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Mid-IR supercontinuum generation initiated by two-cascade
stimulated Raman scattering in D,-filled revolver fibre

Yu.P. Yatsenko, A.V. Gladyshev, I.A. Bufetov

Abstract. We report a numerical study of coherent mid-IR super-
continuum generation at wavelengths above 2.4 pm, initiated by
two-cascade stimulated Raman scattering in a deuterium-filled
revolver fibre pumped by positively chirped picosecond pulses at a
wavelength of 1.03 um. It is shown that the highest efficiency of
conversion to the second Stokes is ensured by fibre lengths at which
the spectrum is strongly broadened by Kerr nonlinear effects. A
range of optimal parameters (deuterium pressure, fibre length,
pulse energy, and pulse duration) is found that ensure quantum effi-
ciency at a level of 50 % and a mid-IR supercontinuum width above
1000 nm. The coherence properties of the supercontinuum are
shown to be determined by the pulse duration, the magnitude of the
pulse chirp, and dispersion characteristics in each transmission
band of the fibre. We demonstrate the feasibility of generating a
single compressed mid-IR pulse of 20-fs duration with an energy of
1.9 pJ.

Keywords: hollow-core fibre, chirped picosecond pulses, stimulated
Raman scattering, supercontinuum.

1. Introduction

Owing to its unique power, guidance, and dispersion charac-
teristics, gas-filled hollow-core fibre (HCF) with a micro-
structured silica cladding is widely used to convert spectral
and temporal characteristics of light that are due to nonlinear
effects in various gases [1 —4]. Using a hydrogen-filled kagomé
cladding HCF, Belli et al. [5] obtained a supercontinuum
spanning the spectral range from the vacuum UV (124 nm) to
the near-IR (1200 nm) under pumping at a wavelength 1 =
805 nm by 30-fs microjoule pulses. According to their theo-
retical estimates [5], the supercontinuum was initiated by
Kerr nonlinearity, as in previous studies [2, 3]. The effect of
transient stimulated Raman scattering (SRS) showed up in
the soliton compression step, where trailing edge self-steepen-
ing and pulse envelope breakdown led to impulsive excitation
of coherent molecular vibrations.

The advent of revolver-type antiresonant HCF, with a
cladding in the form of a single ring of cylindrical capillaries,
first demonstrated by Pryamikov et al. [6], opened up new
possibilities for mid-IR supercontinuum generation owing to
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the use of the multiband structure of such fibre [7-9].
Cassataro et al. [10] used krypton-filled single-ring photonic
crystal fibre, having one, broad transmission band with one
dispersion zero, for coherent supercontinuum generation
between 300 nm and 3.1 um under pumping with transform-
limited 28.5-fs pulses at A = 1.7 um from a parametric gen-
erator. Yatsenko et al. [11] demonstrated supercontinuum
generation in the spectral range 415—-1593 nm, spanning 11
transmission bands of an atmospheric air-filled revolver
HCF, under pumping with transform-limited 205-fs pulses
at A = 1.03 um. According to numerical analysis results, dis-
persive waves and cascade nonlinear four-wave processes
near dispersion zeros play a key role in energy transfer from
one band to another and the supercontinuum can be
extended well into the mid-IR, up to 4200 nm. A krypton-
filled HCF with triangular capillaries was used for coherent
supercontinuum generation in the range 0.2—1.7 um, span-
ning several transmission bands, under pumping with 80-fs
pulses at A = 800 nm [12]. A high degree of coherence was
ensured by the generation of dispersive waves on both sides
of the resonance during accelerated high-order soliton decay
upon a nonadiabatic dispersion growth on transmission
band boundaries.

Along with studies in which a defining role in supercon-
tinuum generation by femtosecond pulses is played by non-
linear effects, such as self-phase modulation (SPM), cross-
phase modulation (XPM), and four-wave mixing (FWM),
considerable research effort has been concentrated on the
use of SRS as a main nonlinear process for broadband gen-
eration in the wavelength range corresponding to rotational
and vibrational levels of molecular gases [13—18]. SRS in
molecular gases with large frequency shifts of vibrational
levels (4155 cm™! in hydrogen and 2987 cm™' in deuterium)
allows for conversion of broadband femtosecond pulses
from the near- to mid-IR in a single- and a two-cascade pro-
cess. However, in going to very short pulses, much shorter
than the dephasing time of an active gas, the SRS process
becomes less steady, and the effect of SPM increases, consid-
erably reducing conversion efficiency [16]. This limitation
can be overcome by prechirping femtosecond pulses, which
increases their duration [13].

Important properties of the SRS conversion of chirped
pulses are coherence and that the sign and magnitude of the
pump chirp remain unchanged in Stokes signals [15]. If only
SRS is used for spectrum conversion, this allows for compres-
sion of chirped Stokes pulses in a compressor to the minimum
possible level: the transform-limited pump pulse duration
[18]. The combined effect of SRS, nonlinearity, and disper-
sion makes it possible to broaden the spectrum of chirped
pulses in the Stokes region and simultaneously compress
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them right in the fibre to durations shorter than the input
pump pulse duration [19, 20].

The single-ring hollow-core silica fibre design makes it
possible to obtain a broad transmission band with low losses
in the mid-IR spectral region (2.4-5 um) and flexibly tune
transmission bands in other visible and near-IR ranges to
pump wavelengths and cascade Stokes shifts in an active gas-
eous medium. In a recent study by Gladyshev et al. [21],
chirped picosecond pulses were efficiently converted from the
near- to mid-IR in a 1.03 - 1.49 - 2.68 um two-cascade SRS
process using three transmission bands of deuterium-filled
HCF. That work demonstrated for the first time generation
of femtosecond pulses in silica fibre at mid-IR wavelengths
exceeding the long-wavelength edge of the 2.4-um transmis-
sion band of silica. The energy of 920-fs pulses at a wave-
length of 2.68 um was 10 pJ, which was at least two orders of
magnitude higher than previously reported energies of subpi-
cosecond mid-IR pulses. The quantum efficiency of conver-
sion to the second Stokes was 28%. All results in that study
[21] were obtained at one deuterium pressure (5 atm) and one
fibre length (2.9 m). Moreover, in that study SRS always pre-
vailed over Kerr nonlinearity. For this reason, mid-IR super-
continuum generation conditions were not identified.

In this paper, we present a numerical analysis of a 1.03 -
1.49 - 2.68 um two-cascade SRS process in deuterium-filled
HCEF at the fibre parameters and pulse energies used in previ-
ous work [21], in wide ranges of chirped pulse durations, deu-
terium pressures, and fibre lengths. We have demonstrated
that conversion to the second Stokes has the highest efficiency
at fibre lengths at which the spectrum is strongly broadened
by Kerr nonlinear effects. We have found the region of opti-
mal parameters (deuterium pressure, fibre length, pulse
energy, and pulse duration) that ensure quantum efficiency at
a level of 50% and a mid-IR supercontinuum width above
1000 nm. Coherence properties of the supercontinuum have
been shown to be determined in considerable measure by the
pulse duration and chirp, as well as by dispersion characteris-
tics in each transmission band of the fibre. We have demon-
strated the possibility of generating a single compressed mid-
IR pulse of 20-fs duration with an energy of 1.9 puJ.

2. Numerical analysis method

In numerical analysis of SRS conversion in revolver fibre, we
used a generalised nonlinear Schrodinger equation for the
complex-valued spectral pulse envelope A(z,w) [22], which
takes into account higher order dispersion, Kerr nonlinearity,
and SRS by Q2 vibrations of a deuterium molecule:

d[A(z,w)exp(—L(w)z)]

@ = ip(w)exp(—il(w)z)

xF{A(z, T)f_:R(T’) |A(z, T— T’)|2dT’}, (1)

where

A T) = F'{A(z’w)};

At (o)

Fw) = — 20
cnegr(w) A ér/"? (w)

is a nonlinear response;

a(w)
2

is a linear dispersion operator; 7'= ¢ — 3,z is the time in a frame
moving at the group velocity of the pulse envelope; n.g(w) and
Agr(w) are the frequency-dependent effective refractive index
and effective mode area; S(w,) and §;(w,) are the propagation
constant and its first derivative at the centre frequency of pump
pulses; a(w) is the waveguiding loss; 1y and N, are the linear and
nonlinear refractive indices; c is the speed of light; and Fand F-!
denote the forward and inverse Fourier transformations.

The nonlinear response function of deuterium has the
form R(¢) = (1 —fR)d(¢) + frhr(?). Here, the former term, with
the delta function, represents the Kerr effect and the latter
term represents the contribution of the SRS response, which
relaxes more slowly. The SRS response function of deute-
rium, hg(f), was represented by a relation for a damped oscil-
lator: hg(1) = Q%rexp(—t/ry)sin(t/ty), where Q* =172+ 13%;
7, = log; wg = 5.626 x 10'* s7! is the cyclic frequency of
molecular vibrations; tqy = 75/2m; and 7, is the transverse
dipole relaxation time of an excited-state vibrational level. In
determining 7, = 1/(ntAvg), we took into account the depen-
dence of the linewidth Avg on the density p of the gas in the
form Avg = 101/p +120p, where Avg (FWHM) is measured in
megahertz, and p, in amagats [23]. The nonlinear refractive
index N, was determined from data reported by Wahlstrand
et al. [24]: at a deuterium pressure of 1 atm in the femtosecond
range, they separately measured the contributions of electron
Kerr nonlinearity (N, = 5.8 x 107>* m> W-!) and the vibra-
tional (N, = 1.2 x 102* m? W) and rotational (N, =
3.9 x 10%* m? W-!) components of Raman scattering to the
nonlinear refractive index. In numerical simulation, the con-
tribution of the rotational component was left out of account
because there was no experimental evidence of rotational SRS
in previous work [21]. N, was taken to be a linear function of
pressure p. N, as a function of p was determined with allow-
ance for the pressure dependence of the Raman transition
linewidth Avg and upper-level population, which appear in
the relation for the steady-state SRS gain coefficient g(£2)
[23]. The coefficient fi, characterising the SRS contribution
to the nonlinear refractive index, was evaluated as [25]

L(w) = i[B(@) — B(wo) — Bi(wo) (@ — wo)] —

Navin(p) _ 4L FIm(Nayyin(£2,p)) d7]

R = 0 = N>(0.9) :

where F~! is the inverse Fourier transformation of the imagi-
nary part of the nonlinear refractive index, related to the gain
coefficient by Im(N,;,(£2,p)) = Ag(L, p)/4r, and N,(0,p) =
Nog p + Nayin(p)-

Numerical analysis was carried out in the Matlab environ-
ment using built-in algorithms for performing the fast Fourier
transform and solving the equation by the fourth-order
Runge—Kutta method for the fundamental mode of the fibre,
with allowance for the spectral dependences of the effective
mode area A.(w), waveguiding loss a(w), and effective
refractive index ng(w). The spectral range containing the first
four transmission bands was divided into 2'¢ intervals. The
maximum time interval was then 120 ps, and the minimum
grid size was 1.8 fs. The main calculation results were obtained
for positively chirped Gaussian input pulses with an ampli-
tude
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Their power P, full width at half maximum (tpwpm =
1.665T)), and chirp C corresponded to the output character-
istics of the femtosecond laser (TETA-6, Avesta) used in pre-
vious work [21]. Transform-limited 250-fs pulses at a wave-
length of 1.03 um could be stretched through a negative chirp
to 10 ps (chirp C = 40), with an energy of the order of hun-
dreds of microjoules.

At each given energy, pulse duration, and gas pressure, we
optimised the fibre length so as to maximise the efficiency of
conversion to the second Stokes (with respect to the input
pulse energy at a pump wavelength of 1.03 um) for the 1.03 -
1.49 - 2.68 um two-cascade SRS process.

3. Dispersion and guidance properties
of the revolver HCF

The parameters of the ten-capillary revolver HCF, with a
core diameter of 75 um and capillary wall thickness of 1.15
pm, corresponds to the HCF used in previous work [21]. Its
guidance and dispersion characteristics were calculated by
the finite element method using standard COMSOL soft-
ware. Figure la shows the theoretically calculated funda-
mental-mode loss in the spectral range corresponding to the
first four transmission bands. The pump (1.03 um), first
Stokes (1.49 um), and second Stokes (2.68 um) wavelengths
lie in the minimum loss region: in the third, second, and first
bands of the fibre, respectively. At the same time, the first
anti-Stokes wavelength (788 nm) lies in the peak loss region,
which considerably impairs the efficiency of energy transfer

to the anti-Stokes region through coherent four-photon pro-
cesses.

Dispersion properties of the fibre were calculated with
allowance for waveguiding dispersion and the dispersion of
deuterium [26]. Figures 1b—1d show the variation of the fun-
damental-mode group velocity dispersion in the pump, first
Stokes, and second Stokes wavelength ranges as the deute-
rium pressure is raised from 0 to 50 atm in 10-atm steps. In
this pressure range, the dispersion at the pump wavelength
can change its sign, whereas it is always negative at the first-
Stokes wavelength and always positive at the second-Stokes
wavelength (vertical dashed lines in Figs 1b—1d). At a pres-
sure of 50 atm, the dispersion at the pump, first Stokes, and
second Stokes wavelengths is 0.17, —0.2, and 4.6 ps> km™,
respectively.

4. Numerical simulation results and discussion

Figure 2 shows the maximum SRS (1.03 - 2.68 um) quantum
efficiency (QE) and the corresponding optimal fibre length
L,y as functions of pulse energy at deuterium pressures of 5
and 50 atm.

At a pressure of 5 atm, QE rises monotonically from 0.13
to 0.36 as the pulse energy increases from 50 to 300 pJ, which
is accompanied by a decrease in Ly, from 11 to 1 m. It is
worth noting good agreement between the QE (0.25) obtained
numerically at a pulse energy of 100 WJ (Lyp = 3.1 m) and the
value obtained experimentally (0.24) under similar conditions
in previous work [21].

At a pressure of 50 atm, QE is considerably higher, with a
maximum (51 %) at a pulse energy in the range 50—60 nJ and
Loy ~ 2.5-2.7m (Fig. 2a). Moreover, over the entire range of
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Figure 1. (Colour online) Fundamental-mode waveguiding loss in the hollow-core fibre in the range 0.6—5 um (a) (inset: cross-sectional electron
micrograph of the fibre) and calculated fundamental-mode dispersion as a function of wavelength at various deuterium pressures (p = 0—50 atm)
for the first (b), second (c), and third (d) transmission bands [inset in panel d: enlarged portion around the second-Stokes wavelength (2.68 um)].
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Figure 2. (a) Maximum 1.03 - 2.68 um SRS conversion quantum efficiency, (b) optimal fibre length, and (c) spectral width of the supercontinuum
at mid-IR wavelengths above 2.4 um as functions of input pulse energy at deuterium pressures of 5 and 50 atm. Input pulse duration, 10 ps; chirp

C =40.

pulse energies examined, QE is higher and L, is smaller than
those at a pressure of 5 atm. The distinction can be accounted
for by the increase in the concentration of active molecules
and the appreciable decrease in the transverse relaxation time
of the T, excited-state vibrational level — from 480 ps at a
pressure of 5 atm to 49 ps at 50 atm — which makes the SRS
process less unsteady, thus improving conversion efficiency at
high pressures.

Figure 3 demonstrates how the pump, first Stokes, and
second Stokes spectra vary along the fibre length (L) at an
input pulse energy of 50 wJ, pulse duration of 10 ps (chirp C =
40), and pressures of 5 and 50 atm. The transformation of the
spectra in the initial part of the fibre is determined by the SRS
process and is characterised by a narrow spectrum at Stokes
wavelengths. The subsequent broadening of the spectrum due
to nonlinear processes leads to a strong modulation of the
spectrum even over the first metres of the fibre. It can be seen
that, at a pressure of 50 atm, the pump and Stokes signal spec-
tra are considerably broader, because Kerr nonlinearity is an
order of magnitude stronger. At a pressure of 50 atm and
fibre length above 2 m, corresponding to the maximum QE of
conversion to the second Stokes (51 %), the spectrum at wave-
lengths above 2.4 um has the form of a supercontinuum with
a —20-dB width of 1100 nm (Figs 2c, 3b).

It follows from Figs 2 and 3 that, independent of deute-
rium pressure, the highest efficiency of conversion to the sec-
ond Stokes is achieved at fibre lengths corresponding to con-
siderable broadening of the spectrum. Therefore, the most
efficient energy transfer to the mid-IR is ensured by the com-
bined effect of SRS and nonlinear processes that broaden the
spectrum, such as XPM, SPM, and FWM.

The effect of Kerr nonlinearity on the broadening of the
spectrum increases with decreasing input chirped pulse dura-
tion at a constant pulse energy. Figures 4 and 5 show varia-
tions in spectra, the temporal structure, and QE along the
fibre length at a pulse energy of 50 uJ, pulse duration of 1 ps
(C=4), and deuterium pressure of 50 atm. As at a pulse dura-
tion of 10 ps, here supercontinuum generation along the fibre
length begins with SRS pump conversion to the first and sec-
ond Stokes. However, the higher peak power of 1-ps input
pulses leads to a stronger effect of Kerr nonlinear processes.
Comparison with Fig. 3b indicates that, at a pulse duration of
1 ps, broadening of the spectrum begins at shorter fibre
lengths (even at L > 0.2 m). At Ly, = 1 m, corresponding to
the highest QE (0.22) of conversion to the second Stokes
(Fig. 4b), the mid-IR supercontinuum has a broader spec-
trum, reaching 1788 nm. The time dependences shown in
Fig. 5 are characterised by splitting of the pump pulse enve-
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Figure 3. Variation of the pump, first Stokes, and second Stokes spectra along the fibre length (L) at an input pulse energy of 50 uJ, input pulse
duration of 10 ps, chirp C = 40, and deuterium pressures of (a) 5 and (b) 50 atm.
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lope and Stokes signals into sharp soliton-like peaks differing
in amplitude and phase, whose number increases with increas-
ing fibre length. In this context, there is particular interest in
oscilloscope traces of the second Stokes at fibre lengths of 0.2
and 1 m, which demonstrate the formation of single com-
pressed mid-IR femtosecond pulses. At L = 0.2 m, the pulse
shape and the spectrum of the second Stokes remain relatively
smooth (and have one main peak and one satellite). The dura-
tion of the main peak is 80 fs (compression ratio k = 12.5),
and the corresponding energy is 48% of the total second
Stokes energy (1.15 wJ) at this fibre length. An even stronger

compression was obtained at a fibre length of 1 m, corre-
sponding to the highest QE (0.22) at an input pulse duration
of 1 ps (C = 4). Here, the large shift of the spectrum to the
negative dispersion region led to the formation of a single
compressed (k = 50) 20-fs pulse in the wavelength range of the
second Stokes, with a pulse energy of 1.9 uJ, which amounted
to 44% of the total energy in the mid-IR.

A more detailed analysis of the spectra and temporal
structure of pump pulses and Stokes signals at small fibre
lengths, 0.2—1 m (Fig. 5), makes it possible to assess the effect
of dispersion characteristics in transmission bands on interac-
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Figure 4. (Colour online) Variation of the (a) spectrum and (b) conversion quantum efficiency for the first and second Stokes along the fibre length
at an input pulse energy of 50 uJ, input pulse duration of 1 ps, chirp C = 4, and deuterium pressure of 50 atm.
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Figure 5. Variation of the temporal structure and spectrum of the (a, b) pump, (c, d) first Stokes, and (e, f) second Stokes along the fibre length at
an input pulse energy of 50 uJ, deuterium pressure of 50 atm, input pulse duration of 1 ps, and chirp C = 4.
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tion between SRS and other nonlinear processes. Up to a
fibre length of 0.5 m, there is pump energy transfer to Stokes
signals at the pump pulse trailing edge, characteristic of pure
near-threshold SRS, where the pulse leading edge energy goes
into excitation of resonance molecular vibrations. Further
light propagation through the fibre is characterised by con-
siderable broadening of the spectrum by XPM. An asymmet-
ric modulation of the spectrum with a shift to longer wave-
lengths, characteristic of XPM, is observed around the first
and second Stokes wavelengths (Figs 5d, 5f), and the effect of
dispersion increases and shows up differently in these regions.

The pump-to-first Stokes energy conversion quantum
efficiency reaches a maximum (38 %) at a fibre length of 0.5 m
(Fig. 4b). The increase in peak power is accompanied by dis-
tortion of the temporal profile of the first-Stokes pulse enve-
lope due to modulation instability. The steepening of the
pump pulse trailing edge, caused by the more active energy
transfer to the Stokes regions at the trailing edge, leads to
splitting of the pump pulse envelope and the formation of
first-Stokes modulation pulses of duration trwy ~ 80 fs at a
fibre length of 0.2 m (Fig. 5¢). In the case of chirped pulses of
this duration, the dispersion length is considerably smaller: at
C=4,itis Ly = thyym/[(1.665)?|B5l(1 + C?)] = 068 m. The
nonlinear length for interaction of Stokes pulses with pump
light through XPM is Ly =1/(2y;sPp) = 0.02m at P, = 50 MW
(1s = ApAesrp?p/(Ais Aeprrs) & 5x 107 m™ Wy, = 2nNoy
X (lpAeffp)_l, NZK =195 x 1022 m? W_l, Aeffp ~ AefflS =
2460 m%, A, = 1.03 um, and 4;5 = 1.49 um). Thus, the first-
Stokes modulation pulse at a fibre length of 0.2 m has a soli-
ton order N = v Ly/Ly = 5.8, and soliton fission under the
effect of higher order dispersion terms and self-steepening,
which are coherent effects, may occur at a fibre length Ly, =
Lp/N = 0.12 m. Modulation instability development from
spontaneous noise occurs over a length [27] Ly, ~ 16N, =
0.32 m, which is consistent with the development of chaotic
modulation of the pulse envelope at fibre lengths from 0.3 to
0.5 m (Figs 5a, 5c, Se). Since Ly is comparable to L, Stokes
generation at first-Stokes wavelengths is strongly influenced
by four-wave processes, which amplify spontaneous noise
and impair light coherence.

The modulation structure of the pulse envelope and sec-
ond-Stokes spectrum is formed under the effect of modula-
tion structures of first-Stokes pulses (via SRS) and pump
pulses (via XPM). The process occurs at a large difference in
group velocity between the second and first Stokes (d = 1/vyg
— 1/vig = 0.95 ps m™!) and between the second Stokes and
pump (d = 1/vog — 1/v, = 0.89 ps m™'). At a fibre length of
0.2 m, where the main modulation pulse duration is ~80 fs,
like the first-Stokes pulse duration, the pulse mismatch length
is Ly, = tpwam/1.665/d = 0.05 m, which leads to deeper modu-
lation of the second-Stokes pulse structure at small fibre
lengths and a longer amplification phase. The highest QE
(0.22) is reached at fibre lengths of ~1 m, where the temporal
structure of pump pulses and Stokes signals completely loses
its constant component and consists of separate femtosecond
pulses.

At a small fibre length (under 0.2 m), second-Stokes
amplification occurs in the positive dispersion region of the
first transmission band of the fibre (zero dispersion wave-
length 1,5 = 2.77 um), but even at fibre lengths exceeding
0.3 m the asymmetric shift of the first-Stokes spectrum leads
to an asymmetric shift of the second Stokes spectrum to the
long-wavelength negative dispersion region. A second-Stokes
pulse of 80-fs duration (with allowance for the effect of pump

XPM and under the condition that the chirp remains C = 4)
has a soliton parameter N = 0.9 (L,; = 0.03 m and Ly =
0.04 m). The smaller N in comparison with the one given
above for the first Stokes is ensured by the two orders of mag-
nitude higher group velocity dispersion at the second-Stokes
wavelength (2.68 um), which facilitates single pulse isolation
and compression during the supercontinuum formation pro-
cess. Also important is that the first transmission band of the
HCF, where second-Stokes modulation pulses propagate, has
only one resonance absorption peak and is characterised by a
large slope of the dispersion curve (Fig. 1d). This increases the
effect of higher order dispersion terms on soliton fission. At a
wavelength of 3.2 um, corresponding to the maximum in the
spectrum of a single 20-fs pulse, 8, and 5 are —5.1 ps? km™!
and —0.012 ps® km!, respectively, and the second- and
third-order dispersion lengths are comparable (Ly =
Thwaw/ [(1.665)?| Ba]] = 28.3 pm and L = 3.0,/ [(1.665)2| B3]]
= 144.4 um). Owing to the large frequency detuning and small
spectral width of vibrational levels in gases, there is no SRS-
induced soliton self-shift, so the third- and higher order dis-
persion is the main effect responsible for the formation of a
single pulse on account of the larger shift of a soliton with the
largest amplitude to longer wavelengths.

It follows from Fig. 5f that the spectrum of a single 20-fs
compressed pulse formed over a fibre length of 1 m shifted to
the wavelength range 2.9-3.7 um, improving supercontin-
uum coherence in this part of the mid-IR (Fig. 6). However,
modulation instability development from spontancous noise
occurs at a fibre length as short as Ly, = 0.48 m, and its effect
seems to be responsible for the fact that the compressed pulse
energy is just 44% of the total supercontinuum energy at
wavelengths above 2.4 um. Besides, because of the modula-
tion instability, the compressed pulse propagation length in
the fibre does not exceed 10—15 cm.

The feasibility of isolating and compressing a single
pulse is determined by the degree of supercontinuum coher-
ence. To evaluate it, we used the first-order correlation func-
tion |gV(1)| [27]. The average over an ensemble of 200 inde-
pendent pairs of spectral amplitudes was determined from 20
separate two-cascade SRS realisations with allowance for
random phase noise. Like Dudley and Coen [28], as the main
noise process influencing modulation instability we used
quantum noise, which was introduced additively to the input
pulse amplitude, with an amplitude corresponding to one
photon in the frequency range under study and a random
phase.

Figure 6 illustrates how coherence properties of supercon-
tinuum vary along the fibre length for 10-ps (chirp C = 40)
and 1-ps (C = 4) pulses at an input energy of 50 uJ in both
cases and a deuterium pressure of 50 atm. A high degree of
coherence throughout the spectral range studied was obtained
at a fibre length of 0.2 m for both pulse durations (Figs 6a,
6d). Here the transformation of the spectrum is mainly due to
a transient SRS process (r < T,) characterised by a high
degree of coherence [29]. At a fibre length of 1 m and pulse
duration of 10 ps or a fibre length of 0.5 m and pulse duration
of 1 ps, corresponding to the highest first-Stokes QE, the
spectrum is already strongly broadened by nonlinear pro-
cesses and the temporal envelope is modulated by numerous
narrow peaks. A high degree of coherence persists in separate
portions of the spectrum, in each transmission band (Figs 6b,
6e). The degree of coherence for a 10-ps pulse is here notice-
ably lower than that for a 1-ps pulse. At a fibre length of 3 m,
corresponding to the highest QE of conversion to the second
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Figure 6. Degree of coherence of the spectrum as a function of wavelength for 10-ps pulses (C = 40) at a fibre length of (a) 0.2, (b) 1, and (c) 3 m
and 1-ps pulses (C = 4) at a fibre length of (d) 0.2, (¢) 0.5, and (f) | m. Input pulse energy, 50 wJ; deuterium pressure, 50 atm.

Stokes for a 10-ps pulse, mid-IR supercontinuum has low
coherence (Fig. 6¢). The lower coherence at the highest QE of
conversion to the second Stokes for a 10-ps pulse in compari-
son with a 1-ps pulse can be accounted for by the fact that, at
a given energy of 50 uJ, because the peak pump power is an
order of magnitude lower, nonlinear processes have no time
to produce a modulation structure consisting of separate soli-
ton-like pulses over a fibre length of ~3 m. The small random
modulation structure of the pump and Stokes signals had a
constant component.

For a 1-ps pulse at the highest QE over a fibre length of 1
m, a relatively high degree of coherence (|gV(4)] > 0.7) was
obtained in the wavelength range of the second Stokes (2900 —
3700 nm). Near the pump and first-Stokes wavelengths, we
observe considerably narrower regions with a high degree of
coherence (Fig. 6f). The higher degree of coherence in the
wavelength range of the second Stokes is due to the formation
of a single 20-fs pulse, whereas the temporal picture at the
pump and first-Stokes wavelengths comprises numerous nar-
row modulation pulses (Fig. 5).

5. Conclusions

We have numerically demonstrated for the first time the fea-
sibility of efficient coherent mid-IR supercontinuum genera-
tion at wavelengths above 2.4 um as a result of the combined
effect of cascade SRS and nonlinear processes in a gas-filled
multiband revolver HCF pumped by positively chirped pico-
second pulses at a wavelength of 1.03 um. At chirped pulse
durations from 1 to 10 ps (chirp C = 4-40) and pulse energies
up to hundreds of microjoules, supercontinuum generation
along the fibre length is initiated by SRS conversion of the
spectrum in the first- and second-Stokes regions, located in
different transmission bands of the fibre. Further pulse prop-
agation through the fibre is accompanied by a strong influ-
ence of nonlinear effects, such as SPM, XPM, and FWM,
which broaden the spectrum in the pump and Stokes regions.
The highest QE can be reached in a range of parameters where

the spectrum has the form of a multiband supercontinuum.
The energy distribution over the spectrum and the degree of
supercontinuum coherence depend on dispersion and guid-
ance characteristics in each transmission band of the fibre and
the chirped pulse duration.

For 10-ps pulses with a chirp C = 40 and, accordingly, the
transform-limited spectral width of 250-fs pulses, at a deute-
rium pressure of 50 atm and pulse energy of 50 uJ, energy
transfer to the second Stokes with QE over 50% is possible.
The —20-dB spectral width at wavelengths above 2.4 um is
then 1100 nm. However, single pulse isolation in the mid-IR
and a high degree of coherence of the broadened spectrum are
here only possible in the initial stages of supercontinuum
development, where the contribution of nonlinear processes is
still small. With a decrease in chirped pulse duration and a
proportional decrease in the magnitude of the chirp, the
increasing impact of nonlinear effects leads to an increase in
the width and degree of coherence of the mid-IR supercon-
tinuum, but the efficiency of pump energy transfer to this
region decreases. For chirped 1-ps pulses (chirp C = 4), we
have demonstrated the feasibility of generating a single com-
pressed mid-IR pulse of 20-fs duration with an energy of
1.9 uJ, which amounts to 44 % of the total energy obtained at
the highest QE in this range.

The present results suggest that cascade SRS in a gas-
filled HCF with a broad transmission band in the range
3-5 um in the mid-IR is potentially attractive for generating
intense few-cycle femtosecond pulses during the supercontin-
uum formation process. Such pulses can be useful in optical
coherence tomography [30] and many other biophotonic
applications [31]. The above technique for generating such
pulses allows one to use commercial femtosecond lasers of the
micron range with transform-limited pulse durations more
than one order of magnitude longer than the compressed
pulse duration in the mid-IR. This can be an important
advantage of this technique over alternative methods that
employ more complex parametric oscillator designs for gener-
ating mid-IR femtosecond pulses.
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