that, the Raman pulse energy
always remains at ~15.4 μJ, indicating that the fiber bend loss has a minor impact on the output power when the bend radii
is larger than 10 cm. Figure 2(d) shows an image of the ARHCF, which is sealed inside a gas hose with 10 cm bend radius,
used for the Raman laser generation. Given the risk of damaging the capillary structure of the ARHCF, bending the fiber
with a radius of less than 10 cm was not implemented.
By properly setting the orientation of the HWP, the average Raman power was measured to be 122 mW at atmospheric
pressure and maximum pump power that corresponds to 15.3 μJ pulse energy. According to the measured optical spectrum
in Figure 3(a), the Raman laser has a center wavelength of 1946 nm. Given the ~60 pm pump linewidth, the Stokes shift
coefficient of 1385 cm-1, and the ~300 MHz Raman gain linewidth, the Raman laser linewidth is estimated to be within
the order of ~100 pm. This value exceeds the spectral resolution limit (0.2 nm) of our spectrometer and thus it cannot be
accurately resolved.
It can be seen that the Raman spectrum has a high purity since the ASE is left on the pump wavelength region. In
order to support this statement, we measured the ASE distributions of the output pump laser from the nested ARHCF,
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Figure 2. (a) Scanning electron microscopy image of the ARHCF. (b) Calculated fiber loss of the ARHCF using finite element
method with COMSOL software (fiber bend loss is not included). (c) Spectra of a supercontinuum laser before coupling into
and after propagating through the ARHCF filled with ambient air. (d) Experiment scene of the CO2-filled ARHCF (inside gas
hose) with a 10 cm bend radius.

filled with either pure CO2 or Ar at atmospheric pressure. The former case corresponds to a Raman pulse energy of 15.4
μJ at 1.95 µm wavelength, while in the latter case the SRS process is prohibited. The spectrum was recorded by an optical
spectrum analyzer (ANDO AQ6317B, AssetRelay) with a resolution of 0.01 nm. Figure 3(b) shows the measured spectra
for both cases at the maximum pump power of 1.74 W. It can be seen that the spectrum in the case of pure CO2 exhibits a
much lower signal intensity while the pedestal profile is similar to the one of pure Ar. When the pump power decreases to
0.62 W, the SRS process diminishes, as a result the spectra in both cases show similar profiles, as shown in Figure 3(c).
This effect clearly demonstrates that the SRS only occurs during laser’s pulse part, and ASE is left in the pump wavelength
region because of its low power level in time domain. The inset of Figure 3(a) shows the measured beam profiles of the
Raman laser (left) and the residual pump (right). Both of them have a Gauss-like profile, indicating that the light mainly
operates on the fundamental mode.
When the pressure in the CO2-filled ARHCF increases over the range 1 to 17 bar, we found that the pulse energy
quickly reaches the maximum value of 16.3 μJ (corresponding to 28 % quantum efficiency) at 1.2 bar, and then rapidly
decreases, as shown in Figure 4(a). This tendency is different from other reported gas-filled ARHCF Raman lasers 25,
where the pulse energy keeps increasing as the pressure increases, reaching eventually a saturation level 27. The different
trend in our experiment is attributed to the overlapping of the generated laser with the CO2 absorption band, as indicated
in Figure 4(a). The increase of the gas pressure inside the ARHCF fiber leads to the increase of the Raman gain bandwidth
(due to the reduced gas molecule dephasing time) and consequently the laser linewidth 28, meanwhile it broadens the
absorption linewidth of the CO2 gas due to the enhanced molecule collisions. As a result, the overlap between the Raman
laser line and CO2 absorption line increases with the increase in the gas pressure. This was experimentally verified by
investigating the direct CO2 absorption of the Raman laser by passing the collimated laser beam through a gas chamber
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Figure 3. (a) The left axis shows the measured spectrum including both the residual pump and Raman laser. The right axis
includes the absorption spectrum of CO2 obtained from the high resolution transmission molecular absorption database [26].
Insets of (a) are measured beam profiles of the Raman laser (left) and the residual pump (right). (b) and (c) are comparison of
measured spectrum of the output pump lasers from the nested ARHCF filled with either CO2 or Ar at atmospheric pressure.
The pump power is set to (b) a maximum level of 1.74 W and (c) 0.62 W, respectively, to generate a Raman pulse energy of
15.4 µJ and 0 µJ when the gas medium is CO2.

filled with pure CO2 at different pressures. The inner space of the gas chamber has a hollow cylindrical shape providing a
20 cm long optical path. Both ends of the chamber were sealed by two CaF2 windows for gas filling. An infrared
photodetector (PDAVJ10, Thorlabs) was used for recording the pulse peak intensity. Note that, although the peak intensity
has a high pulse-to-pulse fluctuation due to quantum noise, its statistical behavior follows a stable distribution (see more
details later), and therefore it can be used for measuring the CO2 absorption. Figure 4(b) shows the effect of CO2 absorption
under different pressure (inside the chamber), where the Raman laser used for the absorption measurement was generated
at a constant 10 bar pressure inside the ARHCF, in order to broaden the laser’s linewidth and thus increase the overlap
with CO2 absorption. It can be seen that, when the CO2 pressure inside the gas chamber increases from 1 to 15 bar, the
peak intensity of our laser shows a corresponding decrease. When the CO2 inside the chamber is replaced by pure argon,
the peak intensity becomes independent on the pressure, further verifying the absorption effect of the CO2. We also
recorded the variation of the pulse peak intensity at atmospheric pressure, but at different CO2 concentrations. The different
concentrations were controlled using two different mass flow controllers with argon as diluting gas. Our measurements
however did not reveal any observable difference on the peak intensity. This could be attributed to the relatively high
pulse-to-pulse fluctuation of our Raman laser, the limited voltage resolution (12 bit) of our oscilloscope, as well as the
weak absorption influence of CO2 on the Raman laser at atmospheric pressure.
Figure 4(c) shows the impact of the pressure inside the ARHCF on the pulse profiles of both the Raman laser and the
residual pump. Three Raman and corresponding residual pump pulse profiles at different pressure levels are recorded for
comparison. Each pulse profile is an average of 10,000 measured pulses. To facilitate the comparison, the average power
of these three Raman lasers are fixed to 4.4 mW by properly adjusting the pump power. The power coupling into the
detector is precisely controlled by neutral density filters, to ensure that most of the laser pulses lies in the linear detection
regime of the photodetector 19,29. When the pressure increases from 2 to 10 bar, due to the suppression of the transient SRS
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regime, the residual pump pulse duration on bottom of Figure 4(c) rapidly decreases from 5.3 ns to 3.0 ns, and a second
peak gradually appears in the trailing edge region. The trailing edge of the Raman pulses (top of Figure 4(c)) exhibits an
oscillation due to the 100 MHz bandwidth limitation of the mid-IR photodetector. It can be seen that the oscillation
amplitude decreases with the increase of the pressure, indicating the increase of the Raman pulse duration. The decrease
of the residual pump and the increase of the Raman pulse duration respectively at high pressure case are attributed to the
associated decrease in molecular dephasing time, which is a crucial index for measuring the transition time from
spontaneous Raman scattering to SRS state 30,31. Another important observation is that the center (~ 6 – ~8 ns in Figure
4(c)-bottom) of the residual pump pulse profile at 10 bar is higher than the one at 5 bar. This is a sign that the Raman laser
suffers from a high CO2 absorption loss at highpressures, which is consistent with our deduction in Figure 4(b) and further
verifies our initial assumption. Additionally, the Raman pulses in bottom of Figure 4(c) exhibit different delays in their
leading edges. This phenomenon is attributed to the dependence of the Raman gain bandwidth and CO2 absorption
coefficient on CO2 pressure. As the pressure of CO2 increases, the former factor (bandwidth) will shorten the gas dephasing
time and thus the delay, while the latter factor (absorption) will increase the threshold of SRS and the delay. As a result,
the delay is a counteracted result of the two factors.

Figure 4. (a) Raman pulse energy versus the CO2 pressure. (b) Measured pulse peak intensities of the Raman laser
after passing through a 20 cm long gas chamber at different CO2 pressures. (c) Average of 10,000 pulses at
different pressures for Raman laser (top) and residual pump (bottom).
Since the SRS process is initiated by the random quantum noise, the Raman lasers have in general a relatively high
pulse-to-pulse fluctuation 30. Here we use RIN (defined as the ratio of the standard deviation to the mean value of pulse
peak intensity) to describe the noise performance of our laser. Figure 5(a) shows the measured RIN of the Raman pulse
peak intensity as a function of pulse energy. Each RIN value is counted based on 10,000 pulses. Initially, the RIN decreases
with an increase of the average pulse energy, and then stabilizes at a minimum level of ∼4% when the energy exceeds ∼8
µJ. Insets of Figure 5(a) present the statistical distribution of the pulse peak intensity at two different average pulse energy
levels. The distribution has a negative exponential distribution at a low energy of 0.125 μJ which reflects the behavior of
quantum noise 30, and, due to the depletion of the pump power and the CO2 molecules in the ground state during the SRS
31
, it evolves to a Gaussian-like shape as the pulse energy increases. These effects are consistent with the conventional
gas-chamber based Raman laser as well as our recent work using a H2-filled ARHCF 22,30.
It is worth to emphasize that heat effect has been found to be a limiting factor to the performance of gas-filled ARHCF
lasers 19. A high amount of heat released during the SRS can significantly compromise the long-term stability of the laser
19
. In this work, due to the small photon energy difference between the pump and Raman Stokes, the maximum pulse
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energy of 16.3 μJ is associated with a heat release of only 4.4 μJ, therefore the laser exhibits a good long-term stability
without significant drift for more than 1 hour, as shown in Figure 5(b). Note that this measurement was recorded after 2
hours warming-up of the laser system, in order to stabilize the pump laser and the coupling efficiency from the pump to
the ARHCF.

Figure 5. (a) RIN of the Raman laser measured at different pulse energies. Insets of (a) are histograms of peak
intensity distributions of a 0.125 µJ (left) and a 10.2 µJ (right) pulse energy. (b) 200,000 Raman laser peaks
measured at maximum Raman power over ∼1.2 hour to show long-term stability.

3. CONCLUSION
In conclusion, we demonstrate that CO2 can act as a Raman active medium for frequency conversion from ~1.5 μm
to ~2 μm using the ARHCF technology. The maximum Raman pulse energy of 16.3 μJ was recorded at a gas pressure of
only ~1.2 bar. The RIN of the Raman laser reaches a minimum level (4%) when the pulse energy exceeds ∼8 µJ. Due to
the low amount of heat release during the SRS, the laser has a good long-term stability without significant drift. Given the
usual gain range of Er-doped fiber from ~1530 to ~1610 nm, the wavelength of the CO2-filled fiber Raman laser could be
easily extended to the range of ~1941 - ~2072 nm, therefore constituting a promising way towards 2 μm laser generation.
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