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Abstract: Here, we report a numerical study of supercontinuum generation in an antiresonant optical
fiber with a hollow core filled with a mixture of deuterium (D,) and hydrogen (Hj). For 1 ps pulses
at a wavelength of 1.03 pm with different chirp values, we demonstrate a possibility of obtaining a
mid-IR coherent supercontinuum with a spectral width of 2300 nm, initiated by cascade processes at
resonance frequencies of vibrational and rotational levels of D, and Hy. We show that an increase in
the chirped pulse duration to 25 ps while maintaining the energy and spectral width allows increasing
the quantum conversion efficiency in the mid-IR from 10 to 50% and expanding the range of optimal
fiber lengths at which a high degree of supercontinuum coherence is achieved.

Keywords: coherent supercontinuum; gas-filled hollow-core fiber; stimulated Raman scattering

1. Introduction

A mid-IR coherent supercontinuum is in demand for many applications such as
biomedicine [1-3], mid-infrared optical coherence tomography [4,5], and remote sensing [6].
A promising way to obtain a supercontinuum in the important molecular “fingerprint”
mid-IR range of 2-5 um is the generation of cascade Stokes shifts of stimulated Raman
scattering (SRS) in a gas-filled optical fiber by high-power picosecond and femtosecond
lasers in the near-IR range [7-12]. Recently, antiresonant hollow-core fibers (HCF) [13-19]
have been intensively used for this purpose. They have wide transmission bands in the
wavelength range from UV to mid-IR, and in each of them, the dispersion characteristic
passes through zero values. This not only increases the efficiency of cascade SRS at resonant
frequencies falling in the region of low band losses but also significantly expands the
possibilities of fulfilling a phase-matching condition for nonlinear four-photon processes
that effectively broaden the spectrum in the Stokes-anti-Stokes regions.

An increase in the energy conversion to the mid-IR was demonstrated in [10-12],
where cascade SRS was used at vibrational levels of light gases, the large frequency shifts
of which fell into the low loss regions of transmission bands. In experimental works [10,12],
three transmission bands of an HCF were used to obtain mid-IR generation in a two-stage
process 1.03 — 1.49 — 2.68 um at D; vibrational levels. When pumping with the 10 ps
pulses with a chirp value C = 40, a transform-limited pulse of 920 fs with a quantum
conversion efficiency (the total number of photons entering a given spectral region to the
number of photons of the input pump pulse) of 28% was obtained in the second Stokes [10].
Reducing the input pulse duration to 1 ps while maintaining its spectral width (C = 4) led
to supercontinuum generation in the wavelength range of 0.65-3.3 um, yet in the range
>2 um, the quantum conversion efficiency was only 14% [11]. This was explained by an
increasing role of Kerr nonlinear processes, which redistribute the pump energy into the
short-wave (anti-Stokes) spectral region.
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The role of Raman processes in the supercontinuum generation in the mid-IR range can
be enhanced by using a mixture of gases that increase the number of resonant vibrational
transitions involved in the transfer of energy to the Stokes regions [12,20]. The use of
a D,-H, mixture in the work [12], where, in addition to the two-stage process on D,
combined two-stage processes of 1.03 — 1.49 — 3.9 ym and 1.03 — 1.8 — 3.9 pm were
realized, made it possible to expand the supercontinuum spectrum in the mid-IR range to
4.2 ym. As in [11], a broadband supercontinuum was obtained with input chirped pulses
of duration <1.5 ps, the spectral width of which corresponds to a transform-limited pulse
of 250 fs. Increasing the chirped pulse duration to 12 ps while maintaining the energy led
to an increase in the efficiency of conversion to the mid-IR, but in this case the spectrum
had a strong modulation at the SRS resonance frequencies.

To increase the coherence of the supercontinuum initiated by the Raman process, it is
preferable to have input pulses with the widest possible spectrum, overlapping the spectral
Stokes shift. However, at large Raman shifts of the vibrational levels of molecular gases
(125 THz for Hy), this requires transform-limited pulses of the order of femtoseconds. A
promising way to increase coherence is to use combined cascade transitions involving
vibrational and rotational levels, which have much smaller Stokes shifts. In [20], it was
shown that the use of a single-cascade vibrational transition in D, (1.56-2.9 um) and
rotational transitions in N in a D,-Nj mixture increased the degree of supercontinuum
coherence and the maximum values of the quantum efficiency of Raman conversion to the
three-micron wavelength region compared to a single-cascade process in deuterium.

It should be noted that the research carried out to date is not yet sufficient to fully real-
ize all the possibilities of this method of generating a supercontinuum. Thus, the problem
of obtaining high-energy single-period pulses in the mid-IR range when implementing
cascade SRS processes in a gas-filled fiber has not been solved experimentally. Due to the
complex nature of the interaction between SRS and Kerr nonlinearity in cascade processes,
the question of whether it is possible to simultaneously obtain high efficiency of energy
conversion from the near to mid-IR range and a perfect coherence of the supercontinuum,
covering the 2-5 um band, remains unclear.

In this paper, we numerically investigate the coherence properties of the supercontin-
uum formed by combined cascade Raman processes in a revolver-type HCF filled with
a Dy-H; mixture pumped by chirped picosecond pulses at a wavelength of 1.03 um. We
examine the dependence of the spectrally averaged coherence and quantum conversion
efficiency on the energy, duration, and chirp value of the input pulses and the fiber length.
The fiber lengths and pulse parameters are determined, at which point it is possible to
obtain a perfect phase coherence of the supercontinuum in the mid-IR. It is shown that
taking into account the rotational transitions of D, and H, significantly expands the region
of optimal pulse and fiber parameters in which a high degree of supercontinuum coherence
is achieved.

2. Materials and Methods

The numerical analysis was carried out on the basis of the generalized nonlinear
Schrodinger equation for the complex spectral pulse envelope [21], in which the total
Raman response function R(t) has the form [22,23] of

R(t) = Ryippa(t) + Rojpr2(t) + Ryorp2(t) + RyotH2(t) (1)

where the nonlinear response functions of deuterium R,,;;p, () and hydrogen Ry ()
were expressed as

Roip(t) = (1= foin)0(t) + foihoin(t) )

Here, the first term with the delta function is responsible for the Kerr effect; the second
term characterizes the contribution value of the more slowly relaxing vibrational response
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of deuterium (Q;(2) = 2987 cm™!) or hydrogen (Q1(1) = 4155 cm™1). The SRS response
function of deuterium and hydrogen h,;,(t) was determined as

hvib(t)_QszvibeXp(_ : )Sin( ! ) (3)

Tdvib Tsvib

where O = T2 + Tivip 2, Topip = 1/wgr, wr—is the angular frequency of the Raman
shift; 4,5, = To, Ty is the transverse relaxation time of the excited vibrational level. When
determining T, for deuterium and hydrogen, the linewidth dependence of the Raman
vibrational transition Avg on the particle number density p given in [24] was taken into
account (Avg[Dy] = 101/p+120%p, Avg[Hp| = 309/ p+51.8%p).

The nonlinear function for rotational SRS in deuterium R,,py(t) and hydrogen
Ryotr2(f) has a similar form

Rrot(t) = (1 - frot)fs(t) +frothrot(t) (4)

where the function hy(t), characterizing the total contribution of 4 Sp-components of
rotational SRS in hydrogen and deuterium to the nonlinear refractive index, is defined as

hea) = 5y 4y 0~y Jsin{ oy ) ©

Here, A) = (Njs2 = Np)ay LG Ny = exp [—hCB%“)}, Torot(J) = 1/[47Bc(2] +3)],
and g7 = 1, 2 for odd and even ], respectively. Here, K is the Boltzmann constant, T is the gas
temperature, the rotational constant is B = 29.3 cm ! in deuterium and B = 59.8 cm ! in hydrogen,
Aj characterizes the intensity of the rotational transition w; = 2Bc(2] + 3), determined by the
selection rules A] = £2, with the energy E; = J(J + 1)Bhc, where h—is Planck’s constant. Ny and
Tarot(J) are the population of gas molecules at level | and the time of its transverse relaxation,
depending on the gas temperature and pressure [22,25]. The coefficients f,,;, frot, characterizing the
SRS contribution to the value of the nonlinear refractive index N, were determined in accordance
with the work [26].

The numerical analysis was performed in the MATLAB environment for the fundamen-
tal mode of the fiber, taking into account the spectral dependences of the effective mode area
Aeif(w), waveguide losses a(w), and the effective refractive index. The maximum time inter-
val was 120 ps with a minimum grid size of 0.46 fs. The study was carried out for input pos-
itively chirped Gaussian pulses with an amplitude E(t) = \/ﬁexp{ —05(1+iC)[t/ TO]2 },
where P is the power, tTrywypm = 1.665T) is the full width at a half-maximum, and C is
the chirp value. The main results were obtained for 1 ps chirped pulses with C =4 and
C =20 and for longer 25 ps chirped pulses with C = 100 in the energy range of 1-500 uJ. All
results were obtained at partial pressures of deuterium of 12 atm and hydrogen of 20 atm,
at which the maximum conversion efficiency values were achieved in the experiment [12]
in combined two-cascade processes (1.03-1.49-3.9 um and 1.03-1.8-3.9 um) involving the
vibrational transition of deuterium at 2987 cm~! (1.03-1.49 um) and hydrogen at 4155 cm ™!
(1.03-1.8 pm). The supercontinuum generation was investigated both for the case of a
purely vibrational Raman process and with the participation of, along with vibrational
rotational levels in D, and Hy.

To estimate the degree of coherence depending on the wavelength, a first-order cor-

relation function ‘ gﬂ (A) ’ was used [27]. The ensemble average of 380 independent pairs

of spectral amplitudes E(A) was determined from 20 individual realizations of super-
continuum with different phase noise. Quantum noise was introduced additively to the
amplitude of the input pulse with an amplitude corresponding to one photon in the
frequency interval and a random phase. The supercontinuum coherence in different
parts of the spectrum was estimated using the spectrally averaged correlation function

<[l M|>= [l W|IEQ)Pars 1B Paa.
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Numerical analysis was performed for parameters of the 10-capillary HCF with a core
diameter of 75 pm and a capillary wall thickness of 1.15 um (Figure 1a) corresponding
to the manufactured HCF used in experiments [11,12]. The dispersion and waveguide
characteristics are shown in Figure 1b. The supercontinuum was studied in the range of
500-5000 nm, covering the first 5 transmission bands of the optical fiber. The wavelengths
of the pump (1.03 um), the first Stokes shifts in deuterium (1.49 pm) and hydrogen (1.8 um),
and the two-cascade shifts of 2.6 pm and 3.9 pm were in the region of minimal losses of the
3rd, 2nd, and 1st transmission bands, respectively.
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Figure 1. (a) Electron photograph of the fiber cross-section; (b) Waveguide (leakage) loss (black)

100

and dispersion (red) of the fundamental mode as a function of wavelength at partial pressures of
deuterium of 12 atm and hydrogen of 20 atm for 5 transmission bands. The vertical dashed lines
denote the wavelengths of the pump (1.03 um), the first Stokes shifts in deuterium (1.49 um) and
hydrogen (1.8 um), and the two-cascade shifts of 2.6 um and 3.9 pym. The horizontal line (dots)
indicating the zero-dispersion value.

3. Results
3.1. Chirped Pulses of 1 ps Duration
3.1.1. Supercontinuum Generation upon Excitation of Vibrational Levels in D, and H;

Figures 2 and 3 show the spectral and temporal characteristics obtained for 1 ps pulses
with a chirp of C = 4 and C = 20 at an energy of 200 pJ. These pulses differ greatly in
their spectral width (FWHM is 60.6 cm~! and 294.6 cm ™!, respectively). Supercontinuum
generation begins with the smooth broadening of the spectrum by self-phase modulation
(SPM), which at lengths of 0.5-0.7 m is replaced by a very fast spectrum broadening into the
Stokes-anti-Stokes regions, forming a supercontinuum filling the entire wavelength range of
500-5000 nm (Figures 2a and 3a). This supercontinuum formation is characteristic of pulses
with a spectrum corresponding to transform-limited pulses of femtosecond duration [27],
when the dominant role in the uniform distribution of energy in the supercontinuum spectrum
is played by coherent processes associated with the SPM, cross-phase modulation (XPM), the
decay of a high-order soliton under the influence of higher dispersion and nonlinear terms,
and stochastic four-wave processes associated with modulation instability. The role of Raman
processes is manifested mainly in the transfer of energy into the long-wave region of resonant
cascade transitions of deuterium and hydrogen 1.49, 1.8, 2.68, and 3.9 pm, as well as in the
amplification of non-resonant nonlinear processes in this spectral region.

At the initial fiber lengths, the quantum conversion efficiency in the Stokes and
anti-Stokes spectral regions is approximately the same (Figures 2b and 3b). Here, the
broadening of the SPM spectrum is accompanied by increasing asymmetry in the spec-
trum and temporal structure and the occurrence of modulation at the pulse trailing edge
(Figures 2¢,d and 3c,d). Further sharpening of the modulation structure leads, at lengths
greater than 0.7 m for the chirp C = 4 and 0.5 m for the chirp C = 20, to the decay of the
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initial pulse shape into numerous soliton-like pulses, accompanied by a sharp broadening
of the spectrum into the Stokes-anti-Stokes regions.

Due to the impact of Raman cascade processes, the quantum conversion efficiency in
the Stokes IR spectral range (1030-5000 nm) is greater than in the anti-Stokes (510-1030 nm)
along the entire length of the fiber. In this case, the initial sharp increase in the quantum
conversion efficiency in the Stokes region to values >0.6 (IR curve) with the expansion of
the spectrum to the wavelength region of the first Stokes components D, (1.49 um) and
Hj (1.8 um), corresponding to the near IR range, is accompanied by a decrease in the
quantum conversion efficiency in the anti-Stokes region to values less than 0.3. Further
energy transfer to the mid-IR region (2400-5000 nm), corresponding to the wavelengths
of cascaded Raman scattering (2.68 um, 3.9 um), leads to an increase in the quantum
conversion efficiency in the mid-IR to values of ~0.1 over a length of ~1.5 m (MIR curve),
while the quantum conversion efficiency in the entire IR range decreases here to a value of
<0.3 and in the anti-Stokes region <0.1. Thus, with maximum spectrum expansion into the
mid-IR, more than 60% of photons are lost at the boundaries of the 5 used transmission
bands of the fiber. As follows from the spectral and temporal characteristics shown in
Figures 2 and 3 for 1 ps chirped pulses with C =4 and C = 20, there is a significant difference
in the rate of spectrum broadening by SPM. The large spectral width of the input chirped
pulse with C = 20 provides spectrum broadening sufficient for forming the supercontinuum
modulation structure on a shorter (by 20 cm) fiber length. This is of decisive importance
for obtaining a coherent supercontinuum with chirp C = 20. The main process negatively
affecting the coherent properties is modulation instability associated with four-photon
nonlinear processes that amplify spontaneous noise, which manifests itself already at the
earliest stages of the SPM spectrum broadening. Numerical analysis of the phase matching
condition (28, — Bs — Bas +27P = 0, where Bp, Bs and B 45 are propagation constants for
pump, Stokes and anti-Stokes waves, -y is the nonlinear coefficient, P is the pump power) for
the four-wave process (2wp = wg + w45) showed that when pumping with 200 MW pulses
at a wavelength of 1.03 pm, located in the third band near the zero dispersion wavelength
(Ao = 1.29 um), the phase matching condition is satisfied for the Stokes-anti-Stokes shifts
at wavelengths of 1178 and 895 nm, located in the second and third transmission bands
of the fiber, and at wavelengths of 651 and 2465 nm, belonging, respectively, to the fourth
and first transmission bands. Thus, the exponential gain gy = P in the region of
these wavelengths leads to a noticeable development of stochastic processes at the length
Ly =16/9P =17 cm (y=4.7 x 107 m~ ! W—1, P = 200 MW). In particular, the formation
of the modulation temporal structure begins with the appearance of periodic oscillations
with a period of ~24-27 fs at the fiber lengths of 0.5-0.6 m (chirp C = 4) and 0.35-0.4 m (chirp
C =20) (Figures 2d and 3d). These harmonic oscillations correspond to the interference
between the pump radiation of 1.03 pm and the radiation in the region of wavelengths of
895 and 1178 nm, arising already at these initial fiber lengths from the spontaneous noise in
the process 2wyg30 = w1178 + Wsos.

From the spectrograms in Figure 2¢, which show superimposed spectra for 4 input
pulses differing in random phase noise, it follows that for a chirped pulse with C = 4,
the generation of radiation in the wavelength range of 895 and 1178 nm already leads to
differences in their spectrum at lengths of <0.6 m, since, here, the rate of the SPM spectrum
broadening lags behind the development rate of this noise nonlinear process. At the same
time, the SPM fast-broadening rate of the broader-band spectrum of the chirped pulse
with C =20 suppresses the spontaneous process at the initial lengths of 0.1-0.4 m. The fast
development of coherent cascade processes associated with a further decay of the envelope
with the participation of Raman and higher dispersion terms for a chirped pulse with C = 20
leads to the effective suppression of the second noise process 2wig3p = Woaes + Wes1 also,
which affects the coherence in the region of the second Stokes components (2.68 and 3.9 pm).
This is evidenced by the absence of fluctuations in the spectrum for pulses with different
phase noise up to a fiber length of 0.6-0.7 m, corresponding to the maximum spectrum
broadening (Figure 3c). Figure 4 shows the degree of coherence of the supercontinuum
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estimated using the first-order correlation function ) 817 (

higher supercontinuum coherence for a chirped pulse with C = 20 compared to a chirped
pulse with C = 4. A significant difference in coherence between these chirp values is also
manifested in the dependence of the spectrally averaged first-order correlation function

< ‘ gg) (A) ‘ > on the energy of the input pulses (Figure 5). For the chirped pulse with C =4,

the values of < ‘ gg) (1) ’ > in the mid-IR wavelength region (2.4-5 um) are at a low level

of 0.12-0.14 with a change in the pump energy, while for the chirped pulse with C = 20, the
average coherence in this spectral range increases from 0.45 to 1 with an increase in energy
from 60 to 200 yJ, thus demonstrating perfect phase coherence in the region of optimal fiber
lengths at pumping energies greater than 150 pJ. The deterioration of the coherence with
a decrease in the energy of the input pulse with the C = 20 chirp below 150 pJ is due to a
decrease in the influence of the nonlinear term 2yP and an increase in the role of waveguide
dispersion. As a result, the number of wavelengths at which the phase-matching condition
for noise processes is satisfied increases, which significantly complicates their suppression.
In particular, for a pulse with a power of 60 MW there are 5 frequency offsets from the
pump (47.5, 73, 104, 140 and 196.6 THz), where the generation from spontaneous noise is
possible due to four-photon nonlinear processes.
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Figure 2. (a) Spectrum evolution of a 1 ps pulse (C = 4) with an energy of 200 uJ along the fiber
length; (b) Quantum conversion efficiency in different spectral regions depending on the fiber length
(here and in the following figures IR is the region of near- and mid-IR wavelengths 1.03-5 um, MIR is
the mid-IR region 2.4-5 um, AS is the anti-Stokes region <1.03 um); (c) Spectrum and (d) temporal
structure at the initial fiber lengths. Only vibrational SRS transitions are taken into account.
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Figure 3. (a) Evolution of the spectrum of a 1 ps chirped pulse (C = 20) with an energy of 200 pJ along
the fiber length; (b) Quantum conversion efficiency in different spectral regions depending on the
fiber length; (c) Spectrum and (d) temporal structure at the initial fiber lengths. Only vibrational SRS

transitions are taken into account.
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Figure 4. The degree of coherence of the supercontinuum in the wavelength range of 500-5000 nm
with pumping at 1030 nm by 1 ps input chirped pulses with (a) C = 4 and (b) C = 20 taking into
account vibrational transitions in D, and Hp. Pump energy is 200 pJ. The fiber length is 0.7 m.
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Figure 5. Spectrally averaged coherence (< ‘ gg) (1) ‘ >) in the mid-IR wavelength region (2.4-5 pm)
depending on the energy of 1 ps input chirped pulses at 1.03 um with C = 4 (triangles) and C = 20
(dots). Only vibrational transitions in D, and Hj are taken into account.

Figure 6 shows how the quantum efficiency and spectral bandwidth in the mid-IR
depend on the energy of 1 ps input chirped pulses with C = 4 (for 1 ps input chirped pulses
with C = 20, these dependences differ insignificantly). At the maximum spectrum broad-
ening, the quantum conversion efficiency in the long-wavelength region of 1030-5000 nm
is at the level of ~30% and weakly depends on the energy in the range of 60-200 uJ. At
the same time, the quantum conversion efficiency in the mid-IR (>2.4 pm) increases with
increasing energy to a value of ~10% at an energy of 200 puJ. An increase in the mid-IR
bandwidth (by a factor of 1.7) with increasing energy is accompanied by an almost 3-fold
decrease in the optimal fiber length corresponding to the maximum broadening of the
supercontinuum spectrum.
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Figure 6. (a) Quantum conversion efficiency in different spectral regions at optimal fiber lengths
corresponding to the maximum supercontinuum bandwidth; (b) Supercontinuum bandwidth (BW)
in the mid-IR region >2.4 um and optimal fiber length (Lopt) versus energy, when pumped at 1.03 um
with 1 ps chirped pulses (C = 4). Only D; and H, vibrational transitions are taken into account.

3.1.2. Supercontinuum Generation upon Excitation of Vibrational and Rotational Levels in
D2 and H2

Under normal conditions of linearly polarized radiation for 1 ps chirped pulses with
C =4, having a narrow spectral width, the excitation thresholds of relatively far-spaced com-
ponents of rotational SRS in hydrogen (So(1) = 587 cm.™ 1) and deuterium (So(2) = 415 cm™ 1)
are significantly higher than vibrational SRS in these gases [28]. In this regard, the contri-
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bution of rotational SRS to the supercontinuum generation for such pulses depends to a
greater extent on their energy.

From the results shown in Figure 7, for an input pulse energy of 200 yJ, it follows that
the rotational levels did not significantly affect supercontinuum generation, determined by
the large contribution of nonlinear four-wave processes, and only led to a shortening of the
length (0.4 m), at which point a significant broadening of the SPM spectrum and decay of
the envelope occur occur. In the studied energy range, the quantum conversion efficiencies
in the mid-IR were also close to those obtained without taking into account the rotational
levels (Figure 7b). The most important difference was found in the supercontinuum

coherence (Figure 8). For a chirped pulse with C = 4, the value of < ’ gg) (A) ’ > increases

from 0.2 to 1 in the mid-IR with a change in the pump energy from 40 to 250 uJ. For a

chirped pulse with C = 20, < ‘ gg)

(A)‘ > =1 in this entire range of pump energies. A
significant positive effect in the supercontinuum coherence from rotational SRS is associated
with the fact that new rotational cascade processes, along with vibrational ones, compete
with noise Kerr processes at the early stages of the SPM spectrum broadening. From the
spectrogram obtained for a chirped pulse with C = 4 at an energy of 200 pJ (Figure 7a), it
follows that at a length of 0.2 m, coherent broadening of the SPM spectrum already occurs,
extending at the level of —60 dB into the long-wave range up to a wavelength of 1200 nm.
Thus, the above-mentioned noise process with the Stokes shift, which has gain maxima at
wavelengths of 895 nm and 1178 nm, is overlapped. The most probable mechanism of such
accelerated spectrum broadening are cascade processes involving rotational transitions of
So(1) in hydrogen and Sy(2) in deuterium.

Figure 8b shows how the spectrally averaged coherence in the mid-IR range, obtained
for a 1 ps chirped pulse (C = 4) with an energy of 250 pJ, varied along the fiber length. Perfect
phase coherence here exists only at short fiber lengths of up to 0.3 m, where the quantum
conversion efficiency reaches 70-80% of its maximum value at 0.5 m. The sharp decrease
in coherence shows that the maximum values of quantum efficiency are determined by
noisy four-photon processes. This is a characteristic feature of all the chirped pulses of 1 ps
duration considered above.
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Figure 7. (a) Supercontinuum evolution at initial fiber lengths when launching a 1 ps chirped
pulse (C = 4) with an energy of 200 pJ into the fiber; (b) Quantum conversion efficiency in different
spectral regions depending on the fiber length. Vibrational and rotational transitions of SRS are taken
into account.



Photonics 2024, 11,1176 10 of 15
ol — 0.12
H-EN-g
o« l0.10
0.8 >
o\ 10.08.
A 0.6 &
3 d 10.06 2
Vv 0.4 / -— =]
B . o
/ —a {0.04 S
0.2 c
J 10.02
0.2
0.0 , - - : ;
: . 0.00
0 50 100 150 200 250 02 03 0.4 05
Energy (1J) Fiber length (m)
(a) (b)

Figure 8. (a) Spectrally averaged coherence (< ‘ gi? (A) ‘ >) in the mid-IR wavelength region
(2.4-5 um) dependent on the energy of 1 ps input chirped pulses at 1.03 pm with C = 4 (triangles) and
C =20 (dots); (b) Quantum conversion efficiency and spectrally averaged coherence in the Mid-IR
obtained for 1 ps pulses (C = 4) with the energy of 250 pJ as a function of fiber length. Vibrational
and rotational transitions in D, and H, are taken into account.

3.2. Chirped Pulses of 25 ps Duration

A numerical analysis was performed also for chirped pulses of 25 ps duration. With
such duration, the Raman process still retains its non-stationarity and, accordingly, a high
degree of coherence [29], while its role in the efficiency of energy conversion into the IR
range becomes decisive. Figures 9 and 10 show results obtained for 25 ps input chirped
pulses with C = 100 and an energy of 250 puJ on a fiber length of 2 m, taking into account
only vibrational and vibrational-rotational levels in D, and Hy, respectively. These pulses
have almost the same spectral width (58.8 cm™!) as the 1 ps chirped pulses with C = 4
considered above. Comparison with similar spectra for a duration of 1 ps in this energy
range (Figure 2) shows a noticeable difference in the supercontinuum evolution, associated
with a significantly greater influence of SRS on the spectrum formation for a 25-ps pulse
not only at the initial lengths, but also at the maximum of quantum efficiency.

Due to the lower peak power values and longer duration, the initial stage of supercon-
tinuum generation is associated not with the SPM spectrum broadening, but with single-
and double-cascade SRS processes, effectively transferring the pump energy to the long-
wavelength region. At fiber lengths of 0.5-0.6 m, narrow Stokes signals of single-cascade
processes in hydrogen and deuterium initially appear at 1.8 and 1.49 um, which very
quickly initiate the appearance of signals of two-cascade processes: a combined process
at 3.9 um and a two-cascade process in deuterium at 2.68 um (Figures 9a and 10a). It is
important to note that the envelope decay here begins with the formation of a regular
modulation structure with a period of ~8 fs, which corresponds to the interference between
the pump at 1.03 um and the first Stokes signal in H; at 1.8 um (Figure 9d). Almost si-
multaneously with the Stokes signals, as a result of coherent four-wave processes, signals
also appear in the anti-Stokes region at wavelengths of 722 nm (wp 72 = 2wj 03 — w1g),
787 aM nm (a)o‘78 = 2601.03 - w1.49), 641 EMm nm (w0_64 = 26()1.03 - w2.6), and 593 uMm nm
(wo59 = 2w1 03 — w39). The interaction between these radiations leads to a rapid increase in
the number of Stokes-anti-Stokes satellites. In contrast to the 1 ps pulse, where, due to the
SPM broadening, these SRS processes developed against the background of the envelope
decay into a modulation structure consisting of a large number of femtosecond pulses
interacting with each other via four-wave processes; here, the SRS transformation into
the long-wave region of the spectrum occurs at the stage when the modulation structure
is not yet fully formed. This leads to a more efficient energy transfer to the mid-IR by
cascade processes of vibrational SRS. The maximal values of conversion efficiency into the
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mid-IR are achieved at a length of ~1 m and is 40% at an input energy of 250 pJ, while
30% and 16% of photons are in the near-IR and in the anti-Stokes region, respectively
(Figures 9b and 10b). The dependence of the maximum values of the quantum efficiency
on the pump energy, obtained for a 25 ps chirped pulse with C = 100 taking into account
rotational SRS (Figure 10c), shows that at an energy of 125 uJ (power of 5 MW), 80% of the
pump quanta can be transferred to the Stokes region of the spectrum, the majority (50%) of
which is in the mid-IR range (>2.4 um).
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Figure 9. (a) Spectrogram and (b) quantum efficiency obtained for 25 ps input chirped pulses with
C =100 and an energy of 250 puJ on a 2 m optical fiber length; (c) Spectrum and (d) temporal structure
at the initial fiber lengths. Only vibrational SRS transitions are taken into account.

It is important to note that the maximum values of the quantum conversion efficiency
are determined by coherent nonlinear processes that successfully suppress the noise Kerr

processes. This follows from the values of < ‘ gg) (A) ‘ > (Figure 10d) calculated at different

fiber lengths for the spectrum shown in Figure 10a. In the mid-IR region, < ‘ gg) (A) ‘ >=1

over the 2-m fiber length, while 100% coherence in the entire spectral range of 500-5000 nm
is maintained up to a length of 1.2 m. Thus, compared to 1-ps pulses (Figure 8b), the range
of optimal lengths at the maximum of the quantum conversion efficiency, at which a perfect
coherence of the supercontinuum can be obtained, is significantly expanded here. The gain
in the quantum conversion efficiency and coherence for the 25 ps pulse compared to the
1 ps pulse in the studied range of energies and spectral widths is obtained at a significantly
higher modulation of the supercontinuum spectrum. It follows from the oscillograms in
Figures 9 and 10 that the supercontinuum spectrum consists of 27-29 broadened maxima,
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spaced from each other by ~17-20 THz and distributed in the frequency range of more
than three octaves. The position of the maxima and their detuning are determined by
the resonant frequencies of the Stokes shifts on the vibrational transitions in D, and Hj,
interacting with each other through four-photon processes. In particular, the mid-IR
maximum at 3.1 um, spaced by 17 THz from the resonant peaks at 2.68 um and 3.9 pum,
is formed as a result of the degenerate process 2wz = wy¢s + wazg. Comparison of the
oscillograms in Figures 9 and 10, given, respectively, for purely vibrational and vibrational-
rotational SRS, shows a significantly smaller modulation in the supercontinuum spectrum
when taking into account rotational SRS. In particular, for the spectrum in Figure 9, the
difference in intensity between the peak maximum at 3.9 pm and the minimum at 3.5 um is
about 40 dB at a fiber length of 2 m, whereas in the spectrum in Figure 10, this difference
decreases to 20 dB. The modulation depth decreases with increasing fiber length and pulse
power. However, obtaining a smoother spectrum is accompanied by an increase in losses
at the boundaries of the fiber transmission bands and a decrease in the efficiency of energy
conversion to the mid-IR range (Figure 10c).
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Figure 10. (a) Spectrogram and (b) quantum conversion efficiency obtained for 25 ps input pulses
with a chirp of C = 100 and an energy of 250 uJ on a 2 m optical fiber length; (c) Dependence of the
quantum conversion efficiency in the Stokes-anti-Stokes regions of the spectrum on the energy of the
input pulse; (d) Dependence of the spectrally averaged coherence in different parts of the spectrum
on the length of the fiber at an energy of 250 pJ. The duration of the input pulse is 25 ps, chirp C = 100.
Vibrational and rotational transitions of SRS are taken into account.
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4. Discussion

We have shown numerically the possibility of obtaining a perfectly coherent supercon-
tinuum in the mid-IR range of 2-5 pm in a gas-filled hollow-core fiber pumped by chirped
picosecond pulses at 1.03 um when implementing a combined cascade Raman processes
on vibrational and rotational levels of deuterium and hydrogen.

For a 1-ps chirped pulse with C = 20, a perfectly coherent supercontinuum can be
obtained with a purely vibrational SRS process at pump energies, exceeding 150 uJ and
fiber lengths <1 m. For a 1 ps narrower-band chirped pulse with C = 4, a perfect coherence
of a supercontinuum is possible at pump energies more than 200 pJ only when using, along
with the vibrational ones, the rotational levels in D, and H;. The spectral width of such
pulses allows coherent excitation of rotational levels in D, and Hj, enhancing the influence
of coherent four-wave processes on supercontinuum generation. Excitation of the rotational
levels improves the coherence properties of a supercontinuum for a 25 ps input chirped
pulse as well, significantly extending the coherent length of the fiber at the maximal values
of quantum conversion efficiency in the mid-IR.

Transfer of pump energy by two-cascade SRS processes to the mid-IR is accompanied
by the formation of a femtosecond modulation structure in the pulse envelope and su-
percontinuum generation in the 500-5000 nm region. The share of energy in the mid-IR
depends on which competing nonlinear processes determine its maximum values. For
chirped pulses of 1 ps, the maximum values of the conversion efficiency in the mid-IR
range are determined by four-wave parametric processes distributing the pump energy in
the Stokes and anti-Stokes regions of the spectrum. The role of SRS is manifested at the
initial stages in the initiation of a coherent modulation structure and in the amplification of
parametric processes at resonance frequencies. While generating this continuous spectrum
distributed over five transmission bands of the fiber, a significant part of the pump photons
is absorbed at the boundaries of the transmission bands. The maximum values of quantum
conversion efficiency in the IR range were 30% and only 10% were in the mid-IR range.
This result is consistent with the experimentally obtained values in [12].

The numerical analysis showed that it is possible to significantly increase the pump
energy conversion to the mid-IR and reduce energy losses at the transmission bands
boundaries by increasing the duration of a chirped pulse while maintaining its energy. For
a 25 ps chirped pulse with C = 100 at an energy of 125 pJ, the quantum conversion efficiency
in the IR range was 80%, with 50% of the pump photons being in the mid-IR range. Here,
with a lower power of the input pulses, SRS plays a major role not only in initiating the
supercontinuum, but also in forming the maximum values of pump energy conversion
to the mid-IR. A distinctive feature of a supercontinuum generated by a 25 ps pulse is an
increased modulation of the spectrum, depending on the input power.

In conclusion, our new numerical results show that the implementation of cascade
Raman processes on vibrational and rotational levels of hydrogen and deuterium in a
gas-filled antiresonant optical fiber is promising for experimental realization of a coherent
supercontinuum with a bandwidth that allows the generation of high-energy single-cycle
pulses in the mid-IR region of 2-5 um.
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