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Control of the field of few-cycle optical pulses has had an enormous impact on attosecond science. Subcycle pulses open
the potential for non-adiabatic phase matching while concentrating the electric field so it can be used most efficiently.
However, subcycle field transients have been difficult to generate. We exploit the perturbative response of a sub-100 µm
thick monocrystalline quartz plate irradiated by an intense few-cycle 1.8 µm pulse, which creates a phase-controlled
supercontinuum spectrum. Within the quartz, the pulse becomes space–time coupled as it generates a parallel second
harmonic. Vacuum propagation naturally leads to a subcycle electric-field transient whose envelope is sculpted by the
carrier envelope phase of the incident radiation. We show that a second medium (either gas or solid) can generate
isolated attosecond pulses in the extreme ultraviolet region. With no optical elements between the components, the
process is scalable to very high energy pulses and allows the use of diverse media.

Synthesized field transients that are subcycle in duration have
important potential for attosecond technology and for coherent
control1–7. However, to synthesize field transients is challen-

ging because multiple dispersive elements are needed to compen-
sate for the large chirp and large bandwidth that the technique
requires8–14. We solved this challenge by operating in the anoma-
lous dispersion region of crystalline X-cut quartz and by using
high-intensity light. Combined, these choices enable us to use
sub-100 μm thick samples that have minimum dispersion15,16.
Passing through the sample, our 1.8 μm beam is spectrally broad-
ened, and within one coherence length approximately 2% of the
beam energy is converted to broadband second harmonic radiation
parallel to the fundamental field17. The emerging beam is an
intense, reshaped version of the driver—compressed in space and
time for attosecond science.

We use a second medium, placed approximately half a Rayleigh
range away, to produce an intense, tunable and isolated attosecond
pulse. Here we report experimental results obtained when the
second medium is xenon, krypton, argon or a crystalline X-cut
quartz sample, but the method is general and can be scaled in
energy by the beam size. By scanning the carrier envelope phase
(CEP) of the fundamental field, we tune the photon energy of the
attosecond pulse. We also measure the spectral phase of the attose-
cond pulse generated in quartz and find that it has a qualitatively
different behaviour from that of xenon18.

Spatiotemporal compression
Figure 1a illustrates the experimental set-up, and Fig. 1b–e shows
simulations of the synthesized transient field. Quartz has a high
optical-damage threshold because of its large bandgap (9 eV), which
allows us to use a two-cycle λ = 1.8 μm beam with intensities up to
4 × 1013 W cm–2 without multishot damage. Although crystalline
quartz has a relatively low second-order susceptibility (deff = 0.3 pm
V–1), at these intensities we convert a few percent of the fundamental
into its second harmonic. Although this may seem small, the electric
field is ∼15% of the fundamental.

To model the few-cycle laser pulse that propagates through quartz,
we use the forward Maxwell equation19. We assume that the 200 μm
spot size remains constant through the thin (80 ± 10 μm) quartz. The
initial simulated beam (Fig. 1b) has a Gaussian electric-field distri-
bution in both time and space, and is at normal incidence to the
quartz; the polarization is perpendicular to the c-axis direction of
the crystal. The strong field generates new spectral components
through self-phase modulation and second-harmonic generation,
and the anomalous dispersion of the quartz compresses the pulse
in time. Many of the newly created spectral components are near
the region of zero dispersion (at λ = 1.28 μm) and remain in phase
with the driving field over the thickness of the crystal.
Simultaneously, the intensity-dependent nonlinear index of refrac-
tion delays the on-axis, high-intensity spatial portion of the beam,
as shown in Fig. 1c. At the output face of the quartz, this distorted
wavefront is space–time coupled20,21.

Once in the vacuum,weuse aHenkel transform tomodel the propa-
gation. With our parameters, the space–time coupled field reaches a
maximum intensity approximately 2 cm from the quartz, where the
pulse is also compressed in space. This region of maximum intensity
depends on the beam waist, peak intensity, quartz thickness and
CEP. At the new ‘focus’ (black in Fig. 1e), the main half-cycle has a
higher contrast than immediately after the quartz plate (red), and the
intensity is four times higher than the initial pulse (blue). The green
dotted line shows the square of the electric field within the envelope
situated at the region of maximum intensity. Depending on the
distance from the quartz plate and the CEP, the full-width at
half-maximum (FWHM) field transient can be as short as a half-cycle.

We measured the field evolution through the focus via the peta-
hertz optical oscilloscope technique22, as shown in Fig. 2 (further
details of this measurement are given in Supplementary
Information). The columns are the position of the gas-jet measure-
ment position, for z = −3 mm (left column), z = −1 mm (middle
column) and z = 0 mm at the focus (right column). Figure 2a–c
shows the recorded petahertz optical oscilloscope spectrograms
from the measurement of the extreme ultraviolet (XUV) deflection
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caused by the signal field as a function of delay. We fit the maximum
of the spectrogram (white line) to obtain the signal σ = dE/dt, the
derivative of the electric field. We filtered the signal from 0.4 to
4 μm and integrated it to obtain the electric field (Fig. 2d–f ). The
field evolution through the focus is more apparent when we
square the measured field (Fig. 2g–i). The measured field far
before the focus, at z = −3 mm, shows a 1.5-cycle pulse. As we
approach the focus, at z = −1 mm, the pulse evolves into a half-
cycle pulse, although with a contrast of 2:1. At the focus, the half-
cycle transient improves the contrast to 2.5:1, where the FWHM
pulse duration is 1.3 fs. This field evolution through the focus is
expected because of the spatiotemporal coupling of the pulse, and
we find that the pulse duration increases after the focus in a
similar manner to before the focus.

Octave-tunable isolated attosecond pulses
We use these half-cycle transient fields for strong-field experiments.
In the three-step model of high-harmonic generation23, the field
separates a valence electron from an atom or molecule in one
half-cycle and drives recombination in the second half-cycle,
which releases the energy as a photon. With this half-cycle pulse,
we can alter the ionization rate and the recollision energy by
tuning the CEP. Figure 3 shows the high harmonic spectra for
xenon as a function of the CEP—the colour bars represent ampli-
tudes of XUV radiation relative to the few-cycle case. The left
column is the calculated field for two different CEP values, the
middle column is the calculated XUV spectrum as a function of
CEP and the right column is the experiment. For the two-cycle
pulse, Fig. 3a–c, we see a discrete harmonics spectrum, especially
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Figure 1 | Pulse compression via propagation through quartz and vacuum. a–e, Experimental set-up of half-cycle pulse generation and interaction with a gas
jet or solid sample (a), and simulation of pulse propagation (b–e). b, A collimated, two-cycle pulse centred at 1.8 μm with a peak intensity of 2 × 1013 W cm–2

and a radius of 200 μm is incident on 80 μm of quartz and is polarized perpendicular to the c axis of quartz. c, After propagation through the quartz plate,
the nonlinear index of refraction radial dependence modifies the wavefront. d, In vacuum, the pulse undergoes spatial and temporal compression and its peak
intensity increases by 20 mm from the quartz, now optimized to generate an isolated attosecond pulse in gas (jet) or solid (sample). e, The intensity
envelope of the initial pulse (blue), after quartz (red) and propagated 20 mm (black) shows the spatiotemporal compression; the resulting square of the field
is shown by the green dots. The compressed pulse-envelope duration is 2.4 fs, whereas the half-cycle transient duration is 1.2 fs.
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in the low photon energy portion of the spectrum. The maximum
photon energy, which is proportional to the change in the square
of the peak field strength, changes by only a few electronvolts per
2π change of the CEP. By introducing the quartz plate with the
polarization of the 1.8 μm beam parallel to the quartz c-axis direc-
tion (Fig. 3d–f ), we see a strong half-cycle cutoff that spans from
20 to 35 eV. The space–time coupling introduced by the quartz
increases the driving field intensity and leads to a 15-fold increase
of the XUV intensity. The spectral broadening from the quartz
leads to strong half-cycle cutoffs, which implies that there are only
two recollision events per pulse.

Rotating the polarization so that it is perpendicular to the c axis
of the quartz plate generates the second harmonic. The second har-
monic suppresses every other half-cycle as it strongly increases the
counts in the generated pulse (Fig. 3g–i)24. The increase in harmonic
amplitude between the two cases (Fig. 3f,i) implies that the second
harmonic intensity is a few percent of the fundamental25,26.
Changing the CEP by π does not change the sign of the second
harmonic because of the quartz crystal orientation. By scanning
the CEP, we tune the recollision energy—and thus the photon
energy—by more than an octave from 15 to 35 eV.

We can also generate attosecond pulses in krypton, as shown in
Fig. 4a, by simply increasing the driving laser-pulse energy. The
generated spectrum is also tuneable from 20 to 45 eV by only
varying the CEP. In fact, the driving-pulse duration is so short
that we completely turn off the generation for certain values of

the CEP. We can further increase the generated photon energy to
the soft X-ray spectral region by changing the generating medium
to argon. Although the CEP-dependent amplitude modulation in
the spectrum is not as strong as that in xenon and krypton, Fig. 4b
shows a single half-cycle cutoff that extends beyond 120 eV. The
isolated attosecond pulse spectrum that we produce in argon is
comparable to that typically produced with 800 nm pump pulses
in neon27. However, with the well-known wavelength scaling of
the gas-phase high-harmonic generation of λ−5–6 (ref. 28), the
comparative flux should be approximately 1%. With the increased
efficiency from the half-cycle pulse, we expect the generated XUV
flux to be comparable. With higher pulse energies and with neon
or helium as the generating medium, it will be possible to generate
isolated attosecond pulses with photon energies that extend to the
soft X-ray region29,30.

We now replace the gas jet as the generating medium with a
quartz sample. With subcycle field control, we increase the
damage-free intensity on the thin quartz (XUV generating)
sample by approximately a factor of two31,32. This quartz sample
is also 80 μm thick, X-cut with the laser polarization along the
ordinary (Γ–M) direction33, with the same orientation as the
quartz plate shown in Fig. 1. The CEP-dependent spectrogram is
shown in Fig. 4c. Interestingly, the CEP dependence of the XUV
generated in the quartz sample has a different character to that in
the gas cases. Below 20 eV, we observe two bright regions at
around 16 and 20 eV. The CEP value that maximizes the signal in
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Figure 2 | Petahertz optical oscilloscope measurement of the electric field through the focus. a–c, Recorded spectrograms; the white lines are the fits.
d–f, The resulting electric field. g–i, Square of the field. a, Before the focus, at z = −3 mm, the field is a 1.5 cycle pulse. b, Near the focus, at z = −1 mm, we
measure a half-cycle pulse with a contrast of 2:1. c, At the focus, z =0 mm, the spatial–temporal coupling leads to a half-cycle field transient with a contrast
of 2.5:1; the distance between the arrows indicates that the FWHM Δt = 1.3 fs. a.u., arbitrary units.
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Figure 3 | CEP-dependent XUV spectra from xenon. a–c, Two-cycle pulse. d–f, After quartz polarization along the c axis. g–i, After quartz polarization
perpendicular to the c axis. The left column is the simulated field, the middle column is the simulated generated harmonics and the right column is the
experiment. A two-cycle pulse has several recollision events, which lead to a discrete harmonic spectrum; the weak cutoff modulation implies the two
half-cycle cutoffs are of comparable intensity. A pulse of single-cycle duration has two distinct recollision events. With the second harmonic present, every
other ionization event is suppressed, which leads to an isolated attosecond pulse and a strong dependence of the ponderomotive energy on the CEP. Colour
bars are the experimental amplitudes relative to c.
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the 16–20 eV region behaves in a manner similar to that of gases.
However, above 20 eV there is a faint, but continuum, spectrum
that extends to nearly 30 eV. Here the CEP that maximizes the
signal is the same for all frequencies. The logarithm plot (Fig. 4d)
is the CEP-averaged XUV spectra for a two-cycle (red) or half-
cycle (blue) driving pulse, which shows the increased XUV flux
caused, by over an order of magnitude, by the half-cycle pulse.
We also plot the XUV transmission through the final 100 nm of
quartz (magenta, ordinary ray)34, which shows the influence of
the quartz transmission on the XUV spectrum.

We now investigate the XUV-emission time generated in xenon
and quartz. To this end, we compare the XUV spatial and spectral
modulation of the different media by in situ probing. Using a per-
turbative field with a relative intensity of 9 × 10−4 of the fundamen-
tal and a relative angle of incidence of 10 mrad, we obtain the
spectral emission phase35, ΔΦε ∝ ωp τϵ, where ωp is the perturbing
field frequency and τϵ is the emission time of the generated XUV
radiation. The spatial–spectral profiles of the two media are
shown in Fig. 5a,b. In the case of xenon, we see a continuum spec-
trum that spans 17–27 eV with a relatively large divergence, which is
well understood in the gas phase from the intensity-dependent
high-harmonic wavefront36. There are also some narrow-band res-
onances around 15 eV (refs 37,38). In the case of XUV from
quartz (Fig. 5b), the spatial profile is less divergent than in the
xenon case. We also observe that the XUV continuum is not
uniform, but shows an amplitude dependence that is consistent
with absorption-limited harmonic generation.

The reconstructed spectral emission phase is shown in Fig. 5c,d
(the set-up and reconstruction of the emission phase is given in
Supplementary Information.) The emission phase of the XUV gen-
erated in xenon (Fig. 5c) agrees well with the strong-field approxi-
mation (SFA) model39, which has been confirmed in both

in situ35,40,41 and ex situ measurements4,42,43. The dashed line in
Fig. 5c shows the calculated emission time (red is the short trajectory,
whereas black is the long trajectory).

As demonstrated in Fig. 5d, the quartz-originated XUV spectral
emission phase shows a different character than that of xenon:
the emission phase is nearly independent of frequency, and the
flat phase implies a different generating mechanism from gas.
Additionally, the modulation of the XUV occurs at twice the probe
oscillation frequency (Supplementary Information). The generation
mechanism for high-harmonic radiation is different in quartz to that
in xenon, and is consistent with an intraband transition model18,44.

Conclusion
For multicycle pulses, dielectrics and gases differ in many ways, but
most prominently by how rapid avalanche ionization in solids limits
the usable intensity. With subcycle transients, we are able to avoid
avalanche ionization and the tolerance of dielectrics—like gases—
for intense light becomes typical of their ionization potential or
bandgap. These transients allow dielectrics and gases to intermingle
in experiments with little need for intervening optical elements.
Thus, we can integrate solids and gases in attoscience and elsewhere.
Solids, with their potential for engineering, offer important new
opportunities. They can be patterned with interstitial layers in the
beam-propagation direction to optimize pulse synthesis. They can
also be patterned in the transverse direction to control the wavefront
and to influence beam quality.

In summary, we use a few-cycle infrared source to benefit from
the low dispersive properties of quartz. We use an unengineered
solid (first quartz plate) to create subcycle field transients. In this
manner, we generate attosecond pulses through the combination
of the subcycle field transient and high-harmonic generation.
With no intervening elements, we are able to tune optically the
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Figure 5 | Measured spectral intensity and phase of XUV radiation generated in xenon and quartz. a,b, We generate XUV radiation in xenon (a) and
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generated XUV energy by over an octave. Furthermore, we are able
to increase significantly the XUV flux generated from a sample
(second quartz plate) without damage, and characterize the
attosecond pulse.

Methods
Methods and any associated references are available in the online
version of the paper.
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Methods
We pump an optical parametric amplifier (Light Conversion HE-TOPAS) to
generate a signal and idler at 1.4 and 1.8 μm, respectively. The idler is CEP stabilized,
and initially has a 70 fs pulse duration and 1 mJ of energy. It is sent into a hollow
core fibre (500 μm diameter) filled with 1 bar argon and differentially pumped to
create a spectrum that supports two-cycle pulses at 1.8 μm. The output pulse is
compressed using 3 mm of fused silica. For the harmonic-generation experiments,
up to 450 μJ is delivered into the vacuum chamber. The focussing optics are two 1 m
silver mirrors, separated by 70 cm to focus the beam down to 165 μm for a

maximum intensity of 5 × 1013 W cm–2. We control the intensity by changing the
beam size with an iris, with typical working conditions using a minimum waist of
180 μm and a peak intensity of 2 × 1013 W cm–2. We scan the CEP via a pair of thin
fused-silica wedges. Further details for the experimental set-up are given in
Supplementary Information.

Data availability. The data that support the plots within this paper and other
findings of this study are available from the corresponding author on
reasonable request.
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