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Abstract — Raman scattering is the inelastic process where photons bounce off molecules, losing
energy and becoming red-shifted. This weak effect is unique to each molecular species, making
it an essential tool in, e.g., spectroscopy and label-free microscopy. The invention of the laser
enabled a regime of stimulated Raman scattering (SRS), where the efficiency is greatly increased
by inducing coherent molecular oscillations. However, this phenomenon required high intensities
due to the limited interaction volumes, and this limitation was overcome by the emergence of anti-
resonant fibres (ARFs) guiding light in a small hollow channel over long distances. Based on their
unique properties, this Perspective reviews the transformative impact of ARFs on modern SRS-
based applications ranging from development of light sources and convertors for spectroscopy and
materials science, to quantum technologies for the future quantum networks, providing insights
into future trends and the expanding horizons of the field.
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Introduction. — As discovered about a century ago [1],
photons can spontaneously scatter off molecular ensem-
bles, losing energy in the process and therefore becoming
red-shifted in wavelength compared to the incident radi-
ation. This inelastic optical phenomenon named Raman
scattering after its discoverer, revolutionised spectroscopy
since the difference between the incident (Pump) and
scattered (Stokes) photon frequencies —the Raman shift
Q r— is a unique fingerprint of the interrogated molecular
species. However, the probability of this inelastic scatter-
ing process is typically very low (in diatomic gases like
H,, typically only 1 in 10° photons will be red-shifted),
making the detection of the spontaneous Raman signals
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challenging under moderate illumination conditions. In
this regard, the invention of the laser [2] marked a turn-
ing point as the high intensities attainable using coher-
ent light unlocked a new regime of stimulated Raman
scattering (SRS) above a certain threshold [3]. In SRS
the intense pump light and the spontaneously generated
Stokes photons induce synchronous molecular oscillations
in the medium [4,5] that boost exponential amplification
of the Stokes band up to levels comparable to the ini-
tial pump, creating more “optical phonons” in the pro-
cess. These molecular coherence waves can also facilitate
the up-conversion of the pump by Qg to the anti-Stokes
band. Notably, they also enable the modulation of arbi-
trary optical signals injected in the Raman-active medium
after the molecular coherence has been established [6-8].
Such molecular modulation process can be very efficient
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Fig. 1: (a) Overview of the evolution of ARFs with various design milestones: kagome [13], revolver [16,17], negative-curvature
fibre (NCF) [18], nodeless anti-resonant fibre (NAF) [19], nested anti-resonant nodeless fibre (NANF) [20,21], conjoined tube
fibre (CTF) [22] and double-nested anti-resonant nodeless fibre (DNANF) [23]. (b) Excitation of Raman coherence waves of
wavelength Acw in ARFs. (c) Molecular modulation yielding the generation of Raman combs (top-right panel) or thresholdless

frequency up-conversion of a mixing beam My to its anti-Stokes band M; (bottom-right panel).

Qg is the Raman transition

frequency and P, S, S2, AS and ASs represent the pump and the different Stokes and anti-Stokes bands.

provided the inherent linear momentum of the coherence
waves is matched to that of the corresponding optical
transitions of interest. Despite its significance and di-
verse applications in spectroscopy [9], microscopy [10] and
laser science [11], the high threshold for SRS dynamics
in common media like molecular gases still requires the
use of powerful lasers to compensate for a limited interac-
tion volume in free-space geometries, which has hampered
progress in these areas.

The advent of broadband-guiding anti-resonant hollow-
core fibres (ARFs) filled with gases offered a promising
route to overcome this limitation. ARFs confine both
light and matter in a small hollow channel over long
distances [12], drastically reducing the SRS thresh-
old by orders of magnitude compared to free-space
arrangements [13] and enabling high performance with
simpler pump lasers. Initially conceived as broadband,
reduced-latency alternatives to standard solid-core fibres
for optical communications, ARFs guide light through
anti-resonant reflection [14] and inhibited coupling be-
tween core-guided light and the surrounding cladding el-
ements [15]. These mechanisms allow for ultralow-loss
broad transmission windows, tight light-matter confine-
ment in the core and resilience to photo-induced damage.
Since the seminal kagome-style design [13], ARFs have un-
dergone numerous structural changes (see, e.g., fig. 1(a)
and refs. [16-23]) aiming at both reducing their overall at-
tenuation and tailoring other optical properties [22,24,25].
Nowadays the most widespread version of ARF comprises
a single tubular lattice of contact-free hollow capillar-
ies surrounding the core (“NAF” design in fig. 1(a)).
Remarkably, the losses can be dramatically reduced by
nesting more capillaries within each cladding unit, mak-
ing ARFs the most transparent optical waveguides ever

developed [23,26]. In addition, gas-filled ARFs offer a
pressure-tunable dispersion landscape that enables addi-
tional control over strong light-matter interactions along
the fibre length [8]. This is particularly advantageous for
applications involving SRS-based molecular modulation
(see panels (b), (c) in fig. 1), as it allows fine adjustment
of momentum mismatch among the interacting fields over
a broad bandwidth. This platform not only surpasses free-
space systems for the applications mentioned above, but
also opens new routes in emerging fields such as quantum
communications.

In this brief Perspective we revisit the state-of-the-art
applications of SRS and molecular modulation in gas-filled
ARFs. We begin with a concise theoretical introduction
of the modelling of in-fibre SRS dynamics. We then re-
view recent applications of this platform in key transversal
areas such as light-source development, multidimensional
frequency conversion or quantum technologies. Finally we
provide our perspective on future trends in the field and
the horizons that lie ahead.

Theory and modelling. — The dynamics of a pump
pulse of duration comparable to the molecular coherence
lifetime T (i.e., in the so-called “transient” regime [27])
travelling through an ARF filled with a Raman-active gas
is governed by the following Maxwell-Bloch equations [28]:
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Fig. 2: (a), (b), (c): spatiotemporal evolution of the Stokes,

anti-Stokes and pump signals along a Ha-filled NAF-type ARF
with 20 um core diameter, 100 nm capillary-wall thickness and
21 bar of filling pressure. The energy of the 3.8 ns-long pump
pulse is 5uJ and all signals are normalised to their respec-
tive maxima. (a), top: lineouts of the outcoupled tempo-
ral profiles of the bands normalised to the initial pump value
(green line). The green shaded area shows the pump depletion.
(d) Spatiotemporal evolution of the Raman coherence ampli-
tude. Time is measured relative to a reference frame co-moving
at the group velocity of the pump.

where the integer [ denotes the sideband of frequency
w; = wp + Qg (w, is the central frequency of the pump)
and the summations go over all possible permutations of
the modal set M that comprises the linearly-polarised—
like core modes supported by the fibre. x1; and ko are
the coupling constants, o, represents the modal attenua-
tion coefficients [29], and ¢,; = exp(—i8,,2), where 8, is
the pressure-dependent propagation constant of the band
[ in spatial mode o [12,30]. @ and E are the molecular
coherence amplitude and electric-field envelope, respec-
tively, and s;;z; represents the nonlinear spatial overlap
integrals among different interacting fibre modes. We as-
sume that the majority of the molecules remain in the
ground state, a good approximation in most relevant sce-
narios. Furthermore, in order to keep our analysis simple
and focused, we will consider SRS as the dominant ef-
fect in all dynamics discussed in this Perspective, although
other nonlinear phenomena such as, e.g., self-phase mod-
ulation, four-wave mixing and photoionisation might also
be relevant in systems pumped by ultrashort pulses [12].
To illustrate the complex SRS-driven dynamics, in
fig. 2 we display the simulated evolution of the pump,
Stokes and anti-Stokes bands (along with the generated
coherence) inside a hydrogen-filled ARF. The peak of
the Stokes band (fig. 2(a)) emerges delayed with respect
to that of the pump (fig. 2(c)), as expected for purely
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Fig. 3: Dispersion diagram of the ARF described in fig. 2 when
filled with 15 bar Hz. The dispersion curves of the LPg1- and
LP1;-like core modes with their simulated intensity profiles are
plotted against 8 — Bres, where Brey is a linear function of fre-
quency used to bring out the S-shaped profile. Colour-coded
arrows represent intramodal (green) and intermodal (red) co-
herence waves, as well as intramodal (blue) and intermodal
(black dashed) pump-anti-Stokes transitions. ZDF stands for
zero-dispersion frequency and the shaded region indicates nor-
mal dispersion for the LPgi-like mode. Inset: outcoupled pho-
ton rates (in decibel scale) of the pump (P), Stokes (S) and
anti-Stokes (AS) bands for different pressures. The subscripts
indicate the mode profile of the band and P, = 21 bar. At
Ps &~ 15 bar the rates of intramodal phonon creation and an-
nihilation precisely balance resulting in total suppression of the
intramodal gain and enhancement of intermodal interactions.

transient dynamics. On the other hand, the anti-Stokes
band appears even further delayed (fig. 2(b)) since its ef-
ficient generation and amplification relies on the presence
of both significant Raman coherence (fig. 2(d)) and pump
signal. Phase matching between the coherence waves and
the pump-to-anti-Stokes transition is also crucial for ef-
ficient anti-Stokes generation via molecular modulation.
As it can be obtained from egs. (1) and (2), this condi-
tion can be fulfilled if the overall dephasing rate reads ¢ =
|ABcow — AB| = 0, where the propagation constant of
the coherence waves is given by ABcow = Bpump — Bstokes
and Af)s is the beat-note created by the corresponding
transition of interest. Perfect collinear phase matching
can be uniquely achieved in gas-filled ARFs owing to their
pressure-adjustable S-shaped dispersion profile (see fig. 3).

New laser sources and transport. — A deeper un-
derstanding of the underlying guidance mechanisms in
ARF's sparked renewed interest in the development of new
broadband fibre designs exhibiting ultralow losses in the
dB/km range and below [22,23,31]. These remarkable op-
tical properties paved the way for a new light transport
approach specially suited for ultrashort pulses since robust
and flexible beam delivery based on standard solid-core
fibres is severely impaired by the high-peak powers of
the propagating pulses and chromatic dispersion of the
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Fig. 4: Achievements in ARF-based Raman lasers regarding emission parameters. The different results are divided in two
regions: in the UV and visible range the emitted average power is lower and with small slope efficiencies (left), while in the IR
range these systems offer a promising alternative to reach longer wavelengths (right). The shapes of the data points indicate
the pulse-duration scale and colour in the right diagram is related to the slope efficiency in the IR. Note that the data points
in the purple-shaded area are all black given their low conversion efficiency.

waveguides, which can significantly alter the pulse shape
and even damage the guiding medium. In sharp contrast,
ARFs minimise these effects owing to the very small over-
lap of the core-guided light with the surrounding glass
microstructure and weakly anomalous dispersion (if evac-
uated). Furthermore, the use of monoatomic filling gases
or vacuum allows for the suppression of nonlinear phe-
nomena (like SRS) in molecular gases and mixtures such
as ambient air improving stability and modal beam qual-
ity [32]. As a result, remarkable beam delivery results in
spectrally distant regions from UV to mid-IR have been
achieved for high-power picosecond [33,34] and femtosec-
ond [33,35] lasers within short distances in the metre-scale.

Regarding beam quality, recent work has shown laser
delivery with M? coefficients close to unity [36,37]. Nev-
ertheless, maintaining beam quality over longer distances
remains a challenge due to losses and pressure differ-
ences over the fibre length. Picosecond IR delivery has
been achieved in a hundred-meter scale [38], while kW-
power continuous-wave transport has reached the km-
scale [39,40]. Despite this steady progress, long-distance
delivery in the visible-UV remains a challenge [41].

On the other hand, the unique properties of ARFs have
straightforwardly placed them as platforms for new laser
sources. Although population inversion techniques with
gas-filled ARFs as laser active media have gained signif-
icant attention [42,43], SRS in gases offers an efficient
way for obtaining narrowband and tunable Stokes and
anti-Stokes laser emission in single-pass configuration [44].
Overall laser performance achieved so far using differ-
ent gases, pressures and fibre designs can be classified
in two spectral ranges, above and below 1pum (see fig. 4
and refs. [15,44-79]). The former has experienced a huge
development reaching the mid-IR up to 4.42 um [57,60]
with ~45% efficiency, a spectral range otherwise diffi-
cult to access. Slope efficiencies raise up to 60% for
shorter IR wavelengths [59] and drop as the Stokes emis-
sion wavelength increases. In the short wavelength edge,
emission down to the vacuum ultraviolet (A < 200 nm) was

demonstrated either via supercontinuum generation [73]
(shortest A ~ 124nm) or through cascaded multi-order
anti-Stokes emission [76] (shortest A ~ 142nm). Neverthe-
less, emission in the UV range exhibits very low conversion
efficiency with emitted average powers in the mW-scale for
Stokes emission or one order of magnitude lower for anti-
Stokes conversion [77].

Although some studies have achieved significant CW
conversion [44,59,65], this technique presents a higher
power threshold compared to population inversion, and
therefore most of the systems developed so far are pulsed.
Most studies have been carried out in the ns- and ps-
scale, but the femtosecond regime has recently attracted
increased attention [58,73,80,81]. To conclude this sec-
tion, the current efforts in the field are being directed at
enhancing the UV performance of Raman lasers, as well
as for extending the long-wavelength edge with prospects
to even reach the far-infrared [82].

Multidimensional conversion. — As we have dis-
cussed above, the coherence waves excited in the gaseous
core of ARFs are the essential building blocks to any
light-matter interaction dynamics triggered in the system
such as, for example, the generation of anti-Stokes ra-
diation. During this process, optical phonons are anni-
hilated, whereas further Stokes emission is accompanied
by the generation and amplification of coherence waves.
Interestingly, as briefly explained in the theory section,
when the rates of phonon creation and annihilation are
precisely balanced, the Raman gain is parametrically sup-
pressed [28] as shown in fig. 3. This is usually the case at
dephasing rates ¥ &~ 0 for specific intramodal transitions,
which, in turn, enhances otherwise weaker intermodal in-
teractions (i.e., the conversion between pump photons in
one spatial core mode to Stokes photons in another mode)
that are more resilient to this effect. In this situation,
not only the frequency of the light varies, but also the
spatial profile of the resulting emission changes. Since the
overall dephasing is pressure-adjustable, it implies that
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the gain-suppression regime can be accessed in a control-
lable way as illustrated in the pressure scan of the inset of
fig. 3 (perfect phase matching is achieved at Pg ~ 15 bar
in the example displayed). In addition, since dispersion
is crucial to harness coherent gain reduction, using dif-
ferent gases and mixtures adds an extra knob to control
the in-fibre nonlinear dynamics [83,84]. Moreover, effi-
cient SRS conversion has been observed using both vi-
brational [47] and rotational [85] transitions in different
gases [51-54,56,57,61,67,86].

On the other hand, if the Stokes and anti-Stokes signals
become intense enough, they can originate their own Ra-
man bands (see fig. 1(c), top-right panel), cascading into a
frequency comb of spectrally equidistant signals [15,76,78].
Moreover, if other quasi-instantaneous nonlinear responses
are simultaneously excited in the fibre core, the spectrum
of each signal can widen upon propagation, filling the
gaps between bands and leading to a supercontinuum-type
spectrum [73,78,79]. Moreover, it has also been demon-
strated that external arbitrary signals can interact with
the existing Raman coherence and be modulated without
threshold as long as the appropriate phase-matching con-
ditions are fulfilled [8,87,88].

Finally, in the context of angular-momentum control
via SRS, it has been demonstrated that helically twisted
ARFs [25] support nondegenerate circularly polarised core
modes in contrast to conventional longitudinally invariant
ARFs. This geometric property allows for the generation,
control and delivery of circularly polarised Raman bands
and vortices [85,89], opening the door to a new class of
chiral fibre-based devices with potential applications in
biospectroscopy and sensing.

Lightwave quantum technologies. — The use of
ARFs as core elements to develop new light sources, trans-
port lines and multidimensional converters has also been
accompanied by a thriving interest for applications in
quantum technologies. The low losses, reduced latency
and broad transmission windows achieved in ARFs per-
mit delivery of single photons over long distances with
high efficiency and remarkable spatial quality. Further-
more, it has been experimentally demonstrated that ARFs
preserve the quantum properties of the photons during
transportation [90-92]. These features have generated in-
terest for their use in quantum communications, as they
also allow the coexistence of classical and quantum chan-
nels [93,94] (see fig. 5 for an illustration), enabling the
implementation of quantum communication protocols.

Regarding their use for quantum communications,
ARFs are also an excellent platform for quantum fre-
quency conversion as recently demonstrated in the context
of correlation-preserving molecular modulation of single
photons without threshold [95]. As the efficiency of this
quantum process is already close to unity, this unlocks
many possibilities in, for example, the efficient interfacing
between devices working at different frequencies, which is
key in this communications paradigm. The use of ARFs as
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Fig. 5: Artistic impression of the simultaneous transport of
entangled photon pairs and high-power laser beams using an
ARF. Classical and quantum communication channels can co-
exist in these fibres.

multidimensional converters is a promising asset for tun-
ing different light sources.

The excellent modal quality and tight confinement in
ARFs mitigates the influence of parasitic Raman effects
due to undesired interactions with the cladding material.
Consequently, when ARFs are filled with noble gases in-
stead of Raman-active media, this platform can also be
used to expand the catalogue of quantum light sources.
For example, frequency-entangled photon pairs with large
spectral separation can be directly produced via four-wave
mixing [96-98]. Additionally, nonclassical highly corre-
lated many-photon “twin” beams can be also be generated
through modulational instability [99,100].

The central hollow channel of ARF's has also been em-
ployed to build systems for atom guidance, trapping and
manipulation [101-108], enabling applications in atomic
interferometry [109] and spectroscopy [110]. One of these
possibilities is the development of quantum memories in
ARFs by manipulating the atoms confined in the hol-
low core [111-113]. Among the advantages of implement-
ing quantum memories with this platform, we find better
memory-fibre coupling efficiencies [112] and lower power
requirements [113], offering synchronisation improvements
in quantum information processing.

Conclusions and perspectives. — In this Perspec-
tive we have revisited the state-of-the-art applications
of stimulated Raman scattering and molecular modula-
tion in gas-filled anti-resonant fibres. These unique sys-
tems have lifted most of the limitations of their free-space
counterparts while enabling new applications in light-
source development, frequency conversion and quantum
technologies, whose advancement has concentrated most
of the research carried out in this SRS platform over the
last years.

Owing to the low light-glass overlap in ARF's, there
are prospects for new ARF-based Raman lasers operat-
ing in the mid- to far-infrared. On the other side of
the spectrum, improvements in their UV characteristics
such as light transmission and damage threshold could
yield a new approach for tunable UV laser sources. Since
confinement loss in ARFs has already surpassed that of
the best solid-core fibres, the next frontier is to improve
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the inner surface roughness through novel manufacturing
techniques. Regarding frequency conversion, we have dis-
cussed how harnessing the molecular coherence waves en-
abled the manipulation of the different degrees of freedom
of the guided light fields. In this area, control over the
total angular momentum of the outcoupled radiation is
still a challenge that requires further development of chi-
ral guiding structures.

In the field on quantum technologies, the full potential
of ARF's to provide tunable quantum transducers, exotic
quantum light sources or better fibre-compatible quantum
memories is yet to be unleashed. Future research direc-
tions might involve improving ARF interconnectivity for
quantum networking, as well as further theoretical devel-
opments to understand the preservation of quantum light
properties upon molecular modulation.
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