21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

4

42

43

44

High Power Second Stokes Generation in a
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Abstract: We demonstrate a multi-watt, picosecond pulse duration laser source by exploiting a
cascaded Raman process to the second Stokes signal at a wavelength of 2.58 um in a methane-
filled Nested Anti-Resonant Nodeless fiber from a 1 ym disk laser source. A maximum average
power of 2.89 W (14.45 uJ) is produced in a 160 cm length of custom-designed and in-house
fabricated fiber filled with methane at a pressure of 2 bar. The impact of gas pressure and
propagation distance on the second Stokes signal power are investigated experimentally. The
experimental results are simulated by solving the Generalized Nonlinear Schrodinger Equation
with the experiment carefully modelled by accounting for the impacts of pressure dependent
gas-light interactions along the pressure gradient of the fiber. This work offers a laser source for a
variety of applications as well as expanding the modelling space to methane filled fibers including
pressure gradients, and nonlinear optical activity in the presence of infrared gas absorption.

1. Introduction

Mid-infrared (MIR) laser sources are required for several applications including: molecular
spectral fingerprints, spectroscopy, micromachining, medicine, and free-space communications
[1-7]. In recent years, Hollow Core fibers (HCF) have been shown to be an excellent medium to
generate laser devices based on frequency up and down conversion from gas-light interactions
[8-23]. The tight confinement of light to the core of the fiber, the high damage threshold from
low glass-light overlap, and the low propagation losses [24] make Nested Anti-Resonant Nodeless
fibers (NANF) a particularly appealing option for these types of interactions: the fiber can handle
the coupling of high peak and average power pump sources while minimising the undesirable
effects typically observed in glass-core fibers [25].

Raman cascades to mid-infrared wavelengths in gas-filled HCF are an appealing option for
generating MIR sources [10, 11, 13,17-20,23,26]. Several Raman active gases have adequate
gain and sufficiently large vibrational Raman shifts to reach the MIR from widely available 1um
laser sources [27]. Hydrogen and deuterium offer vibrational shifts of 4155 cm~! and 2987 cm~!
respectively [27] with high Raman gain but due to their anistropic polarizability, they also exhibit
rotational Raman scattering [28]. The excitation of rotational scattering can deplete the pump
signal, reducing conversion efficiency to the desired vibrational Stokes wavelength [26]. The
relatively small rotational Raman shifts in gases may broaden the pulse into a supercontinuum [ 18]
particularly in the presence of nonlinear Kerr broadening [29]. Methane (CHy4) has a vibrational
Raman shift (VRS) of ~ 2916 cm~! and a Raman gain rivaled only by hydrogen but does not
have rotational Raman activity due to its isotropic polarizability [28]. The large vibrational
shift, lack of rotational scattering, and high gain of methane make it an excellent candidate for
achieving Raman cascades to the MIR and is why it is chosen for this work. To achieve MIR
output from CH4 using a 1 ym pump, a cascade to the second Stokes signal is required.

Some applications utilize or require picosecond pulse duration sources, taking advantage of
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the high peak powers and/or average powers available, [6,7] and the temporal characteristics of a
Raman generated signal mirror that of its pump source [14]. The Raman dynamics of methane
gas pumped with a picosend pulse occur in the transient gain regime [30]. In the transient regime
we can expect moderate Raman gain with a high degree of molecular coherency, as opposed to
low gain in the spontaneous regime, and high gain but low molecular coherency in the steady
state regime. In this work we generate a record-high average power 2.58 um source in a CH4
filled NANF with ~ 6 ps pulse duration.

2. Experiment
2.1. Fiber Characteristics

We designed a custom HCF to provide low loss propagation windows at the wavelength of the
laser pump available for our experiment, 1030 nm, the first Stokes wavelength, 1472 nm, and the
second Stokes wavelength 2580 nm. A five element NANF is designed to support the Raman
cascade to the second Stokes. An optimum thickness for the nested elements is determined to be
1.88 um. The fiber is drawn in-house with a 40 um core diameter, outer nested elements with
a thickness of 1.87 um, and inner nested elements with a thickness of 1.88 um. A scanning
electron microscope (SEM) image of the fiber is shown in the inset of Figure 1. In this NANF
design, the pump wavelength is in the fourth propagation window, the first Stokes wavelength is
in the third propagation window, and the second Stokes wavelength is in the second propagation
window.

A cutback measurement is performed to determine the propagation loss of the fiber. A Leukos
Electro MIR4.8 supercontinuum source is butt-coupled to a 251 m length of fiber and the spectrum
is observed by both a Yokogawa AQ6370C Near Infrared (NIR) Optical Spectrum Analyzer
(OSA), and Yokogawa AQ6376 MIR OSA to cover the full spectrum from 800 nm — 2800nm.
The fiber is then cut back to 10 m without altering the launch to determine a linear loss over the
wavelengths observed by the two OSAs. During the cutback, the fiber is filled with air at room
pressure and coiled to a diameter of 30 cm. The cutback loss spectrum is shown in Figure 1 and
the experimentally measured losses are 0.007 dB/m at the pump wavelength, 0.005 dB/m at the
first Stokes wavelength and 0.044 dB/m at the second Stokes wavelength. The actual fiber loss at
the second Stokes wavelength is likely lower than measured value due to absorption from water
in the air-filled fiber core. Figure 1 also shows the total absorption of methane as a function of
wavelength over 1 m propagation distance held at 1 bar of pressure. The pump and first Stokes
wavelengths experience minimal absorption, however several very closely spaced lines impact
the second Stokes signal. The absorption due to the various lines varies from ~ 20% to near total
absorption. While the gas absorption dominates the propagation losses at the second Stokes, the
low loss design of the NANF allows for conversion of the pump to the first Stokes signal which
in turn pumps the second Stokes signal.

2.2. Experimental Setup

The experimental setup is shown in Figure 2a. The pump source used in this work is a Trumpf
TruMicro 5050 disk laser. This laser produces 6 ps pulses with a repetition rate of 200 kHz
centered at 1030 nm. The source can emit pulses with energy up to 250 uJ (average power of
50 W). The laser output is a linearly polarized and collimated beam with a diameter 5 mm. To
couple the laser light into the fiber we utilize a three lens system. The first two lenses reduce
the diameter of the collimated beam and the third lenses focuses the beam for coupling into the
NANF. The focal lengths (specified in Figure 2a) are chosen to result in an optimized beam
diameter for coupling into the fundamental mode of the test fiber which has a mode field diameter
of 28 um. The coupling efficiency into the fiber is ~ 90%. The fiber under test is loosely coiled
in a 30 — 40 cm diameter and the distal end of the fiber is held in a pressure interface where the
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Fig. 1. Top: gas absorption of methane over a 1 m propagation path at 1 bar pressure
as a function of wavelength. Bottom: Fiber loss as a function of wavelength with
an SEM image of the custom NANF cross-section inset. Pump (1030 nm), first
Stokes(~ 1472 nm), and second Stokes (~ 2580 nm) wavelengths are indicated by
vertical lines.

filling gas is provided.

The output of the filled fiber passes through a magnesium fluoride window and a multi-port
filter wheel (for filtering out the residual pump and first Stokes signals) terminating on a power
meter. Silica and Indium Fluoride patch cables are positioned to capture optical scatter from
the power meter and are connected to NIR and MIR OSAs as shown in 2a. An image of an
experiment in progress is shown in Figure 2¢c. The gas cell, CHy4 line, filter wheel, and fiber from
Figure 2a are visible in the photograph. The fiber is emitting visible red light, which comes from
second anti-Stokes generation.

A pressure gradient will form along the fiber as one end of the fiber is held in a pressure
interface while the other is open to the atmosphere. For a fiber of length L the pressure at location
z is given by [31,32],

p(2) = \/pﬁ - z2(pg - p1)/L (1)

where po and p are the pressures at z = 0 and z = L respectively. The steady state pressure
gradient of varying fiber lengths with the distal end held at 4 bar is shown in Figure 2b. The
exit cell is kept at a pressure set by the gas bottle regulator and the pressure gradient allowed to
reach steady state before the experiment. We calculate the filling time required to reach steady
state as being on the order of seconds by solving by modelling the pressure driven flow in the
fiber [33-35]. Once the pressure gradient is stable, spectra and power measurements are taken
for each launch power. Spectra are taken when the beam passes through an empty filter port (i.e.
no wavelengths are blocked). Power measurements are taken through an empty port as well as
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Fig. 3. Spectra showing the residual pump, first Stokes, and second Stokes signals at
multiple launch powers.

with long-pass filters with cut-on wavelengths at 1000 nm (to filter any potential anti-Stokes
signals), 1300 nm (to isolate the first and second Stokes from the residual pump), and 1500 nm
(to isolate the second Stokes). Figure 3 shows experimental spectra of a 160 cm length of fiber
held at 3 bar. The first Stokes signal is generated immediately, it then levels off as the second
Stokes signal begins to grow. In the experiment, discussed below, power and spectra are assessed
for varying pressure (3 — 9 bar), launch power (1 — 15 W), and fiber length (125 — 585 cm) in
order to maximize the second Stokes power.
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2.3. Experimental Results

It is known that net Raman gain may be increased by higher gas pressures and longer propagation
lengths, but the gain increase is countered by loss due to infrared absorption of the methane
gas. Therefore, fiber length and gas pressure are varied to maximize second Stokes output as a
function of launch power. Initially a 135 cm length of fiber is filled with pressures varying from
3 — 9 bar. At each pressure, pump light of average power ranging from 1 — 15 W is coupled into
the fiber and the power and spectra recorded in order to capture second Stokes power as a function
of launch power. The results show an increased second Stokes power as pressure decreases and
are shown in Figure 4a. The pressure which resulted in the greatest second Stokes power is 3 bar.
The seconds Stokes power as a function of launch power of varying fiber lengths with a cell
pressure of 3 bar is also assessed. Spectra and average power were recorded for a 5.85 m fiber
for launch powers 1 — 15 W and the fiber is then cut to a shorter lengths and the process repeated
each time to assess second Stokes power. For each reduced length the second Stokes power
increases until the fiber is 125 cm in length, as shown in Figure 4b. While the long fibre lengths
will have a greater net Raman gain, it also suffers from increased losses due to gas absorption.
The second Stokes output is optimum at 160 cm, where it appears the loss-gain competition most
favors second Stokes power output. Lengths shorter than 160 cm appear to have insufficient gain,
resulting in both a higher threshold power and lower second Stokes output power. This process
is repeated at 2 bar cell pressure and 160 cm resulted in the highest second stokes power. The
optimum 160 cm length is subsequently assessed using pump powers of 1 — 36 W. The highest
second Stokes output power achieved at 3 bar is 2.65 W and at 2 bar is 2.89 W as shown in
Figure 5a. The experiment is truncated at 36 W launch power due to heating in the fiber coating.
We believe the heating in the coating comes from multiple sources: quantum defect heating from
the Raman process as well as absorption of the second Stokes signal due to methane infrared
absorption. In practice the gas-pressure regulator used showed greater fluctuations when set to 1
bar than at higher pressures and so is not tested.

Figure 5b shows the measured power of each of the Stokes signals normalized to the coupled
launch power at 2 bar cell pressure. The first Stokes signal initially shows rapid growth with
respect to the coupled launch power. This levels off as the second Stokes signal begins to grow.
The depletion of the first Stokes signal becomes apparent by the drop at ~ 10 W launch power
and the continued decrease until the final 36 W launch power. The proportion of the second
Stokes signal power to coupled launch power continues to grow, but does not quite reach the
level of the first Stokes. Given, the lack of saturation in the second Stokes signal measurement,
it is expected that increased launch power would continue to result in increased second Stokes
power. In this experiment, the launch power is ultimately limited by heating in the fiber coating
as stated above. Implementation of cooling along the length of the fiber may allow increased
second Stokes power from increased launch power. As mentioned above, we did not test pressures
lower than 2 bar however we expect that any improvements in the second Stokes signal power
from lower pressures would be limited. We credit the clear increase in seconds Stokes signal
power with decreasing pressure shown in Figure 4a with a reduction in signal absorption at lower
pressures, the improvement betweencell pressures of 2 — 3 bar are less distinctive. This suggests
we are very near the optimum balance of gain and loss to due to absorption.

We did not make a direct measurement of the 2580 nm signal, however we assume its duration
is ~ 6ps. As mentioned in section 1 the Stokes signals’ pulse duration mirrors that of the pump
source [16].

3. Modelling and Simulation of Methane Filled NANF

Simple models of Raman generation, such as coupled differential equations, cannot be used here
due to the complex time dynamics of working in the transient gain regime [29]. To reproduce
experimental findings we employed the Generalized Nonlinear Schrodinger Equation (GNLSE)
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by adapting it to experimental conditions. The GNLSE is a well known, widely used model
capable of capturing key interacting elements such as the chromatic dispersion and delayed
molecular nonlinear effects. To the best of our knowledge, a GNLSE adapted to model methane
has not been published in the literature yet. Here the GNLSE is formulated to include the loss,
dispersion, and nonlinear properties of methane as well as the waveguiding properties of the fiber.

3.1. Model Overview
The GNLSE is given as [29],

0A(z, w)

o —iD(w)A(z, w) = iy(W)F{(A(z,T)) / mR(T')|A(z,T—T')|2dT} 2)

where A(z,w) = F(A(z,T)) is the slowly evolving envelope of the electromagnetic field in
the Fourier domain. The linear operator D (w) includes both loss and dispersion, D(w, p) =
B(w, p) — B(wo, p) — B1(wo, p)(w — wp) +ia(w, p)/2. The frequency dependent propagation
constant of the methane filled fiber at pressure p is B(w, p) and B, (wo, p) is the mth derivative
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of 8 evaluated at the central propagation frequency and pressure p. All dispersion terms 3,
and higher are included in the simulation. This is accomplished by fitting the full propagation
constant 3 to a polynomial and subtracting the constant and 81 terms. The loss given by a(w, p)
accounts for both waveguide propagation losses and pressure dependent infrared absorption of
methane [36] as shown in Figure 1. The right hand side of Equation (2) gives the nonlinear
response of the methane filled HCF to the propagating light and includes the instantaneous Kerr
response and delayed Raman response. The nonlinear response is given by [37],

R(T) = (1= f)o(T) + frH(T), 3)

which includes both the instantaneous Kerr response as well as the delayed Raman response
in H(T). The fractional contribution of the Raman response to the total nonlinear response is
given by f;-. To the best of our knowledge, no analytic model for the vibrational Raman response
of methane exists. As has been done for other Raman active molecules, we instead model the
Raman response as a simple damped oscillator [29, 38],

1+T2Q2
—— 2 YT in(Q, TU(T), 4)
T}Q,

H(T) =
where Q, is the Raman shift in Hz, 75 is the dephasing time, and the Heaviside function U(T)
ensures causality [39].

3.2.  Numerical Simulation Development and Implementation

The GNLSE described above has been implemented successfully to describe pulse propagation
through many materials. A successful implementation of the GNLSE relies heavily on accounting
for experimental conditions in the modelling of the terms. Both the linear and nonlinear terms of
the GNLSE for a gas-filled fiber are dependent on molecular density of the gas. This density is a
function of both pressure and temperature. The Raman process generates heat and as mentioned
in section 2.3 is a limiting factor for the work. The most substantial heating occurs over a length
of a few centimeters as observed by a thermal camera, however the actual temperature of the gas
remains unknown. While the implementation of a temperature gradient is preferable, given the
unknown temperature and short propagation distance, the steady state pressure profile of a 160
cm length of the fiber under test is modelled using only Equation (1). The impacts of changes in
temperature on the generation remains an area of interest for future work.

The linear terms given by D (w) in Equation (2) are dispersion and loss. When operating away
from waveguide resonances, the dispersive properties of HCF are well modelled by that of a
capillary with the same core diameter [40]. The pump and Stokes signals do not propagate near
the resonances allowing the use of the capillary approximation. The effective refractive index of
the gas filled capillary is given as [41],

2.4042
where ng. is the gas index of refraction determined from equations fit to experimental data for
methane [42], k is the vacuum wave number, r is core radius, and the value 2.404 is the first
zero of the first order Bessel function implying fundamental mode propagation. The propagation
constant is given as 8 = kn [37]. The sources of loss accounted for in a are waveguide loss as
shown in Figure 1 and methane infrared absorption as a function of both wavelength and gas
pressure for the pressure gradient [36,43].

The nonlinear coefficient vy is a function of the nonlinear refractive index n, and is given as [37]

n(A,P,T) = \/ngas(/l, P,T) - 6)

Y(w)=——, m=— (6)
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where w is frequency, c is the speed of light, A,y is the effective mode area of the fiber, ¢ is
the permittivity of vacuum, and # is the refractive index of the gas filled core. The nonlinear
index coeflicient is calculated from

iy = > Re (¥*), (7)
8n

where y? is the third order nonlinear susceptibility [37]. In gases x> is a pressure dependent
value which can be determined from hyperpolarizability measurements for methane [44,45]. The
fractional proportion of the nonlinear response to the Raman dynamic, f; is chosen to best fit the
data. Within the Raman response function H(7) the Raman dephasing time 7, and the Raman
shift Q,, are unique to gas species and the values of 7, and €, are determined from spectroscopic
data for methane. The dephasing time is inversely proportional to the Raman gain bandwidth in
Hz [46], Av, = (8220 + 377p) x 10° Hz [27],

1 1
27 TAvy  7(8220+377p) x 106

®)

where p is gas density in amagat. The Raman shift is the peak of the Raman gain spectrum for a
given pressure and is given in cm™! [47]

Q, =2916.72 - 0.169p. ©)]

Stokes signals build from optical noise which functions as a seed signal. To seed the Raman
signals, quantum noise is included in the simulation. The noise used here is equivalent to one
photon per mode at each frequency [37].

With the values of the pressure dependent terms calculated as a function of pressure from
spectroscopic data, the f, value is treated a free variable and varied to find the best match to the
experimental data. For each f,, the simulated first and second Stokes signals are compared to the
experimentally obtained data from a 160 cm propagation at 3 bar cell pressure. To determine the
best f,-, we compare: the growth rate of the Stokes signals relative to the launch power, the onset
of the Stokes signals, as well as the Stokes signal widths. When the f, value is too small the
simulation overestimates the pump power needed to generate Stokes signals and underestimates
the spectral width and growth rate of the Stokes signals. When the f, value is too large it
underestimates the pump power needed to generate the Stokes signal. It overestimates the growth
and spectral width of the second Stokes signal and also prematurely predicts saturation of the
second Stokes signal. When f, = 0.7 the best match for Stokes onset, growth, and signal width
is achieved. Figure 6 compares the experimental output of a 160 cm fiber with the pressure cell
at 3 bar gauge pressure with f,. = 0.7. The simulation provides a good match both to the overall
trend of the second Stokes growth (Figures 6a and 6b) and individual spectra when compared
to experiment (Figures 6¢-6e). In both the experimental and simulation results, the second
Stokes signal spectrum exhibits a bifurcated structure and in the experimental results additional
bands on the red side of the signal begin to form with increased launch power. We credit this
structure to the methane absorption structure. While the generation of sidebands is similar to
that of a four-wave mixing process, the phase matching required is not satisfied here [29]. With
a validated model for methane filled HCF, the GNLSE can be used for predicting behaviors
in other experimental configurations. The GNLSE as formulated here would be of particular
use for assessing performance across the transient gain regime and could capture the effects
generated by pump sources in the femtosecond regime as well as longer picosecond duration
pulses. Simulation of solitons and supercontinuum generation in methane filled HCF is also
possible with this model.
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4. Summary and Conclusions

In this work we have designed and fabricated a custom NANF with low-loss in three separate
spectral regions to support a second-order vibrational Raman cascade in methane gas. The loss
of the NANF is 0.007 dB/m at the pump wavelength, 0.005 dB/m at the first Stokes wavelength,
and 0.044 dB/m at the second Stokes wavelength. The same fiber is used to achieve a 2.89 W,
2.58 um, picosecond laser source via Raman cascade to the second Stokes wavelengths. To
achieve this result, the interaction of Raman gain and power loss from infrared gas absorption
were studied by varying propagation length and gas pressure to optimize the second Stokes power
output. To the best of our knowledge, this result is the highest average power second Stokes
cascade in a methane filled HCF to date, improving on the current state of the art by greater than
a factor of ten [13], and the first at 2.58 um.

To model the experimental results, we have used a single damped oscillator model of the
methane molecule using previously published spectroscopic data. We have modelled the pressure
gradient along the fiber to capture the impact of nonlinear effects (Raman gain, bandwidth, shift,
and delay) and linear effects (infrared gas absorption and dispersion) in a GNLSE simulation.
This model has been shown to match well the experimentally observed second Stokes growth
trends and individual second Stokes spectra, opening a predictive space for modelling methane
Raman interactions in the presence of a pressure gradient and losses due to gas absorption.
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