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The generation of high-order harmonics1 and attosecond pulses2

at ultrahigh repetition rates (>1 MHz) promises to revolutionize
ultrafast spectroscopy. Such vacuum ultraviolet (VUV) and soft
X-ray sources could potentially be driven directly by plasmonic
enhancement of laser pulses from a femtosecond oscillator3,4,
but recent experiments suggest that the VUV signal is actually
dominated by incoherent atomic line emission5,6. Here, we
demonstrate a new regime of phase-matched below-threshold
harmonic generation, for which the generation and phase
matching is enabled only near resonance structures of the
atomic target. The coherent VUV line emission exhibits low
divergence and quadratic growth with increasing target
density up to nearly 1,000 torr mm and can be controlled by
the sub-cycle field of a few-cycle driving laser with an intensity
of only ∼1 3 1013 W cm22, which is achievable directly from
few-cycle femtosecond oscillators with nanojoule energy7.

High-order harmonic generation (HHG) has been the enabling
technology for ultrafast science in the VUV and soft-X-ray spectral
regions. Recently, ultrafast sources of below-threshold harmonics1,3,
with photon energies below the target ionization potential, have
been demonstrated. Such harmonics are critical to the extension
of time-resolved photoemission spectroscopy8 to megahertz
repetition rates and to the development of high-average-power
VUV sources, because they can be generated with relatively low
driving laser intensities (�1 × 1013 W cm22). Ultrafast VUV
sources of low-order harmonics are also critical tools for studying
wave packet dynamics in bound states of atoms9 and molecules10.
However, compared to the high-order above-threshold harmonics,
which have been extensively studied, little attention has been
devoted to the development and characterization of below-threshold
harmonic sources.

Although below-threshold harmonic generation is largely
incompatible with the three-step model of HHG11, recent exper-
iments1,12 indicate that below-threshold harmonics can arise from
a non-perturbative process. This non-perturbative generation
mechanism has been attributed to negative energy returns of elec-
tron trajectories initiated by over-the-barrier ionization and driven
by the oscillating laser field13. However, such semi-classical treat-
ment minimizes the influence of the target atom, an approach
that may not be valid for below-threshold harmonics, where reson-
ance enhancement has been observed for moderate driving laser
intensities14. Here, we uncover a novel regime of below-threshold
harmonic generation accompanied by bright, coherent VUV line
emission. The coherent VUV source results from the interaction

of moderately intense few-cycle driving laser pulses with atomic
targets, wherein below-threshold harmonics are enhanced near
atomic resonances. In contrast to the incoherent plasma line emis-
sion observed in HHG with high laser intensities or with plasmonic
enhancement5,6, the resonance-enhanced VUV emission is spatially
coherent, with high conversion efficiency and phase-matched
growth. We further find that the VUV emission exhibits non-per-
turbative behaviour and can be controlled by the field of the
driving laser. Because the VUV source requires few-cycle driving
lasers with an intensity of only �1 × 1013 W cm22, it is readily
extendable to ultrahigh repetition rates with commercially available
Ti:sapphire oscillators7.

In the experiment, below-threshold harmonics were generated
from argon and the angularly resolved VUV spectrum was
measured using a flat-field grating spectrometer15. The harmonic
generation was driven with few-cycle (�5 fs) near-infrared
(�730 nm) laser pulses, loosely focused to moderate intensities
(�1 × 1013 to 1 × 1014 W cm22) sufficient to generate harmonics
around the ionization threshold, but not so high as to destroy the
atomic resonances16. The use of few-cycle driving lasers results in
spectrally broad harmonics, and multiple resonances can be
observed within a single harmonic.

Figure 1a shows the spectrally and angularly resolved VUV signal
in the vicinity of the 9th and 11th harmonics with a driving laser
intensity of (3.3+0.3)× 1013 W cm22 and a target pressure–length
product of 10 torr mm. Whereas the 11th harmonic is above the
argon ionization threshold (Ip¼ 15.76 eV), the 9th harmonic spans
photon energies both above and below threshold. Below threshold,
the 9th harmonic exhibits narrow-linewidth spectral enhancements
in the vicinity of the atomic resonances. Figure 1b shows the evolution
of these resonance-enhanced structures (RESs) as a function of the
driving laser intensity within three different regimes. At relatively
low intensities (�1 × 1013 W cm22 to 3 × 1013 W cm22), the RESs
exhibit narrow linewidths and dominate the harmonic spectrum.
For intensities between �3 × 1013 W cm22 and 8 × 1013 W cm22,
the above-threshold harmonic emission becomes comparable to
the RESs and the lines in general become shifted and broadened
until no resonances can be observed at intensities higher than
�1 × 1014 W cm22. The positions of the RESs agree qualitatively
with the resonance energies of argon, and the resonance enhance-
ment is further confirmed by below-threshold harmonic generation
in neon and xenon gases, and by numerical solution of the time-
dependent Schrödinger equation (see Supplementary Section
‘Simulated harmonic spectra’).
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Although spectrally similar to atomic line emission, the observed
RESs are emitted in a laser-like beam, with divergence angles similar
to the above-threshold harmonics, as shown in Fig. 2a. Such a small
divergence (,4 mrad) is consistent with previous measurements of
below-threshold harmonics in a tight focusing geometry, wherein
multiple divergence angles were attributed to quantum trajectories
(‘short’ and ‘long’) with different intensity-dependent phases1.
Here, the phase-matching conditions favour the on-axis harmonic
emission, and the more strongly divergent long trajectory

contributions are not observed. Although previous studies have
indicated that the on-axis short trajectory contributions cannot be
explained using classical trajectories initiated by tunnel ionization13,
we observe signatures of non-perturbative behaviour and field
control in the generation of RESs. In Fig. 2b, the integrated yield
of the RESs between 15 and 15.8 eV is compared to that of the
above-threshold 11th harmonic for elliptically polarized driving
pulses with the same intensity as in Fig. 1a. The dependence of
the VUV intensity on the driving laser ellipticity is much stronger
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Figure 1 | Resonance-enhanced structures in below-threshold harmonic generation. a, Measured harmonic spectrum with an intensity of (3.3+0.3) ×
1013 W cm22 and a target pressure–length product of 10 torr mm. The spectrum is characterized by coherent line emissions (for example, RESs A and B)

which lie within the energy range of the labelled 3p6 � 3p5ns (white vertical lines) and 3p5nd (green vertical lines) resonance manifolds of argon in addition

to the relatively broad high harmonics (for example, the 11th harmonic, H11). b, Evolution of the resonance-enhanced structures with driving laser intensity.

At low intensities (top), the resonance-enhanced structures dominate the spectrum, whereas the harmonics dominate at higher intensities (bottom).
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Figure 2 | Strong-field control of resonance-enhanced structures. a, Both the RESs (A and B) and the above-threshold harmonics exhibit narrow divergence

angles of ,4 mrad full-width at half-maximum, indicating laser-like spatial coherence of the VUV line emission. b, The efficiency of the coherent line

emission depends strongly on the ellipticity of the driving laser. The measured ellipticity dependence is much stronger than that predicted for perturbative

generation of the 9th harmonic (blue solid line), but agrees qualitatively with the extrapolated ellipticity dependence of the 9th harmonic from ref. 17 (black

dashed line). c, The RESs exhibit a strong dependence on the carrier-envelope phase when the VUV generation is confined to a single half-cycle of the

driving laser.
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than that predicted by perturbative harmonic generation for both
the RESs and the 11th harmonic, as the efficiency is reduced by
an order of magnitude when the ellipticity is �0.2. Such strong ellip-
ticity dependence is in good agreement with previous measurements
of above- and below-threshold harmonics17,18 with more intense
few-cycle lasers, and suggests the possibility of temporally ‘gating’
the RES generation by shaping the driving laser polarization.
Figure 2c shows the dependence of VUV generation on the
carrier-envelope phase of the driving laser using the double
optical gating technique19, which produces an effective sub-cycle
gate with linear polarization. The observed modulation of the RES
yield with a 2p periodicity is consistent with the double optical
gating and indicates field control of the RES emission. The effects
of the carrier-envelope phase on the intensity of the RES are much
stronger than that observed with linearly polarized 5 fs pulses (see
Supplementary Section ‘Carrier-envelope phase dependence’).

Generation of bright VUV sources requires that careful attention
be paid to the phase-matching of the harmonic light and the laser-
driven polarization, allowing coherent build-up of the harmonic
field in the macroscopic medium. For above-threshold HHG,
phase-matching is achieved by balancing the change of the
driving laser phase associated with the plasma density variation,
the neutral atom dispersion, the Gouy phase shift and the inten-
sity-dependent atomic dipole phase20. Perfect phase-matching
characterized by quadratic growth of the high-order harmonic
yield with gas pressure can be achieved in optimized cases and
the phase-matched photon flux is limited only by absorption21.
On the other hand, phase-matching of the below-threshold harmo-
nics is not limited by absorption. In Fig. 3a, the phase-matched yield
of the RESs between 15 and 15.8 eV is compared with that of the
11th harmonic under the same intensity as in Fig. 1a. While the
phase-matching of the 11th harmonic is limited by reabsorption
of the harmonic photons by the generating gas to pressure–length
products of �20 torr mm, we find that the below-threshold RESs
can be perfectly phase-matched to much higher pressures—up to
nearly 1,000 torr mm—allowing a relative enhancement of approxi-
mately four orders of magnitude over the 11th harmonic. With a
pressure–length product of 10 torr mm (36 torr mm), we find the
total energy in the RESs to be 0.35 + 0.1 nJ (4.0+ 0.5 nJ) at the gen-
eration target, giving an energy conversion efficiency of 3.5 × 1026

(4.0 × 1025). At the highest phase-matched pressure, the quadratic
scaling yields an efficiency greater than 1% and an extrapolated flux
of more than 1 mJ. Numerical simulations (see Supplementary
Section ‘Macroscopic propagation’), shown in Fig. 3b, indicate
that the phase-matching occurs primarily in the vicinity of the res-
onances, in agreement with the experiment.

In the vicinity of the resonance manifold, the total phase-mis-
match Dk between the harmonic field and the laser-driven polariz-
ation arises primarily from the phase-mismatch of the neutral
atomic medium22,23

Dkat(v) ≈ 2pNrecv
∑

j

fj

v2
j − v2

(1)

and of the Gouy phase

DkG(z) ≈ q
1

2p
d

dz
tan−1 z

zR

( )
(2)

Here, z is the on-axis target position relative to the focal point, zR is
the Rayleigh range, q is the harmonic order, re is the classical elec-
tron radius, N is the atomic density, and vj and fj are respectively
the energy and oscillator strength of the jth resonance. For
photon energies v . vj , the resonance contribution to Dkat is nega-
tive and can compensate the positive Gouy phase-mismatch, giving

Dk¼ Dkatþ DkG ≈ 0 under the experimental conditions, as shown
in Fig. 4a. Because Dkat is proportional to the atomic density, differ-
ent photon energies are phase-matched at different target pressures.
For our broadband source, covering multiple resonances, this leads
to an energy shift of the RESs with increasing pressure. Figure 4b
shows the pressure-dependent spectrum of the phase-matched
emission. The clear energy shifts of the RESs indicate the reson-
ance-assisted phase matching.

High-order harmonics generated at megahertz repetition rates
are highly desirable for applications to ultrafast photoemission spec-
troscopy24 and coincidence measurements, and can provide tabletop
sources of high-average-power VUV light for lensless imaging25 and
nanoscale lithography. Here, we demonstrate a novel regime of
phase-matched below-threshold harmonics, characterized by
narrow-linewidth emission structures with a high conversion effi-
ciency, potentially scalable to more than 1% of the driving laser
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Figure 3 | Phase-matching of resonance-enhanced structures. a, The

coherent VUV emission in the vicinity of the RESs scales quadratically with

the target gas pressure–length product, indicating perfect phase-matching.

The 11th harmonic (H11) scales quadratically up to a pressure–length product

of only �20 torr mm due to the strong absorption cross-section of the

neutral gas for photon energies just above the ionization threshold.

Calibrated energy measurements of the RESs are indicated by open grey

stars, with the dashed lines indicating quadratic scaling serving to guide the

eye. b, Numerical simulation of the VUV emission in argon indicates that the

phase-matching process results in spectrally narrow, energy-shifted RESs

when compared with single-atom emission. An enlarged view of the

spectrum in the vicinity of the ionization threshold (inset) shows the shift in

the phase-matched RES energy relative to the single-atom emission, which

exhibits broad peaks located at the bound state resonance energies.
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energy, which can be controlled by the sub-cycle field of the driving
laser. Although there is still much to be learned regarding the gen-
eration of these RESs, the source holds substantial promise for
advancing VUV spectroscopy to megahertz repetition rates. The
required driving laser intensity of �1 × 1013 W cm22 is already
achievable from few-cycle laser oscillators at the nanojoule
level7, opening the door to the development of compact, high-
flux VUV light sources without the need for cavity or
nanoplasmonic enhancement.

Methods
Experimental set-up. In the experiments, few-cycle (�5 fs) pulses from a
Ti:sapphire amplifier with a hollow-core fibre and chirped mirror pulse compressor
were loosely focused using a spherical mirror ( f¼ 500 mm) to a gas cell (inner
diameter ¼ 1.2 mm, except where indicated) filled with argon gas. The cell was
located �6 mm after the focus, where on-axis harmonic generation was maximized.
The focal spot beam waist was �75 mm at the cell location, and the pulse energy was
varied between �5 and 300 mJ, corresponding to an intensity range of �1 × 1013 to
6 × 1014 W cm22.

The spectrum of the high-order harmonics was then dispersed using a flat-field
grating spectrometer15 with a spectral resolution of �40 meV at 15 eV. The grazing-
incidence spherical grating focused the VUV light only along the dispersion
direction, allowing simultaneous measurement of the spectrum and divergence of
the high-order harmonics.

The absolute energy of the integrated RESs was measured using an XUV diode
(IRD AXUV-100) after transmission through a 300 nm indium foil filter to block the
fundamental driving laser and select the spectrum near 15 eV. Here, the driving laser
intensity was slightly higher (�6 × 1013 W cm22) to allow clear detection of the
VUV signal level over the background level of the near-infrared laser only. The
energies and conversion efficiencies represent the contribution of the RESs within
the 9th harmonic only. The energy ratio of the RESs relative to the non-resonant 7th
and 11th harmonics was determined by measuring the transmitted spectrum, and
the transmission of the foil filter in the vicinity of the RESs was determined to be
�10%. The flux measurement was limited to small pressure–length products,
because the indium foil was broken when the pressure exceeded 30 torr in the
1.2 mm generation cell. With a pressure–length product of 36 torr mm, the energy
within the RES spectral region was measured to be 4.0+ 0.5 nJ.

Ellipticity dependence. Elliptically polarized few-cycle pulses were produced by
placing a zero-order half- and quarter-wave plate before the hollow-core fibre pulse
compressor26. The major axis of the ellipse was kept constant to minimize the effects
of the grating efficiency, which depends on the polarization of the VUV light. The
degree of ellipticity and the major axis of the ellipse were measured just before the
HHG set-up using a polarizer. For an ellipticity greater than 0.4, we found that the
polarization was not well maintained through the chirped mirror compressor,
and so the data with large ellipticities were discarded. For the perturbative
harmonic generation shown in Fig. 2b, the harmonic yield is proportional to
[(1 2 12)/(1þ 12)]q21, where 1 is the ellipticity27.

Simulated harmonic spectra. The simulated harmonic spectra were obtained
by solving the time-dependent Kohn–Sham equations for the atom in the field
using time-dependent density functional theory with a proper long-range

exchange-correlation potential for argon28–30 and by propagating the driving laser
field and the generated harmonic field through the macroscopic medium according
to the Maxwell wave equation20. The refractive index of the medium in the
vicinity of the atomic resonances was calculated according to ref. 23, using the
atomic energy levels obtained from the argon potential. The driving laser field
consisted of a �5 fs full-width at half-maximum sine-squared pulse with a
central wavelength of 730 nm sitting upon a weak (4% peak intensity) pedestal with
�24 fs pulse duration. Except where noted otherwise, the gas target had a length of
2 mm with a constant pressure of 10 torr. The cell was positioned 2 mm after
the focal spot with a beam waist of 35 mm. Detailed discussion of the calculations
can be found in the Supplementary Sections ‘Simulated harmonic spectra’ and
‘Macroscopic propagation’.
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