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As we delve deeper into the nanoscopic world, we must under-
stand processes that occur on ever-faster timescales. Many 
ultrafast molecular processes were first revealed when mode-

locked femtosecond lasers reached sufficient temporal resolution, 
which gave birth to the field of femtochemistry1. Generating high-
power sub-5-fs pulses in the near-infrared is now possible by uti-
lizing self-phase-modulation in gas-filled hollow-core capillaries2. 
The availability of such short pulses has led to the emergence of the 
field of attoscience, which harnesses the process of high-harmonic 
generation to provide attosecond pulses with wavelengths in the 
extreme ultraviolet (EUV) and soft-X-ray regions of the spectrum3,4. 
The realization of attosecond pulses has made it possible to observe 
electron dynamics in matter and has provided many new insights 
into the ultrafast world, such as the real-time observation of elec-
tron tunnelling in atoms5.

The shortest isolated laser pulse generated so far is 80 as (ref. 6). 
The emergence of such an exquisitely precise temporal probe is an 
impressive scientific and technical feat. As a consequence of the time–
bandwidth product, the generation of attosecond pulses requires the 
use of radiation covering an extremely large bandwidth (a 1 fs pulse 
requires a supporting bandwidth of ~500 THz), which remains one 
of the greatest challenges in optics. Although high-harmonic genera-
tion has been a very successful technique for providing the necessary 
bandwidths at short wavelengths (typically 10–50 nm), attosecond 
pulses produced through this technique currently have low energy 
content because the process is relatively inefficient (with an energy 
conversion efficiency3 from the laser to the harmonics of <10–6), 
which typically restricts pump–probe experiments for cases when 
both pulses are of attosecond duration.

The fields of ultrafast time-resolved spectroscopy and attosec-
ond science would be greatly enhanced by the availability of higher 
power few-femtosecond to attosecond pulses. This need is especially 
strong where no other sources currently exist; that is, in the visible 
to UV with pulses of duration from 4 fs to ~0.5 fs — for convenience 
we refer to these as ‘~1 fs pulses’. Furthermore, if ~1 fs pulses existed 
in the UV spectral range, new experiments that exploit electronic 
resonances in molecules would become feasible, and the range of 
optical components available at these wavelengths would enable 
many new measurement strategies, including interferometric meth-
ods and nonlinear spectroscopy.
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Ultrafast science has begun to tackle the measurement of electronic and chemical processes taking place on the few-
femtosecond-to-attosecond timescale. This field requires high-power, extremely short-duration laser pulses. Here we review 
progress towards the generation of such pulses by Raman scattering in a medium whose component molecules oscillate in 
phase, which modulates the optical polarizability of the medium and generates high-order Raman sidebands on a field prop-
agating through it. This process may occur with high efficiency and thus lead to sufficient bandwidth for supporting few-
femtosecond to attosecond pulses. Significant progress has recently been made in the use of this technique to deliver useable 
ultrashort pulses in the visible to ultraviolet regions of the spectrum.

Since the late 1990s, a family of schemes for generating ~1  fs 
pulses using Raman scattering7,8 has been under development, 
many of which have the potential to fulfil this role. If brought 
to experimental fruition, the field of attoscience will be greatly 
advanced by the resulting range of new coherent light sources. 
A spectacular realization of this potential was recently demon-
strated by Kung and co-workers9, who used a pair of nanosecond 
pulses of frequency ω0 and 2ω0 — tuned in Raman resonance to 
the vibrational mode of H2 molecules — to create a modulator that 
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Figure 1 | Schematic of the field synthesis experiments conducted by 
Chan et al.9 a, Experimental set-up using amplitude modulation (AM) 
and phase modulation (PM). BBO, β-barium borate. b, A schematic of 
waveform synthesis from five harmonics, including the generation of 
attosecond pulse trains of stable phase. Figure reproduced with permission 
from ref. 9, © 2011 AAAS.
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produced a set of phase-stable sidebands spanning multiple octaves 
(Fig. 1). The researchers showed that a variety of waveforms could 
be synthesized from the resulting phase-locked frequency comb, 
including trains of sawtooth, square and cosine pulses. The tem-
poral width of the field forming the cosine pulses was measured to 
be less than 850 as.

The principal advantages of molecular modulation schemes are: 
(1) they can be used to synthesize broadband fields at visible–UV 
wavelengths; (2) they can be used to synthesize subfemtosecond-
duration pulse trains because the pulse phases can be fully 
controlled; and (3) they have the potential for high-energy subfem-
tosecond pulse generation and even isolated subfemtosecond pulse 
generation in the UV, in contrast with the weaker EUV attosecond 
pulses generated by high-harmonic generation. This Review sum-
marizes the current state of ~1 fs pulse generation by Raman scatter-
ing and discusses the possibilities of using this technique to produce 
high-power isolated attosecond pulses in the visible–UV range in 
the near future.

The role of coherent material excitations
Raman scattering is a two-photon inelastic scattering process in 
which the energy difference between the incident and scattered 
photons is accounted for by a molecular transition. This process 
can cascade (Fig. 2), leading to the generation of a broadband lad-
der of frequencies separated by the molecular transition energy10. 
The broadband nature of the resulting spectrum makes cascaded 
Raman scattering naturally suited to generating trains of ultrashort 
pulses11. Generating ~1  fs pulses by cascaded Raman Scattering 
becomes feasible if a high-frequency molecular modulator is pre-
pared in the sample in which the Raman scattering will occur. 
Moreover, it is possible to prepare the molecular modulator using 
pulses at convenient optical frequencies and then modulate a field 
at another frequency; for example, preparation at near-infrared 
frequencies and then modulation of a UV field. The molecules 
in the modulator are made to oscillate in phase at the molecular 
transition frequency. Under certain conditions, the two states of 
the Raman transition will evolve coherently such that their quan-
tum amplitudes possess a well-defined phase for all the molecules 
in the ensemble. This results in a time-dependent modulation of 
the vibrational and/or rotational coordinates in the ensemble that 
leads to an oscillation in the refractive index of the medium. This 

time-dependent refractive index functions as an incredibly high-
frequency (up to 100 THz) modulator12. Materials that have large 
Raman scattering cross-sections (or equivalently large Raman gain 
coefficients) can undergo a large change in susceptibility, which 
leads to a high modulation index. This strongly affects the ampli-
tude and phase of Raman scattering13 and results in bandwidths 
sufficient for supporting ~1 fs pulses14.

The relationship between the input (Ein) and output (Eout) fields 
passing through a modulator is Eout(t) = M(t; ω, η)Ein(t − τ), where 
ω is the frequency of the molecular transition, η is the phase mod-
ulation depth, which depends on the fraction of molecules excited, 
τ is the delay of the input pulse with respect to the modulator refer-
ence, and M(t;  ω,  η)  =  eiηsin(ωt). Two important regimes can be 
defined. First, when the input pulse is short compared with the 
modulation period ω–1. In this case, the modulator response can be 
expanded about the peak of the input pulse t  =  τ, so that 
M(t; ω, η) ≈  eiηsin(ωτ)[1 − (ωt)2/2] − iηcos(ωτ)ωt. Thus, the pulse experiences a 
quadratic temporal phase modulation if it arrives near a maximum 
of the molecular motion (sin(ωτ) ≈ 1), which broadens its spec-
trum in proportion to the modulation index ηω2. The second 
regime is when the pulse is longer than the modulation period. In 
this case, the modulator response may be expanded in terms of 
harmonics of the molecular frequency:

It is clear that the pulse spectrum gains several sidebands at both 
higher and lower frequencies, with amplitudes that are proportional 
to the modulation depth.

Preparation of a coherent molecular excitation requires 
strong two-photon coupling of a Raman transition, typically by 
fields which are far off-resonant for any single-photon transi-
tion (Fig.  3a). The conditions for achieving this can be met in 
a number of ways. Two extreme cases, known as impulsive and 
adiabatic, in which the preparation fields are either very short 
(impulsive) or very long (adiabatic) with respect to the molecular 
modulation, have both played a key role in the development of 
molecular modulators.

Impulsive preparation of the modulator, where the laser pulse is 
shorter in duration than the period of the Raman oscillation (gen-
erally 8–100  fs), has successfully been used to generate isolated 
few-femtosecond pulses in gaseous samples15. In this regime, the 
bandwidth of the applied laser pulse spans across the Raman tran-
sition, and hence the two frequencies required to excite the two-
photon Raman transition are contained in a single pulse. Impulsive 
techniques are therefore inherently non-selective and will naturally 
excite any Raman mode whose frequency lies within the bandwidth 
of the pump pulse. Impulsive excitation involves the application 
of a short impulse that starts the molecules vibrating or rotating 
in phase. This motion then persists until after the pump pulse is 
no longer present for a coherence lifetime of typically many pico-
seconds in a gas. The applied pulse is modulated by the resulting 
time-dependent refractive index to produce a broad bandwidth of 
Raman sidebands. These sidebands overlap in frequency space to 
produce a continuous spectrum because each sideband possesses 
the same broad bandwidth as the pump pulse (Fig. 4a), thus pro-
ducing an isolated, shortened pulse in the time domain.

Nanosecond pulses have also been used to prepare a very 
strong modulator in the adiabatic regime12,16. Here, the frequencies 
required for the two-photon coupling of the Raman transition are 
provided by far-off-resonant narrowband laser fields whose fre-
quencies are precisely tuned with respect to the two-photon reso-
nant condition (Fig. 3a). The eigenstates of the total Hamiltonian 
are coherent superpositions |±〉 of the two bare states |a〉 and |b〉 

M(t; ω, η) =       Jn(η)einωt∑
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Figure 2 | The process of cascaded Raman scattering. Molecular energy 
levels separated by energy hνab. An input frequency ν (yellow) can cause 
the spontaneous emission of frequencies ν ± νab (known as Stokes (orange) 
and anti-Stokes (green) frequencies) if the process is accompanied by a 
molecular transition between states |a〉 and |b〉 (black arrows). This initial 
spontaneous event provides the seed photons necessary for subsequent 
first-order stimulated Raman scattering (left). The first-order Stokes and 
anti-Stokes photons can then cause second-order Raman scattering (right) 
to produce new frequencies ν ± 2νab (blue and red) and so on through 
propagation, resulting in a broadband ladder of frequencies ν ± nνab.
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involved in the Raman process |±〉 = cos(θ(t))(±)|a〉 + sin(θ(t))(±)e−iφ|b〉,
where the mixing angle θ is determined by

Ωaa(t) and Ωbb(t) are the Stark shifts of levels |a〉 and |b〉, 
Ωab(t) =  |Ωab(t)|e−iφ is the two-photon Rabi frequency and δ is the 
detuning of the applied fields. Expressions for Ωaa, Ωbb and Ωab can 
be found in ref.  16. In this regime, the eigenstates of the system 
smoothly evolve to form a superposition of the two states involved in 
the Raman process with equal probability amplitudes (a maximally 
coherent superposition) as the field amplitudes increase (tanθ → 1), 
after which they return to being bare molecular states at the trailing 
edge of the pulses. Unlike in impulsive schemes, the coherent exci-
tation does not survive after the driving pulses have departed. The 
strength of a coherent modulator that is close to a near-maximally 
coherent superposition state with equal populations in both levels 
is so great that efficient modulation of the driving fields into multi-
ple sidebands occurs within a single coherence length. This process 

tan θ(t)(±) =
2|Ωab(t)|

Ωaa(t) – Ωbb(t) + δ ± (Ωaa(t) – Ωbb(t) + δ)2 + 4|Ωab(t)|2

is examined in detail in refs  16–18, and has recently allowed the 
generation of long trains of few-femtosecond pulses by controlling 
the carrier–envelope phase offset, φce (Fig. 1a)19,20. This parameter is 
important for pulses approaching the single-cycle regime because 
its variation strongly affects the form of the pulse’s electric field, 
which is given by E(t) = E0(t)cos(ωt + φce).

Isolated femtosecond pulses in the impulsive limit
Impulsive excitation of a coherent modulator requires pulses in the 
femtosecond regime. Early theoretical and numerical work that 
examined this regime predicted the generation of ultrabroadband 
half-cycle pulses21. Owing to the extreme brevity of these pulses, 
it has been necessary to develop simulation approaches that go 
beyond the usual slowly varying envelope approximation. A pulse 
whose energy density is sufficient to generate a strong molecular 
excitation (~100  J  cm–2; ref.  22) will have such a high intensity 
that nonlinear processes such as self-phase-modulation and self-
steepening will be induced as it propagates. The back reaction of 
the sidebands in the generated field incident on the modulator has 
been identified as an additional spectral broadening mechanism23. 
These effects compete with the Raman process and degrade the effi-
ciency of frequency modulation24,25. To circumvent this problem, 

Figure 3 | Adiabatic preparation of a Raman modulator. a, Typical experimental schematic for producing a pulse train through adiabatic preparation of a 
molecular modulator. Two nanosecond driving fields of frequencies ω1 and ω2 two-photon couple a Raman transition (of frequency ωab) at a detuning of 
δ. Resulting coherent motion in the Raman medium produces a time-dependent refractive index that frequency-modulates the driving fields. Generated 
collinear Raman sidebands require spectral phase correction in order to synthesize a long train (repetition rate ωab) of transform-limited subfemtosecond 
pulses. b, Multiple collinear Raman sidebands covering the UV, visible and near-infrared from a vibrational molecular modulator prepared in D2 gas 
using nanosecond driving fields at 1,064 nm and 807 nm. c, A train of 1.4 fs pulses with constant carrier–envelope phase offset, generated by modulating 
nanosecond driving fields at 602 nm and 802 nm, which prepare a coherent vibration in H2. Figure reproduced with permission from: b, ref. 39, © 2002 
APS; c, ref. 41, © 2008 APS.
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a separate, time-delayed weaker probe pulse can be injected into the 
sample. This may experience efficient Raman scattering by virtue 
of the molecular excitation that is present following propagation of 
the pump pulse, without suffering significant nonlinear propaga-
tion effects22,26. Researchers have predicted that this approach could 
provide sufficient bandwidth to support a ~1 fs pulse. Moreover, by 
adjusting the injection time of the probe so it arrives at the optimum 
phase in the modulator, it is possible to achieve pulse compres-
sion27–29 because the modulator-induced refractive index compen-
sates for dispersion of the ultrahigh-bandwidth pulse.

The impulsive technique has allowed isolated 3.8 fs pulses, cen-
tred at around 400  nm, to be generated through excitation of a 
vibrational mode in SF6 (Fig. 4b)15. Impulsive rotational excitation 
and subsequent Raman scattering of a probe pulse has also been 
investigated in H2 (ref. 30). Impulsive rotational Raman scattering 
in N2 was experimentally shown to modulate in the UV, resulting 
in the high-efficiency production of 23 fs pulses from significantly 
longer injected pulses at 266 nm (ref. 31). These results have not 
yet been improved upon in terms of the generation of shorter iso-
lated pulses; further progress will require the generation of a wider 
spectrum of probe field sidebands. Generating a broader spectrum 
cannot be achieved simply by increasing the energy content of the 
probe pulse because of the detrimental nonlinear processes that 
result; instead, schemes must implement either a higher frequency 
Raman transition or a stronger molecular modulator. However, in 
such cases the phase mismatch between the molecular modulation 
wave and the Stokes and anti-Stokes sideband fields will still limit 
the efficiency and bandwidth of the generated field. Preparation of 

a very strong modulation is required to ensure that the full band-
width of the modulator can be realized in a length that is short 
enough not to be limited by phase-mismatch effects.

The fundamental vibrational transitions of H2 or D2, which have 
periods of 8  fs and 11  fs, respectively, are the fastest molecular 
motions available and have been shown to be effective for use in 
Raman scattering. Impulsive excitation of these transitions there-
fore offers strong potential for reducing the pulse duration of the 
pump–probe scheme by generating a wider spectrum of probe field 
sidebands. However, because the pulse duration required for effi-
cient impulsive excitation is significantly shorter than the period 
of the Raman transition used15, excitation of these high-frequency 
transitions is expected to require pump pulses with durations of 
5–8 fs, and has not yet been demonstrated. It was recently shown 
that the strength of an impulsively excited rotational coherence in 
H2 can be amplified without dephasing by applying a high-energy 
multimode nanosecond pulse to the system before subsequent 
propagation of the ultrashort probe pulse32. This method, which 
amplifies the strength of the modulator, has the potential to improve 
the impulsive excitation technique towards the generation of sub-
femtosecond pulses.

Researchers have also demonstrated the highly efficient fre-
quency modulation of a single 0.1–5  ps pulse to produce band-
widths sufficient for supporting subfemtosecond pulses25,33,34. In 
this case, a small amount of self-phase-modulation spectrally 
broadens the pulse to produce the Stokes frequency required to 
drive the molecular motion coherently with a pair of Raman reso-
nant fields. The application of two-colour external fields in Raman 
resonance has also been used for the excitation of coherent molecu-
lar rotations and vibrations using femtosecond pulses longer than 
the Raman period. This method of producing sufficient bandwidth 
to support subfemtosecond pulses has been both predicted23 and 
demonstrated35,36. Although these schemes have led to the realiza-
tion of very broad bandwidths, the long duration of the pump pulse 
results in the generation of a train of shortened pulses, rather than 
an isolated pulse. However, two-colour excitation of a coherent 
modulator in the femtosecond regime generates coherent motion 
after the pump pulses have departed, and may be applicable to 
modulation of a time-delayed probe pulse37, which, if of a dura-
tion shorter than the Raman period, would result in the genera-
tion of an isolated ultrashort pulse. The characterization of ~1  fs 
pulses, both isolated and in pulse trains, still remains a challenge, 
although methods exist that can in principle provide a solution to 
this problem38.

Generation of trains of subfemtosecond pulses
The molecular excitation produced by adiabatic preparation is typi-
cally stronger than that achievable through impulsive techniques 
because the entire laser pulse energy is applied at the appropri-
ate frequency to contribute to the preparation of the coherence. 
Bandwidth production is also enhanced compared with impulsive 
techniques because the frequency of the excited Raman transition 
is not limited by the bandwidth of the pump pulses, and thus it has 
been possible to access very large Raman shifts to produce band-
widths spanning the entire UV, visible and near-infrared range 
(Fig. 3b) without needing to employ sub-10-fs pulses18,39,40. The gen-
erated bandwidth can be extended if the second harmonic of one of 
the driving fields is also injected into the system19. The high degree 
of molecular coherence that can be produced in the adiabatic limit 
ensures high gain over a short distance, which significantly over-
comes the problem of phase mismatch.

By virtue of the narrowband nanosecond driving fields required 
for adiabatic preparation, the Raman spectrum produced in this 
regime is comprised of discrete components. In the time domain, 
these form long trains of ~106 relatively low-energy (nanojoule 
level) but potentially subfemtosecond pulses. Researchers recently 

Figure 4 | Impulsive preparation of a Raman modulator. a, Production 
of a continuous spectrum by impulsive Raman Scattering. Input pulse at 
frequency ν0 (yellow) has a bandwidth δν that is greater than the Raman 
shift frequency νab. As such, Stokes (ν–1 (orange) and ν–2 (red)) and anti-
Stokes (ν1 (green) and ν2 (blue)) sidebands overlap in frequency space. 
b, Isolated 3.8 fs pulse generation by impulsive excitation of a coherent 
vibrational modulator in SF6 (period of 43 fs). A 30 fs pump pulse of 
intensity 10 TW cm–2 was used. Raman scattering of a time-delayed 15 fs 
probe pulse in the pre-prepared medium produces the isolated pulse 
shown. Figure b reproduced with permission from ref. 15, © 2002 APS.
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demonstrated trains of 1.4 fs pulses, in which the comprising pulses 
had a common (but uncontrolled) carrier–envelope phase offset 
by coherent preparation of the vibrational transition in H2 (Fig. 3c; 
ref. 41). Control over the carrier–envelope phase offset of the pulse 
train has also been demonstrated19,20. However, these studies did not 
measure the temporal form of the pulses and thus were unable to 
determine the pulse duration.

In all time-domain demonstrations of near-transform-limited 
pulse train production from an adiabatically prepared molecular 
modulator, it has been necessary to implement a form of spectral 
phase control of the generated sidebands. A common method for 
external phase control is to employ a liquid-crystal array, which has 
great flexibility and ease of use. However, the usable wavelength 
range of a liquid-crystal array is limited to the visible and near-
infrared range. Pandiri et  al.42 recently demonstrated a compact 
system for phase control based on pulse propagation through angle-
controlled fused silica plates, which can be applied to 48 discrete 
wavelengths extending into the UV. This system may prove to be an 
effective method of overcoming the limitations of a liquid-crystal 
array, thus allowing the pulse duration to be decreased and the 
energy content of the pulse trains to be increased.

Researchers recently produced a subfemtosecond pulse train 
controllable using the carrier–envelope phase offset from an H2 
modulator9. The drive fields must be commensurate in such a 
scheme; that is, one frequency must be an integer multiple of the 
other to ensure that a phase-locked frequency comb is produced. 
The researchers achieved this by driving the H2 molecules with 
transform-limited nanosecond fields at 2,406  nm and its second-
harmonic at 1,203 nm, thus ensuring that the frequency difference 
was situated at the vibrational Raman transition of 4,155 cm–1. The 
relative phases of the five harmonics (2,406 nm, 1,203 nm, 802 nm, 
602 nm and 481 nm) produced in the process were controlled using 
liquid-crystal pulse shapers located between a prism pair (Fig. 1). 
The phases were set to the required values using a heterodyne signal 
generated by frequency-mixing pairs of the harmonics at a LiNbO3 
crystal43. The synthesized waveforms were then confirmed by using 
a linear cross-correlation technique between the desired waveform 
and a small reference waveform of sub-cycle cosine pulses, which 
was also generated by the pulse shaper. This waveform characteri-
zation method and the use of commensurate drive frequencies to 
ensure phase stability were the key steps in the realization of this 
first fully controlled ultrafast waveform synthesizer. This technique 
can now be used to produce subfemtosecond pulse trains.

In studies of ultrafast phenomena, isolated pulses are generally 
more useful than the very high repetition rate pulse trains produced 
by adiabatic schemes, as the interval between pulses in the train 
(for example, 8 fs from a H2 modulator) does not allow the dynam-
ics under study much time to evolve. However, adiabatic schemes 
generate a very strong molecular modulator, and thus many stud-
ies have discussed the possibilities for exploiting this property for 
the generation of an isolated subfemtosecond pulse. Researchers 
have proposed that a weak ultrashort probe pulse injected (while 
the drive pulses are present) into a molecular modulator prepared 
in the adiabatic regime will experience enhanced Raman scattering, 
thereby generating a broad bandwidth of probe field sidebands. If the 
duration of the probe field is shorter than the period of the Raman 
transition, the resulting spectrum will be continuous and may form 
an isolated subfemtosecond pulse in the time domain23,44–46. This 
proposal therefore combines the advantages of both the impulsive 
and adiabatic schemes for coherent preparation.

These promising approaches have not yet reached experimental 
fruition. Frequency modulation of a weak broadband (300  cm–1) 
probe field by an adiabatically prepared coherent molecular vibra-
tion in solid H2 has been demonstrated47, and the broadband nature 
of the resulting Raman sidebands has been confirmed. However, 
in this work the probe field was provided by a free-running laser 

source and thus was not in the femtosecond regime. Although effi-
cient frequency modulation of a ~130 fs probe laser in a molecular 
modulator prepared by adiabatic techniques has been observed48, 
the temporal form of the pulse formed by the output probe field 
sidebands was not measured directly.

New hosts for molecular modulation
The development of molecular modulators located in guiding 
structures is important for decreasing the power requirements 
of the driving lasers. Gas-filled hollow-core capillaries have been 
used for some time to increase the interaction length available in 
Raman scattering experiments15,35,36,49,50 — a parameter that is lim-
ited in free space by diffraction of the laser beams. Hollow-core 
capillaries also allow group velocity matching between pump and 
probe pulses of different wavelengths in order to improve modu-
lation of the probe pulse51. However, these capillaries (typically 
0.2–1 m in length) are subject to coupling and propagation losses 
and optical damage, which limits the maximum input energy to the 
few-millijoule level. Sensarn et al. compared the performance of a 
system based on adiabatic excitation of a molecular modulator in a 
hollow capillary with that under free-space conditions52. With opti-
mized focusing, comparable generation of anti-Stokes sidebands 
were generated in both systems. However, the use of a capillary 
allowed this level of enhancement to be achieved with only 6 mJ of 
energy in the driving fields — significantly less than the ~100 mJ 
required in free-space experiments.

Gas-filled hollow-core photonic crystal fibres (HC-PCFs53–55) 
present further opportunities for significantly increasing the effec-
tive field intensity over the interaction length in Raman scattering 
experiments. In these fibres, light is guided through a hollow core 
surrounded by a silica cladding that contains an array of holes run-
ning down its length. HC-PCFs with tailored optical properties 
and remarkably low transmission losses can now be reliably manu-
factured at lengths reaching many tens of metres56–58. HC-PCF gas 
cells can now also be manufactured59. The guiding mechanism in an 
HC-PCF depends on the type of fibre in question. Guiding in the 
first HC-PCF53 was due to a photonic bandgap effect60. Although 
efficient Raman Scattering has been demonstrated in such a fibre61–

65, it is not suitable for subfemtosecond pulse generation owing to 
the limited bandwidth of the photonic bandgap (50–70 THz).

Careful design of the cladding structure has enabled the pro-
duction of a Kagome lattice HC-PCF whose extended transmission 
bandwidth supports cascaded Raman scattering54. The guidance 
mechanism in this fibre66,67 does not occur through the photonic 
bandgap effect; instead, inhibited coupling between the core and 
cladding modes, which cannot interact due to the strong transverse-
field mismatch between modes, is thought to play an important 
role67. Kagome lattice HC-PCFs also exhibit very low chromatic dis-
persion55 — an important property in two-colour Raman scattering 
experiments that require long interaction lengths. Such fibres have 
allowed the generation of a multi-octave-spanning spectrum cov-
ering 325–2,300 nm using a single pulsed laser of duration 12 ns 
and remarkably low peak power (40  kW)68. The output of such a 
system in the time domain has yet to be experimentally character-
ized. In this scheme, achieving a high enough gain to realize cas-
caded Raman scattering does not require a seed pulse or coherent 
preparation. Although very high conversion efficiencies have been 
achieved, the energy content of the output remains low because the 
pump energy was of the order of a nanojoule. In these experiments, 
the driving fields used for Raman scattering were around 1  ns in 
duration68, thus producing a train of pulses in the time domain. 
It was recently shown that high-power femtosecond pulses can be 
guided in short lengths of HC-PCFs without causing damage69,70. 
The use of HC-PCFs therefore has the potential to produce high-
energy isolated subfemtosecond pulses, although Raman scattering 
in the femtosecond regime has yet to be investigated in an HC-PCF.
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Coherent preparation in HC-PCFs may allow the generation of 
very broad spectra. A strong molecular modulator has yet to be pre-
pared in an HC-PCF. Two-colour coherent excitation of a vibrational 
Raman mode in methane has been demonstrated in a 25-cm-long 
HC-PCF using a 40 ps chirped pump pulse and a continuous-wave 
Stokes beam71. However, higher-order Raman sidebands were not 
generated in this work, possibly because only a small fraction of the 
pump pulse energy was able to prepare the modulator owing to the 
narrowband nature of the input Stokes pulse. 

The strong coupling exhibited by hollow-core photonic fibres 
was recently used to realize multi-octave-spanning frequency 
combs through spontaneous creation of stimulated Raman scat-
tering in a hydrogen-filled fibre. This development is important 
because comb generation is initiated from quantum zero-point 
fluctuations of the spectral components. These have large phase and 
energy fluctuations72, but exhibit strong self- and mutual coherence. 
This suggests the generation of optical frequency combs with non-
classical correlations between comb lines. The recent demonstration 
of continuous-wave modulation by D2 molecules in a high-finesse 
cavity resonant with the pump and Stokes fields also has the poten-
tial to advance comb generation to the quasicontinuous limit73.

A high-density solid-state medium has the potential to ensure a 
high conversion efficiency over a short distance. Raman-active crys-
tals have recently been investigated as hosts for Raman scattering in 
the presence of a coherent material excitation by two-colour exci-
tation of a Raman mode (phonon) in the femtosecond regime74–78. 
Application of 50-fs-duration pump and Stokes fields in diamond, 
which exhibits very large Raman shifts, has allowed the generation 
of a spectrum capable of supporting a 0.5  fs pulse77. The mutual 
coherence of the sidebands was also experimentally confirmed. Very 
broad bandwidths — corresponding to the highly efficient genera-
tion of high-order anti-Stokes sidebands — have also been generated 
in PbWO4 (ref. 75) and KNbO3 (ref. 76) by two-colour excitation of 
Raman modes. Impulsive excitation has been shown to be effective 
for generating large bandwidths in Raman-active crystals79. The use 
of time-delayed pairs of chirped pulses has also allowed particular 
selected Raman modes to be excited in these systems80.

Raman-active crystals have higher Raman gain and a larger 
number of closely spaced Raman modes than gases. These prop-
erties cause the generated spectrum to be partially continuous in 
nature and thus more suited to synthesizing an isolated attosecond 
pulse. However, because solids exhibit larger dispersion than gases, 
phase-matching must be employed to generate Raman-shifted com-
ponents. This means that the driving fields must be applied in a 
non-collinear geometry and that the output sidebands emerge at a 
spread of angles. With careful alignment it is possible to spatially 
recombine the output to form a temporally compressed waveform. 
Isolated 13  fs pulses have been generated in this way by two-col-
our excitation of Raman modes in KTaO3 using 200–300 fs driving 
pulses78. This work indicates that the recombination of spatially sep-
arated sidebands covering larger bandwidths than those achieved in 
ref. 77 may be experimentally feasible. This technique therefore has 
significant potential for the generation of isolated subfemtosecond 
pulses in the near future.

Future prospects
Generating trains of carrier–envelope phase-controlled subfem-
tosecond pulses by modulating fields in a medium that contains a 
coherent molecular motion prepared by adiabatic processes is now 
experimentally feasible. It is anticipated that this method can find 
widespread use in optical waveform synthesis and a range of ultra-
fast measurements. However, one significant drawback of this tech-
nique remains: long trains of low-energy pulses are produced at a 
very high repetition rate. For many applications in ultrafast science, 
isolated subfemtosecond pulses are desirable. The strength of mod-
ulation prepared adiabatically by these phase-locked techniques 

is sufficient to efficiently modulate an ultrashort pulse at a differ-
ent frequency. Modulation of a UV femtosecond probe pulse in a 
medium that has been pre-prepared with coherent molecular mod-
ulation also offers the potential for the synthesis of isolated ultra-
short pulses in the mid-UV15,30,48,81–83. In principle, it is possible to 
generate an isolated subfemtosecond pulse using this technique. 
This will require locking between the phase of the nanosecond fields 
preparing the modulator and the arrival time of the ultrashort pulse.

Preparing a molecular modulator by impulsive techniques also 
has the potential for producing isolated subfemtosecond pulses; 
the broadband nature of the preparation pulse causes the cascad-
ing Raman scattering to produce a continuous modulated spec-
trum, which can be used to synthesize an isolated pulse in the 
time domain. The shortest pulse generated using this technique 
is of duration 3.8 fs (ref. 15). A key advance in impulsive schemes 
would be the preparation of higher frequency modulators. Utilizing 
the fundamental vibrational transitions in H2 (125 THz, 8 fs) or D2 
(90 THz, 11 fs) seems to be a promising route81,82,83, and will require 
pump pulses of around 5–8 fs in duration. Such pulses can now be 
produced in the near-infrared regime by employing self-phase-
modulation in hollow-core capillaries2 — a technique shown to be 
capable of generating sub-4-fs pulses84. Over the past decade, the 
pulse energy provided by the ~30 fs near-infrared pump lasers used 
in self-phase-modulation has increased greatly, now allowing a sin-
gle laser source to drive two hollow-core capillaries in parallel. This 
has allowed the generation of pump and probe pulses, both with 
durations of around 5  fs for impulsive Raman scattering of high-
frequency vibrational transitions, for which the relative timing is 
not subject to electronic jitter. This is an essential development that 
ensures the generated output is similar from shot to shot, as the 
delay of the probe with respect to the pump is controlled to well 
within the period of the molecular motion.

In the intermediate term, it is likely that the Raman modulation 
technique will find application in the generation of few-femtosecond 
pulses in the near- to mid-UV (200–400 nm). In the study of ultrafast 
chemical processes, these wavelengths are often required to access 
high-lying molecular states. Currently, the shortest pulses available 
at wavelengths of <300  nm are in the range 5–15  fs (refs  85–88), 
and these are of very low energy. Temporal resolution is therefore a 
current limitation for many studies, including relaxation processes 
in DNA bases89, excited-state intramolecular proton transfer90 and 
ultrafast 2D spectroscopy91. Spectra reaching to wavelengths of 
<300  nm have been generated by schemes in which Raman scat-
tering is enhanced by a coherent material excitation25,35,39,50,92,93, thus 
offering the potential for generating high-energy ultrashort pulses 
in this spectral region. Excitation of a coherent modulator in the 
femtosecond regime is perhaps the most promising technique for 
generating isolated few-femtosecond pulses in the UV.

Raman scattering, enhanced by the presence of a coherent 
molecular modulator, has significant potential as a much-needed 
ultrafast tool in diverse fields such as attoscience, femtochemistry 
and photobiology.
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