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Abstract

The efficiency of gas-based nonlinear processes is often limited by the diffraction of the pump
laser as it propagates through the nonlinear medium. As a consequence, phenomena with strong
nonlinear response requirements, such as high harmonic generation or Raman sideband
generation, lack the required laser—matter interaction to fulfil their potential. Indeed, the
conversion efficiency of these techniques is usually low and the experimental set-up
cumbersome. The advent of hollow core photonic crystal fibre technology drafts new territories
for nonlinear optics, and in particular offers new alternatives for sub-femtosecond pulse
generation. The air-guiding fibre combines unprecedented laser confinement over long

interaction lengths and, when filled with an adequate nonlinear gas, offers improved conversion
efficiency and up to a million-fold reduction of the pump power threshold. This paper presents a
review of the types of hollow core PCF available for nonlinear applications and the results
obtained for efficient Raman conversion in H,-filled hollow core PCF that led to the observation
of a multi-octave frequency comb spanning from ~325 to ~2300 nm using a single pump laser
with relatively low power. The generated ultra-broad spectrum creates a simple route towards a

compact source of attosecond pulses.

Keywords: Raman laser, hollow core photonic crystal fibre, stimulated Raman scattering,

gas—laser cavity device, fibre Bragg grating

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The efficient excitation of extreme nonlinearities has become
a necessary prerequisite to push further the boundaries of
quantum and nonlinear optical effects. The emerging atto-
science, which aims at studying and controlling ultra-fast
physical and chemical processes, is a perfect embodiment of
such an endeavour. Through the generation of a phase-locked
optical frequency comb reaching the soft x-ray region of the
optical spectrum, the high harmonic generation (HHG) method
already demonstrated attosecond (107! s) pulse generation
using femtosecond (10~ s) lasers [1, 2]. However, the
technique relies on the excitation of a noble gas by an ultra-
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short pulsed laser with power of the order of a petawatt
(10> W) per centimetre square. Additional limitations due
to the low photon conversion efficiency and engineering
difficulties of the process mean that new routes are being
explored. One of them consists of coherently driving a
Raman-active medium, in general in its gaseous form, by
the use of two high power lasers [3, 4]. The resulting
Raman sidebands, spanning the UV and near-IR, have been
shown to exhibit similar properties to those obtained via HHG,
though with a much lower nonlinear threshold and higher
quantum conversion. Both methods strongly depend on the
efficiency of the laser—matter interaction, often restricted by
laser beam diffraction, which means that multiple high power
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lasers have to be used in an often cumbersome set-up. These
limitations could be lifted by the recent development of hollow
core optical fibres capable of confining together gases and
light in micrometre-scale areas over potentially hundreds of
metres. These fibres create a new paradigm in gas—laser
interaction, where extreme nonlinearities can be achieved with
unprecedented low light power levels in compact, all-fibre
systems [5].

Section 2 of this review presents the state-of-the-art of
the hollow core fibre technology and the key steps that led
to the realization of a photonic microcell, based on a gas-
filled hollow core fibre. Section 3 of the review describes the
many milestones achieved in stimulated Raman scattering in
these microcells, including a dramatic reduction of the required
power for Raman amplification, leading to the realization of the
first fibre-based continuous-wave (CW) Raman gas laser; and
a way to control the transient regime of amplification using
nanosecond laser pump pulses, crucial to the realization of a
phase-locked frequency comb. Section 4 of the review presents
the experimental results obtained in the generation of ultra-
broad frequency combs spanning from the UV to the IR with
ultra-low power threshold and with a conversion efficiency
of ~50% in a Hj-filled hollow core fibre. The potential
combination of the CW Raman laser and the frequency comb
generator obtained using these fibres offers a new direction for
femtosecond pulse compression and efficient attosecond pulse
generation using a single, low power CW pump laser source.

2. Hollow core photonic crystal fibre

For nonlinear processes such as HHG or Raman scattering to
be efficient, a large number of photons are required to interact
with the nonlinear medium over a distance as long as possible
and with a transverse confinement as tight as possible. In a
free-space propagation experiment, this is generally achieved
by focusing the laser beam onto an effective area limited by the
minimum beam waist, over a length that is typically limited to
twice the Rayleigh length. This therefore restricts drastically
the efficiency of the process and can also generate unwanted
high power nonlinearity [6].

In order to circumvent this problem, two routes can
be followed: either increase the length over which the
photons interact with the nonlinear medium or increase the
number of photons present inside it (i.e. increase the laser
intensity). Whilst the use of hollow silica capillaries filled
with the required nonlinear material modestly addresses the
former solution by enhancing the effective length by a factor
of 10-100, the power required to achieve nonlinearity is
only reduced by a few orders of magnitude compared to
free space [7]. Increasing the number of photons inside
the nonlinear medium proved a more efficient solution and
was successfully investigated experimentally by placing the
medium inside a high finesse cavity and led, for example, to
the realization of the first CW Raman laser [8, 9]. However,
the method is limited by the bandwidth of the cavity mirrors
as well as the electronic control of the cavity resonance to the
nonlinear frequencies.

The low attenuation achieved in hollow core photonic
crystal fibres (HC-PCF) effectively lifts the free-space
diffraction limit so that light can be guided over potentially
kilometre length in a micrometre-scale effective area, yielding
an efficiency up to 10° times higher than free space and without
the limitations of the high finesse cavity technique [10]. A
HC-PCF consists of a micrometre-scale air hole surrounded
by a photonic crystal cladding formed by hundreds of
capillaries running along the length of the fibre that act
as a photonic barrier so that the light is tightly confined
inside the hollow core defect. The key benefit of a gas-
filled HC-PCF is that it guides predominantly in its hollow
core, thus reducing any detrimental nonlinear effects due to
silica in favour of an enhancement of the nonlinear properties
of the gas phase medium. The first demonstrations of the
outstanding guidance properties of HC-PCF came with the
generation of stimulated Raman scattering in H-filled HC-
PCF [10, 11]. This seminal work served as a springboard
to the Raman scattering experiments presented in section 3,
and to the demonstration of multi-octave frequency comb
generation presented in section 4. Since then, a number of
breakthroughs have also been demonstrated in various areas
of photonics and nonlinear optics such as high power soliton
delivery [12], electromagnetically induced transparency and
saturable absorption in both molecular systems [13—-16] and
atomic vapours [17, 18].

The following section presents the two main types of HC-
PCF through which low loss guidance is achieved. Although
both fibres rely on a photonic crystal cladding to achieve
low loss guidance, their light trapping mechanism differs
drastically.  This leads to dramatically different optical
properties that can be individually tailored to suit a particular
application.

2.1. Out-of-plane photonic bandgap

The idea of a hollow core photonic crystal fibre emerged from
the suggestion that efficient air-core guidance in fibre could
be achieved by adding a photonic crystal cladding around
the core to confine the light inside it by means of an out-
of-plane photonic bandgap [19]. Inside such a structure
(e.g. figure 1(A)), the dielectric function n of the cladding
structure and the free-space wavenumber k are linked to the
axial wavenumber component S, also called the propagation
constant, through the Maxwell-Helmholtz equation:

(V2 +k*n*)h + V(nn?) x (V x h) = B*h (1)

where £ is the transverse component of the magnetic field. In
the case where light is propagating out of the periodic plane of
the photonic crystal [20], Birks et al [21] formally identified
specific spectral regions for which there exist no solution to
equation (1), corresponding to the total exclusion of light
from the inside of the structure. The usual way to represent
these photonic ‘bandgaps’ (PBG) is to plot the density of
photonic states (DOPS) of the structure, i.e. the number of
electromagnetic modes per unit cell and per unit length [22],
as a function of the dimensionless normalized parameter kA,
where A is the pitch of the structure and of the effective
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Figure 1. (A) Example of the photonic crystal cladding structure based on a triangular lattice of holes of diameter D and pitch A.
(B) Calculated density of the photonic state plot for a structure with an air-filling fraction of 91.9% (from [25]). Regions of high density of
states are indicated in white, while black represents zero density of state. The bandgap region extending below the air line nes = 1 is

highlighted as a shaded area.

index neg (figure 1(B)). The cladding modes supported by
the photonic structure add up to form bands of high DOPS
(bright regions 1 and 2 in figure 1(B)) surrounding ‘finger’-
shaped photonic bandgap regions (PBG in figure 1(B)). When
a PBG region extends below the air line, air guidance becomes
possible. Fortunately, the refractive indices of pure silica and
air create such a favourable concurrence and an air-guiding
PBG fibre can be realized with a micrometre-scale lattice pitch
A for guidance in the visible and near-infrared (kA < 20).
Very much like the electronic bandgap formation in the
atomic structure of a solid crystal, the formation of a photonic
bandgap can be said to arise from the various resonators
present in the photonic cladding. In analogy to the tight binding
model of solid state physics, it was shown theoretically and
experimentally that, although the topological structure of the
air-silica HC-PCF cladding is complex, a photonic equivalent
of the tight binding model could be developed thanks to the
sufficiently few resonators involved in forming the cladding
modes’ spectrum in the vicinity of the bandgap [23]. This
point of view stemmed from previous work that considered
alternative and more intuitive models to explain the formation
of PBG inside photonic crystal structures [24, 25]. The
identification of the resonators involved in the triangular lattice
of an HC-PCF (figure 1(A)) was carried out by examining
the field profiles of the most representative cladding modes.
Figure 2 shows the intensity profile of the modes that form the
boundaries of the PBG. The mode forming the upper edge is
predominantly in the interstitial apices of the cladding, whilst
the bottom edge is formed by two modes of different symmetry,
one being guided predominantly in the air holes of the cladding
lattice, the other guided predominantly within and close to
the silica struts which join neighbouring apices. Experimental
identification of these modes can be made through the analysis
of the Fresnel diffraction pattern of such modes at the output
of the fibre [23]. As shown in figures 2(C)—(E), the key
features of their theoretical Fresnel profile have been observed
experimentally at the expected wavelength. This conceptual

framework provides a simple and intuitive understanding of
how PBG forms and has allowed the optimization of both
the PBG bandwidth and the attenuation of the fibre through
increasing both the air-filling fraction of the cladding structure
and the aspect ratio between apex size and strut thickness.

2.2. Low loss air-core guidance

The key conclusion to emerge from Birks et al [21] was
that no light could penetrate inside a PBG so long as the
conditions on kA and n.g are satisfied. As a result, if a defect
is introduced in the photonic crystal such that it breaks the
transverse periodicity of the structure, light could effectively
become trapped inside it. In the case of HC-PCF, the defect
is introduced in the centre of the photonic crystal cladding by
removing one or several capillaries during fibre fabrication,
creating cores of the order of 10 um in diameter (figures 3(A)
and (B)). Remarkably, the refractive index of this core defect
is less critical than for total internal reflection so that guidance
can actually be achieved in air or liquid with refractive indices
lower than that of the cladding material (e.g. silica). Indeed,
if one or more bandgaps cross the vacuum dispersion line (air
line, k = B) and if the core shape accommodates modes within
the range of propagation constant of the PBG, optical guidance
in air is achieved with low attenuation over a frequency span
set by the PBG and limited on either sides by the coupling
of these core modes with the continuum of cladding modes.
Figure 3(C) shows the spatial profiles of air-guided lowest-
order ‘fundamental’ mode and higher-order modes for the case
of a core was formed by seven missing unit cells. The optical
wavelength range over which guidance is achieved can be
easily chosen by fabricating the fibre at the correct cladding
pitch A.

The resulting fundamental mode has typically >99% of
its intensity residing in the air [26]. Consequently, one
could expect the attenuation of the fibre to be ultimately
limited by the Rayleigh scattering of air, well below the
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Figure 2. (A) Detail of the calculated density of state plot presented in figure 1 around the photonic bandgap region falling below the vacuum
line. The upper X axis shows the corresponding wavelength for a hollow core PCF guiding around 800 nm (A = 2.15 um). The trajectory of
the cladding modes on the edges of the bandgap are represented in red for the interstitial apices mode, blue for the silica strut mode and in
green for the air hole mode. (B) Detail of the three resonators identified in the triangular structure. (C) Their calculated near-fields, at a
position indicated by the dots in (A). (D) The corresponding calculated Fresnel pattern. (E) Experimental observation of the Fresnel evolution
of the cladding modes at wavelengths corresponding to the edges of the bandgap, for a fibre guiding around 800 nm (from [23]).

current attenuation figures for a conventional index-guiding
fibre (0.15 dBkm~' by Sumitomo Electric Ltd) and solid
core PCF (0.18 dB km~! by NTT Comm.). Nevertheless,
the lowest loss reported to date for the state-of-the-art HC-
PCF (based on the honeycomb structure with a high air-
filling fraction cladding) stands at 1.2 dB km~' [27] for a
fibre with a PBG centred at 1550 nm (figure 3(E)). This is
an order of magnitude higher than the potential 0.13 dB km™!
predicted theoretically in the same paper. This discrepancy is
caused by engineering limitations when fabricating the fibre.
Indeed, although the confinement loss of the fundamental
mode is mainly suppressed by adding eight layers of holes
or more to the photonic crystal cladding, additional loss is
caused by the coupling from the fundamental mode to other
high attenuation modes induced by the surface roughness that
arises from thermally excited surface capillary waves frozen
in the fibre during the fabrication process when the glass
solidifies [28, 29].

The typical chromatic dispersion of a PBG HC-PCF
has a characteristic S-shape with an average value within

the bandgap <100 ps nm~' km~' (figure 3(D)) and a zero-
dispersion wavelength that can be found within the bandgap.
This zero-dispersion point can be designed to suit a particular
nonlinear process. Similarly, the polarization properties of the
fibres can be tailored by designing the core defect so it becomes
birefringent [30, 31]. Although such tailoring can affect the
attenuation of the fibre, the outstanding properties offered
by the HC-PCF far outweigh this drawback, as demonstrated
by Gérome et al [32] where the control of the zero-
dispersion point leads to unprecedented soliton propagation.
An additional benefit of these fibres is their high resilience to
bending, meaning that light trapping could still be achieved if
the fibre is enclosed in a compact package.

But one of the optical characteristics intrinsic to the
mechanism of PBG guidance can cause major problems
for the generation and propagation of ultra-broadband
frequency combs. Although the fibre effectively traps light
in a micrometre-scale core for potentially kilometres, the
bandwidth over which the fibre guides is restricted by the
extent of the PBG. In addition to this limitation, a further
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Figure 3. ((A), (B)) Scanning electron micrographs of the state-of-the-art of the seven-cells’ defect core and nineteen-cells’ defect core
photonic bandgap fibre, respectively. (C) Experimental observation of the (top) HE;; fundamental core mode and (bottom) other higher-order
modes in a seven-cells’ defect core fibre guiding at 1550 nm. Optical characteristics: (D) attenuation (black line) and chromatic dispersion
(grey line) of seven-cells’ defect core fibre. (E) Attenuation of a nineteen-cells’ defect core fibre with a loss of 1.2 dB km~' with a bandwidth
limited by anti-crossing events, indicated as grey dots and creating high loss peaks.

constraint is imposed by the interaction of the air-guided modes
with surface modes, at the interface between the photonic
crystal cladding and the core defect, that have some degree
of symmetry and spatial overlap (figure 4) [26, 33]. This
interaction causes an ‘anti-crossing’ between the two modes
in the DOPS diagram, where their respective dispersion curves
repel each other. This anti-crossing leads to a dramatic increase
in the transfer of energy from the core mode to the high
attenuation surface mode and creates high attenuation regions
at the frequency of these anti-crossings that further reduce
the operational bandwidth and affect the overall transmission
of the HC-PCF (see figure 3(E)). The position of these anti-
crossings can, however, be managed by controlling the shape
of the core so that they occur near the edges of the transmission
spectrum as was shown theoretically by Amezcua-Correa et al
[34]. Based on these results, an HC-PCF with a 50% core
thickness and with no measurable surface modes within the
main bandgap was demonstrated experimentally [35]. Later,
Wang et al [36] presented a series of systematic measurements
on a single fibre with a core thickness controlled using an
etching method, corroborating the results found in [34].

The attenuation related to confinement and surface
roughness will increase for HC-PCF designed to guide at
visible and UV wavelengths. Indeed, in these fibres, the
cladding structure is scaled down so that PBG guidance occurs
at shorter wavelength. As a result, the light-in-air fraction
of the air-guided modes is reduced and hence, the total fibre
attenuation increased to several dBm~! (figure 5). Also,
the difficulty arising from fabricating UV- and visible-guiding
fibres with small pitches (<2 wm) and thin structures (air-
filling fraction >90%) means that the available bandwidth of
such a fibre is often reduced.

Surface mode
-

B

I Core mode n/ g
. « O

- __=
—Jﬂ__pd,,,d

/-/ - Core mode
'

Surface mode

Effective Index n_,

Normalised wave number kA

Figure 4. Example of trajectories of the fundamental core mode and
a surface mode in the {k A, n.g} plane as they interact around an
anti-crossing event; a large energy exchange is observed at the point
of anti-crossing, leading to a peak in the attenuation spectrum.

Demonstrations of nonlinear and quantum effects taking
advantage of the high efficiency achieved in HC-PCF have
boomed over the past decade but have so far been limited to the
near-IR [10-18]. The high attenuation and limited bandwidth
offered by these fibres in the visible and UV spectral range
have so far restricted their implementation to a large number of
short wavelength or broadband applications. But another type
of HC-PCF holds the potential to solve this setback.
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Figure 5. Fibre attenuation (blue circles) and operating bandwidth
(red squares) of fabricated HC-PCF as a function of their central
operating wavelength. The loss follows a 1/A* evolution (dark blue)
instead of the usual Rayleigh scattering (1/1*) [27]. The increase in
loss in the visible and UV region of the optical spectrum is
accompanied by a reduction in bandwidth.

2.3. An exception to the rule: ultra-broad guidance in large
pitch HC-PCF

One can see from the above that low loss air-core guidance
is strongly correlated to the absence of photonic states in the
photonic crystal cladding. This correlation, however, seems to
fall apart for HC-PCF with large pitch (i.e. operating at high
frequencies kA > 50). Initially investigated as a possible
candidate for photonic bandgap guidance, these fibres were
experimentally observed to guide light over an extremely broad
optical wavelength range with low attenuation relative to a
silica capillary, even when the cladding’s air-filling fraction is
well below 90% [10]. This property generated great interest
for efficient broadband nonlinear effects, even though at the
time the guidance mechanism was not understood. As a matter
of fact, it was found that, although these fibres do not exhibit
any PBG that would trap light over such a frequency span,
their guidance is somewhat related to regions of low density
of photonic states calculated for such high kA (figures 6(C)
and (D)) [37]. However, this observation does not in itself
explain such broadband guidance as one would expect the
presence of photonic states in the structure, however small, to
cause mode hybridization between the hollow core mode and
the cladding modes, in the same way as the air-guided mode
of a PBG HC-PCF interacts with the continuum of cladding
modes at the boundaries of the PBG to increase its optical
attenuation.

A revived interest in this type of fibre came from
experimental works on the guidance properties of large
pitch HC-PCFs with cladding structures such as the Kagomé
design (based on a tessellated Star of David pattern) initially
investigated by Benabid ef al [10], a triangular lattice similar
to that used for PBG fibres and a square lattice, reported in
both silica [38-40] and polymer [41, 42]. These results not
only provided further evidence of the strength of this guidance
mechanism, but also provided clues on the mechanism behind
it. As was first pointed out in [37], the low density of

states observed within the guided optical range gives rise
to core modes strongly confined in the hollow core. A
direct embodiment of this observation is that the calculated
overlap integral between the air-guided core mode and the
cladding modes becomes very low at these frequencies [41]
(figures 6(C) and (D) inset). An attempt at better explaining
such an optical behaviour was made by drawing a parallel
between Kagomé fibres and Bragg fibres [43] through an
approximated approach that successfully identified the position
of the non-guiding spectral bands of the Kagomé structure.
It was later suggested that the guidance emerges from the
washing-out of the overlap of the core and cladding modes
due to a strong transverse-field mismatch between the fast
phase oscillations observed within the ‘glassy’ cladding-field
component and the slowly varying core-field distribution [44].
This inhibited coupling is observed even for cladding modes
of the same symmetry class as a core mode and with effective
index values which differ by only An ~ 107> or less from
the core mode index. This coexistence of ‘bound’ states
(core modes) within a continuum (cladding modes) has been
linked to the Von Neumann—Wigner bound states of quantum
electronics [45].

From this new concept, it was found that a low attenuation
could be achieved by reducing the overlap between air-guided
and cladding modes. Practically, this is done by minimizing
the number of glass nodes that appears at the intersection
of the struts in the fibre cladding and the strut thickness
relative to the air hole diameter [40] and maximizing the
air hole diameter with regard to the free-space wavelength.
The narrow resonances corresponding to strong anti-crossing
events between glass strut modes and air hole modes within
the photonic structure (see figures (C) and (D)) and hence high
attenuation in the optical spectrum, can also be controlled via
thinning of the struts [44].

This new generation of HC-PCF enables low optical
attenuation over an ultra-broad bandwidth spanning the UV
and the visible part of the spectrum and, in that respect, is
complementary to the PBG HC-PCF that has lower attenuation
in the near-IR. Figures 7(A) and (B) shows the transmission
spectrum for a single Kagomé lattice fibre and a single cell
square lattice fibre. Both fibres exhibit spectrally flat regions
of high transmission spanning the visible and the near-IR.
The typical loss is of the order of 1 dBm™! in the IR and
below 2 dB m~! around the visible wavelength for both fibres.
The latter value is above that of the photonic bandgap HC-
PCF guiding in the same spectral range, though it offers a
much larger transmission bandwidth. It was also suggested
theoretically in [44] that the attenuation in the UV and visible
regions of the spectrum could fall below 100 dB km~! in a
specially designed square lattice fibre.

Whilst the large pitch fibre offers a much larger light-in-
core fraction than their PBG counterparts, their core diameter
is, by design, larger than the equivalent PBG fibre’s air core. A
large pitch fibre core defect created by removing a single cell
(figure 6(A)) has a similar size to a nineteen-cell defect core in
a PBG fibre (figure 3(B)). As a result, one would think that a
large amount of high-order modes can be accommodated in the
core, in addition to the fundamental mode. Their loss, however,
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Figure 6. ((A), (B)) Scanning electron and optical micrographs of silica-based large pitch Kagomé lattice and square lattice fibres,
respectively. ((C), (D)) Density of photonic states plot for Kagomé lattice and square lattice structures, respectively, with the same strut
thickness and similar node size. Inset: (top) unit cell and (bottom) example of a cladding mode showing their high light-in-glass fraction and
their fast phase oscillation for Kagomé and square lattice, respectively. (E) Experimental observation of the HE,; fundamental mode and
higher-order mode propagating through Kagomé fibre. (F) Experimental near-field profile at the output of the square lattice when the input
light is coupled to (left) the core or (right) the cladding of the fibre (from [38] and [40]).

is significantly higher than for the fundamental core mode
since they strongly interact with cladding modes of matching
effective index. Experimentally, only the low attenuation
modes are therefore observed; for example, in the case of a
single-cell defect core Kagomé fibre, only the fundamental
mode and two of the fourfold-degenerate higher-order modes
can be coupled into (figure 6(E)). Finally, because of the fast
oscillating phase of the silica modes that exist in the guidance
band, this fibre does exhibit, similarly to PBG HC-PCEF, a high
degree of resilience to bend loss [44].

Thanks to the large size of the core defect and to the
low light-in-glass fraction of the air-guided mode, the fibre
exhibits a low birefringence and a limited bend loss within the
band of guidance [40]. More importantly, the flat broadband
transmission observed in these fibres is accompanied by low
group velocity dispersion, making the fibres ideal candidates
for the generation of Raman sidebands or other broadband
nonlinear effects where the gain is affected by chromatic
dispersion of the propagating medium. Figure 7(C) presents
the chromatic dispersion of the fundamental mode of a square
lattice single-cell defect fibre. The dispersion has the typical
tilted, flattened S-shape of a photonic bandgap fibre, though
the average figure throughout the whole transmission region is
below 1 ps nm~' km™', matching that of a silica capillary of
similar core diameter and well below that of a PBG HC-PCE.

2.4. Compact photonic microcells

In order to harness the full potential offered by the high gas—
laser efficiency achieved in these HC-PCF and to realize highly
efficient Raman devices, techniques for filling the fibre with
an active gas and hermetically splicing it to conventional fibre
have been developed to create a compact, easy-to-use all-fibre
solution [5]. An example of such a ‘photonic microcell’ is
shown in figure 8, along with the key steps of the fabrication
process for high pressure gas cells. Typical splice losses below
1 dB have been reported for fibres guiding around 1550 nm
using a filament fusion splicer.

Such devices enable extreme nonlinearities in a compact
all-fibre system and are used in the following sections for
ultra-efficient Raman scattering and the generation of ultra-
short pulses in a portable solution. Concurrent efforts
were also directed towards designing microcells that can
accommodate vacuum pressure gases to achieve pressure-
limited quantum optical effects such as electromagnetically
induced transparency [46].

3. Stimulated Raman scattering in photonic
microcells

Stimulated Raman scattering (SRS) is the two-photon inelastic
scattering of an incident laser beam by the molecular excitation
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transition frequency Q2r [47, 48]. The output intensity /g at
the converted Stokes frequency grows exponentially from the
incident Stokes power Isy. In the steady state regime, the

of the Raman medium, resulting in a frequency down-
converted (Stokes line) or up-converted (anti-Stokes line)
photon shifted from the pump frequency by the Raman
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amplification follows the simple expression Is ~ Isgexp[gz],
where gz is the Raman net gain. This highly efficient frequency
conversion process is now a familiar phenomenon, used for a
wealth of applications, including Raman gas lasers [8, 9], high-
resolution spectroscopy [49] or Raman microscopy [50].

This process greatly benefits from the HC-PCF technol-
ogy, whereby extremely high Raman net gain gz can be ob-
tained with moderate laser power Ppump and increased conver-
sion efficiency, thanks to their micrometre-scale effective area
At and ultra-long interaction length z:

_ 8Ss PpumpZ

2
Acte @

with gsg the steady state Raman gain coefficient of the material
expressed generally in cm GW~!. For example, a 1 W CW
laser propagating through 10 m of HC-PCF with a core
diameter of 10 wm could provide the same Raman net gain
as a 10 kW laser propagating in a capillary configuration
(10 cm long, 100 pum bore radius). Furthermore, extremely
high gain (G > 100) can then be achieved with a peak power
of less than 1 kW. In such a high net gain configuration,
the Stokes field can be seeded from quantum noise, allowing
efficient Raman amplification to be achieved in single pump
laser configurations. Furthermore, and as will be discussed in
section 3.3, the unusually long interaction length z of the fibre
enables new excitation conditions for Raman amplification,
ideal for generating broadband coherent frequency combs.

3.1. Early results on SRS in HC-PCF

The original demonstration of stimulated Raman scattering
in gas-filled HC-PCF was reported by Benabid er al [10]
and consisted of the observation of the pure vibrational
transition Qg (1) first-order Stokes and anti-Stokes lines in a
H,-filled Kagomé lattice fibre by use of a nanosecond pulsed
frequency-doubled Nd:YAG laser (figure 9(A)). Despite the
high attenuation of the fibre used in this work when compared
with today’s state-of-the-art hollow core fibre, the general
threshold of the effect was dramatically reduced compared to
previously reported methods (e.g. [51]).

The advent of the low loss photonic bandgap HC-
PCF meant that Raman amplification in the fibre could be
achieved at an even lower power threshold and with improved
conversion efficiency. By taking advantage of the limited
bandwidth offered by the PBG, it also became possible
to selectively obtain high conversion efficiency into pure
rotational Stokes lines Soo(1) of ortho-hydrogen, spaced by
17.6 THz instead of the 125 THz of the vibrational lines. In
an experiment by Benabid et al [11], a seven-cell defect core
photonic bandgap fibre with a bandwidth centred at 1060 nm
was filled with 7 bar H, and coupled to a passively Q-
switched Nd: YAG diode pumped solid state laser. Figures 9(B)
and (C) present the transmitted power as a function of the
coupled energy at the pump and Stokes frequencies for a
long (35 m) and a short (3 m) piece of HC-PCF. A 92%
conversion efficiency was observed through the short piece of
HCPCEF, the highest conversion value reported for SRS to date,
whilst the long piece of HC-PCF provided a lower threshold
for Raman emission of only ~3 nJ, a value 10° times lower
than reported with conventional techniques [52-54]. This
experiment demonstrated for the first time the true potential
of HC-PCF as a Raman converter for compact and efficient
Raman scattering experiments using low power lasers.

3.2. An integrated Raman photonic microcell

The success of the initial Raman experiments was greatly
helped by the design of gas control chambers to achieve the
correct gas-filling process whilst allowing optical coupling
to the fibre via quartz anti-reflection-coated windows
(figure 8(B)). The advent of low loss hollow core splices, in
parallel with the development of yet even lower attenuation
fibres, meant that an all-fibre integrated photonic microcell
filled with high pressure H, and spliced to conventional fibre
with low loss could yield unprecedented Raman conversion.
Such a compact gas cell was reported by Benabid er al [5],
together with a vacuum pressure microcell filled with acetylene
and aimed at laser frequency locking. Figure 10(A) shows the
reported Raman spectra at 200 W peak power using a 1047 nm
Q-switched Nd:YVO, pump laser coupled through the H, gas
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by the bandgap bandwidth. (B) Experimental demonstration of
continuous-wave Raman conversion with 99.99% of output power at
the Stokes wavelength in a single-pass configuration.

(C) Observation of the dispersed output spectrum for the (top) Stokes
and pump (bottom) wavelength (from [5] and [55]).

cell made up of 5 m of HC-PCF guiding around 1064 nm
and spliced to SMF28 with <2 dB per splice. The richness
of the generated spectrum at such low peak powers illustrates
the extreme effectiveness of the gas cell as a Raman converter.
Indeed, at this power level, the stimulated Raman scattering-
generated spectrum comprises, in addition to the first Stokes
line Sgp(1) at 1115 nm, a second Stokes (1192 nm) and first
anti-Stokes (986 nm). This process is, however, spectrally
limited by the PBG guidance and only covers a maximum of
70 THz. This restriction in the number of Stokes components
generated hints towards the use of hollow core fibres with
larger spectral bandwidth, such as the large pitch HC-PCEF, for
the generation of broader frequency combs.

Another conclusion that sprang from the initial experi-
ments reported by Benabid er al [11] was that the Raman
threshold achieved in HC-PCF was so low that efficient Raman
conversion could potentially be achieved in the CW regime. As
high power narrow-linewidth CW fibre lasers became commer-
cially available, the first single-frequency, CW pure rotational
Raman laser based on H,-filled HC-PCF was realized [55] (fig-
ures 10(B) and (C)). The device exhibited up to 99.99% of the
output power at the first Stokes radiation, even at a pressure
as low as 1 bar, with 50% quantum conversion efficiency of
the coupled pump power, and a narrow linewidth. It was also
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demonstrated that the observed coupled pump power thresh-
old could be reduced to below 1 W by the use of fibre Bragg
gratings to form a cavity. Using this arrangement, a dual-
wavelength laser source, spaced in frequency by the Raman
transition frequency, could potentially be obtained at any wave-
length.

3.3. Control of the regimes of Raman amplification

The high net Raman gain gz achieved in HC-PCF improves
dramatically the Raman amplification process, both in terms
of threshold and conversion efficiency. However, a less
obvious advantage to using HC-PCF resides within the Raman
mechanism itself, and more specifically, the various regimes of
Raman amplification.

When considering such a high gain system in a single
pump configuration, it is important to treat the Raman problem
within the quantum mechanics framework [56]. For a one-
dimensional propagation, Raman amplification can then be
cast by the Maxwell-Bloch equations within the Heisenberg
representation [57]:

dEs 10Es O E Ga)
—+ - = —IK a
3z ¢ ot R
30* . A
=ik EfEs —T Q" + F (3b)

linking the (forward propagating) electric field for the
continuum of radiation modes near the Stokes transition
frequency, represented by the operator Es and the non-depleted
laser field amplitude Ey to the collective atomic operator 0
that represent the slowly varying nuclear coordinate of the
ensemble of molecules in the Raman medium. Equation (3b)
also includes the damping of these molecular oscillations due
to collisions at the dephasing rate I"'. More importantly, and
contrary to a semiclassical treatment of the problem, this
quantum framework allows the inclusion of quantum noise via
the Langevin operator F, whilst maintaining the commutation
relations in the operator Q. From these quantum fluctuations
arise spontaneous photons at the Stokes frequency that can
effectively seed the stimulated Raman process. The coupled
constant x1 and «; depend on the molecular polarizability of the
medium and are linked to the Raman gain ggss of the medium
defined by

2K 1K2

r

Exact solutions to the coupled equations (3), in the case
of a single pump configuration and where the initial Stokes
intensity arises from quantum noise fluctuations I2°¢, were
reported in the early 1980s by Raymer and Mostowski [57].
The interested reader can find further details of this theory and
its comparison with the semiclassical approach in [56].

Figure 11 reproduces the calculated solution for the
normalized generated Stokes field Is/I3°*° as a function of
normalized time I't, where 7 is the pump pulse duration and
for various values of the Raman net gain gz. One can identify
the incoherent spontaneous regime, achieved for pump pulses
shorter than a characteristic time given by r; = 1/gzI", where

o

“

8ss =
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(from [59] and [60]).

the independent scattering of incident photons does not build
up to an efficient Stokes emission. For pulses larger than
a second characteristic time given by 1, gz/ T, on the
other hand, the amplification is in a steady state regime where
the Stokes field can be approximated to the familiar form
Is ~ Igpexplgz]. In this regime, the collisional dephasing
rate I' leads to the loss of phase correlation between the
emitted Stokes field and the initial pump field. As a result, an
ensemble of Stokes frequencies generated in this regime will
not be automatically phase-locked and pulse compression will
become impossible.

This state-of-affairs changes, however, for pump pulse
durations between the two characteristic times 7; and 1, where
the regime is said to be transient [57]. Indeed, as opposed to the
steady state regime when the Stokes intensity is independent of
the pump pulse duration, the transient Stokes intensity strongly
depends on t and grows as ~exp[+/8gz['t], leading to a
Stokes pulse of duration g /T/16gzI" [58] which can be
much shorter than the dephasing time 7, = 1/2I". As a result,
the Stokes field generated in the transient regime of Raman
amplification is expected to retain a high degree of molecular
coherence with the initial pump field.
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Thanks to the linear dependence of the transient passage
time 7, with the Raman net gain gz, the use of HC-PCF
lifts the restriction that pump laser pulse duration needs to
be smaller than the dephasing time 7, to achieve efficient
transient amplification. This was confirmed experimentally
by observing the transient amplification of rotational Stokes
Soo(1) that grows efficiently from quantum noise fluctuations
for pump laser pulses 7 longer than 10 ns [59, 60]
(figure 12(A)). As a matter of fact, this transient passage time
7, can be accurately controlled (figure 12(B)) via a wise choice
of fibre length and gas pressure such that ultra-long pulses
could be used in the transient regime of Raman amplification
for the generation of phase-locked optical frequency combs.

4. Multi-octave frequency comb generation in large
pitch HC-PCF

The most promising alternative to high harmonic generation
for the creation of attosecond pulses is the technique
based on Raman sidebands by adiabatically driving the
Raman medium to maximum molecular coherence. This
technique, first suggested and demonstrated by Harris and
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co-workers [3, 4], achieves high conversion efficiency and
an ultra-broad spectrum consisting of a large number of
mutually phase-locked high-order Stokes and anti-Stokes fields
over a very large frequency span. The technique has now
been further refined by using capillaries [61] or a high
finesse cavity [62] to increase the gas—laser interaction length.
The coherence and the broadband nature of the sideband
spectrum mean that it should be possible to synthesize sub-
femtosecond optical pulses. However, it has been argued
qualitatively that one could obtain a similar coherent high-
order stimulated Raman scattering spectrum using a single
pump laser, provided one operates in the transient and high
gain regime of Raman amplification [63-65]. So far, this
requirement meant the frequency comb was only generated
using GW-power, transform-limited sub-picosecond lasers,
but the preliminary results presented above indicate that the
highly coherent transient regime of rotational SRS could be
extended to low power nanosecond pulses by use of an HC-
PCF. Nevertheless, a photonic bandgap HC-PCF would hinder
the number of generated frequency components, due to its
modest ~70 THz available bandwidth. This is far away from
the ~1000 THz bandwidth required to generate attosecond
pulses in the IR-UV domain.

The ultra-broad bandwidth achieved in large pitch HC-
PCF lifts these limitations by offering a transmission spectrum
spanning from UV to mid-IR with low dispersion, low loss
and a high-quality mode profile. This final section presents
the realization of a gas cell based on such a fibre and its use
for the generation and guidance of a higher-order stimulated
Raman scattering comb-like spectrum spanning three optical
frequency octaves and including up to 45 high-order Stokes
and anti-Stokes components. The comb is generated by
coherently exciting the confined gas in the transient regime
of Raman amplification with a single, moderately powerful
infrared nanosecond pulsed laser. The system achieves
maximum molecular coherence of the Raman-active gas at
room temperature and cuts the required laser power for
efficient conversion by six orders of magnitude compared
to current Raman sideband generation techniques, offering
a robust, inexpensive and straightforward way of finding
viable alternatives to high harmonic generation in synthesizing
attosecond pulses.

4.1. Mechanism of frequency comb generation in HC-PCF

As demonstrated by Benabid er al [59], the HC-PCF offers
the possibility to extend the transient regime of Raman
amplification to pulse lengths much longer than 75 and with a
peak-power level lower than experiments in free space or using
silica capillaries. For example, by using 1 m of single-cell
defect core Kagomé lattice fibre (with ~20 pm core diameter),
one could use pulses as long as 700 times 7, with peak powers
as low as 10 kW, whilst remaining in the transient regime of
amplification, creating a new and favourable situation for the
generation of coherent SRS for pulses >10 ns. Indeed, the
extension of the pump pulses to much longer durations would
enhance the still-transient Raman gain and would weaken the
damaging effect of group velocity dispersion in the generation
process.
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The broadband low loss light guiding and confining
features of the large pitch HC-PCF means that a single pump
laser configuration can be used for the Raman amplification
and Stokes/anti-Stokes comb generation over a frequency span
approaching that of the 1000 THz required for attosecond pulse
generation. This system also offers flexibility over the choice
of Raman medium used and the pump wavelength, lifting
the limitation of the Raman sideband technique, restricted to
using deuterium as the Raman medium and to Nd:YAG and
Ti:sapphire lasers due to the high laser power necessary to
achieve efficient conversion.

The key question that needs to be addressed with regard to
attosecond pulse generation is the mutual phase relationship
between the comb components generated along the fibre.
Indeed, due to the random nature of the spontaneously initiated
Stokes emission, the mutual phase coherence of the Stokes and
anti-Stokes lines may not be achieved. However, the quantum
analysis of a similar problem using broadband multi-line pump
lasers [57, 66] showed that automatic phase coherence with
the pump could be achieved, even though the Stokes was
initiated by spontaneous emission. These results corroborated
those obtained earlier by Carman et al [67] using the classical
approach. In order to deal with the present case of a single-
frequency pump and several Stokes and anti-Stokes (S/AS)
lines, a new quantum analysis is required. This analysis
was reported in [45] and stems from previous work which,
however, was limited to either the Stokes amplification [68] or
to the anti-Stokes one [69]. Qualitatively, one could describe
the newly developed theory in a more familiar picture of
parametric processes whereby the Stokes is amplified from
spontaneous emission in the transient regime followed by four-
wave mixing to produce all subsequent Raman sidebands.

The quantitative derivation of this new analysis, applied
to an isolated vibrational (or rotational) Raman transition,
consists of solving the coupled equations of motion in a similar
manner to equations (3) but with the field being extended
to the pump and an arbitrary number of Stokes/anti-Stokes
pairs. This is done in a non-perturbative iterative approach
whereby the equation of motion for the first-order pair of
Stokes/anti-Stokes are solved following the method developed
by Kilin [69]. It becomes apparent that the initial noise
field, corresponding to a thermal distribution of the temporal—
spatial modes of the molecular vibration (or rotation), is
filtered out under the narrow band, high net gain condition
to yield a Stokes and anti-Stokes field determined solely by
the dominant temporal—spatial mode, which corresponds to the
highest Raman gain. It is also found that the generated Stokes
and anti-Stokes are anti-correlated with a deterministic (i.e. a
degree of correlation close to 1) phase whose value is random
from laser shot to shot, indicating that the phases of these two
fields is automatically locked for each pulse.

The second step of the theoretical method consists of
iteratively extending the above treatment to higher-order
sideband pairs. By writing the coupled equations for the
generation of the second pair of Stokes/anti-Stokes pairs, one
finds that their growth is governed by the first Stokes/anti-
Stokes pair acting as a pump source, in such a way that
the phase of the second pair of sidebands is deterministically



J. Opt. A: Pure Appl. Opt. 11 (2009) 103002

Review Article

related to that of the first pair. The results of this iterative
process shows that all higher-order Stokes/anti-Stokes pairs
retain the same key features of sharing a common phase related
to that of the first pair, hence creating an ideal scenario for the
generation of sub-femtosecond pulse trains.

In analogy with the generation of Raman sidebands in
the adiabatic regime [3], those results can be viewed as
the generation of a coherent molecular spatial excitation,
which modulates the first Stokes/anti-Stokes pair by adding
sidebands. In turn, these sidebands then get modulated to
generate sidebands of their own, and so on. The difference
between the methods lies in the spontaneous generation of
the first Stokes field which means that, in the present case,
the overall phase of the generated Stokes fields fluctuates
randomly from shot to shot. It is worth noting that a soliton
treatment of the Raman sideband problem was reported by
Kaplan [70] and could potentially benefit the study of high-
order SRS in HC-PCF.

4.2. High-order Raman in Kagomé lattice HC-PCF

Figure 13 shows a schematic diagram of the HSRS
experimental set-up as reported in [44]. A 40 cm long sample
of Kagomé fibre is filled with H, at a pressure of 20 bar and
coupled to a single Nd: YAG laser operating at 1064 nm, which
generates 12 ns long pulses at 50 Hz repetition rate, with a
linewidth ~40 MHz. As the large-pitch HC-PCF supports
cladding modes as well as the air-guided fundamental HE;
core mode at the same wavelength, care is taken to couple
predominantly to the core. The power and polarization of
the laser is controlled by a set of waveplates and a polarizing
beamsplitter. Thanks to the polarization dependence of the
rotational Raman gain in H, [71, 72], the rotational Stokes
components of the expected spectrum can be turned ‘on or off’,
whether the polarization is circular or linear, respectively. In
order to detect the whole extent of the generated frequency
comb, the fibre output beam is collected onto a detection
bench where a combination of a multi-channel UV/visible
spectrometer (200-800 nm), an optical spectrum analyser
(400-1700 nm) and an IR monochromator (1600-3000 nm) are
used to create a single spectrum measurement after the three
spectrometers have been relatively calibrated.

As the input power is increased above threshold, the comb
generation process can be readily observed as green/yellow
light escapes from the side of the fibre (figure 14(A)) and bright
white light is observed at the output of the fibre (figure 14(B)),
indicating a large number of anti-Stokes lines generated in the
visible region of the spectrum. Figure 14(E) show the typical
transmitted spectrum obtained at 40 kW pump peak power and
for a linearly polarized input. In addition to the pump line, the
spectrum contains six strong spectral lines consisting of one
Stokes (~1892 nm) and five anti-Stokes components, the fifth
anti-Stokes being in the UV (~332 nm). The lines are equally
spaced by ~125 THz which corresponds to the frequency of
the vibrational Raman transition Qq;(1) of hydrogen. The
spatial-mode images of the observed anti-Stokes spectral lines
can be directly observed by using a diffraction grating and
projecting the modes onto a screen (figure 14(C)). Due to the
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Figure 13. Experimental set-up for the generation of higher-order
stimulated Raman scattering. PBS: polarizing beamsplitter, A /2 :
half-waveplate, A /4 : quarter-waveplate, OSA: optical spectrum
analyser (from [44]).

variable sensitivity of the camera with wavelength, the strength
of the lines is not well reproduced in the picture.

When the laser polarization is changed from linear to
circular, the Raman gain of the Sgpo(1) rotational transition
is increased above threshold so that each vibrational HSRS
components act as a pump for the generation of rotational
Stokes and anti-Stokes lines. Overall, a spectrum of 45 spectral
components, spaced by 17.6 THz (figures 14(D) and (F)), can
be observed, hence covering nearly 1000 THz of bandwidth
with a conversion from the pump to the comb of more than
53%. For a time-bandwidth product of 0.4 and if the coherence
of the lines is confirmed, such a spectrum could potentially
generate trains of ~500 as pulses spaced by either 125 or
17 THz, depending on the polarization of the input laser.
It is also interesting to note that, thanks to the relative low
power threshold, no broadening of the spectral linewidth was
observed [65].

The present spectra contrast with the previously reported
results using high-order SRS in both the impulsive [63] and the
transient regimes [64, 65, 73] by possessing higher conversion
efficiency into the higher-order Raman lines and a wider
spectral span, despite pumping at a longer wavelength [64].
With conversion efficiency from the pump to the comb
components comparable to the Raman sidebands technique,
the method generates a similar spectral bandwidth with a pump
laser peak power almost four orders of magnitude lower and
without the constraints imposed by adiabatic preparation. This
makes the technique one of the most potentially efficient for
frequency comb generation.

4.3. Coherence of Raman lines

In order for the frequency comb observed above to be useful for
sub-femtosecond pulse synthesis, all its spectral lines should
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Figure 14. (A) View of the large pitch Kagomé fibre from the side. The laser is coupled into the fibre on the left-hand side of the picture. The
fibre output is on the right. The total fibre length is 40 cm. (B) Output end of the fibre, showing a bright white light guided in the core. ((C),
(D)) Diffracted output and ((E), (F)) optical spectrum of the generated and transmitted higher-order SRS for a linearly and circularly polarized

laser input, respectively (from [44]).

be phase-locked. The theoretical findings of [44], described
qualitatively above, indicate that all Stokes and anti-Stokes
components of the generated spectrum are mutually coherent,
despite their being initiated by spontaneous Raman scattering.
Even though it is difficult to directly measure this phase
relationship experimentally, several indications point towards
such a high degree of coherence. The observation of high-
order transverse modes of the Stokes and anti-Stokes lines
propagating through fibre does provide some hints towards a
coherent parametric process (figure 15(B)). However, the most
striking evidence of the process is provided by plotting the
evolution of the output power of the transmitted pump, Stokes
and anti-Stokes lines of the vibrational (or ro-vibrational)
transition as a function of the input power (figure 15(A)). The
simultaneous rise of all three vibrational lines generated above
a pump peak power of 13 kW rules out the possible incoherent
cascaded SRS process and further confirms the theoretical
prediction that all sidebands are coherently generated.

5. Conclusion and future work

The enhanced gas—laser interaction offered by the HC-PCF
technology has been demonstrated through the realization of
compact all-fibre Raman devices. Two types of HC-PCF have
been identified as suitable candidates for integration inside
these devices: the photonic bandgap HC-PCF offers a low
optical loss over a narrow frequency range in the IR region
of the optical spectrum, while the large-pitch HC-PCF offers
a large transmission bandwidth that covers the UV and visible
as well as the near-IR with modest optical transmission. A
deeper understanding of the guidance mechanism exclusive to
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Figure 15. (A) Detected output power taken from a fraction of the
output beam diffracted on a grating as a function of the coupled peak
power for the pump (black circles and line), first Stokes (red circles
and line), first anti-Stokes (blue triangles and line) and second
anti-Stokes components (purple diamonds and line). (B) Near-field
profile of the output from the H,-filled Kagomé fibre. The Stokes (S)
and anti-Stokes (AS) frequencies are separated from the pump by
means of a diffraction grating (from [44]).

each type of fibre has led to the optimization of their loss and
dispersion characteristics for nonlinear applications.

The development of the photonic microcells also benefited
from various techniques for loading gas inside HC-PCF and
hermetically splicing the fibre to conventional solid core
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fibres. The resulting devices exhibited low insertion loss, ease
of use and an optimum nonlinear efficiency. Experimental
demonstrations of the potential of such devices included a
reduction of the power threshold for the observation of the
Raman process by a factor of 10° compared to previous
techniques accompanied by the highest Stokes conversion
efficiency reported to date using the pure rotational Raman
transition Sgp(1) in Hp. These results led to the realization,
in a single-pass configuration, and using a ‘single-pump’ laser
system, of the first continuous-wave Raman fibre gas laser with
near-total conversion of the pump to the Stokes frequency with
50% conversion efficiency.

Crucially, these photonic microcells also provide accurate
control over the regime of Raman amplification. Transient
Raman operation becomes possible for pump laser pulses
much longer than the dephasing time 7, whilst retaining a
high degree of molecular coherence. In this configuration, a
frequency comb spanning 1000 THz was generated and guided
in a Kagomé-based microcell. Experimental observations
and theoretical considerations point towards a relatively high
degree of mutual coherence of the spectral components and
hint at the possibility of sub-femtosecond pulse generation in a
compact, low-budget, all-fibre system.

However, the exact degree of coherence of the spectral
components obtained using this method needs to be accurately
assessed and the influence of the fibre’s chromatic dispersion
taken into consideration. Interesting results could spring
from using the photonic microcells in the Raman sideband
generation technique devised by Harris and co-workers. It
could also prove a vital addition to high harmonic generation
experiments.
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