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High-flux soft x-ray harmonic generation from
ionization-shaped few-cycle laser pulses
Allan S. Johnson,* Dane R. Austin, David A. Wood, Christian Brahms, Andrew Gregory,
Konstantin B. Holzner, Sebastian Jarosch, Esben W. Larsen, Susan Parker, Christian S. Strüber,
Peng Ye, John W. G. Tisch, Jon P. Marangos

Laser-driven high-harmonic generationprovides the only demonstrated route to generating stable, tabletop attosecond
x-raypulsesbuthas low flux compared toother x-ray technologies.Weshowthathigh-harmonicgeneration canproduce
higher photon energies and flux by using higher laser intensities than are typical, strongly ionizing the medium and
creating plasma that reshapes the driving laser field. We obtain high harmonics capable of supporting attosecond
pulses up to photon energies of 600 eV and a photon flux inside the water window (284 to 540 eV) 10 times higher
than previous attosecond sources. We demonstrate that operating in this regime is key for attosecond pulse gen-
eration in the x-ray range and will become increasingly important as harmonic generation moves to even longer-
wavelength driving fields.
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INTRODUCTION
The generation of attosecond pulses in the extreme ultraviolet spectral
region (20 to 150 eV) has enabled time-resolved measurements of atto-
second dynamics in a variety of systems, including atoms (1), molecules
(2), and solids (3). The advantages of high-harmonic-generation
(HHG)–based sources include the potential for subfemtosecond pulse
duration, intrinsic synchronization to the driving field, and relative
compactness. In parallel, the capability of x-ray sources to address spe-
cific atomic absorption edges and to image nanoscale structures hasmo-
tivated the development of large-scale light sources such as time-sliced
synchrotron beamlines (4) and free-electron lasers (5). The unification
of HHG-based attosecond pulses with x-ray spectroscopy and imaging
techniques, particularly for time-resolved x-ray absorption spectroscopy
(TR-XAS) (4, 6, 7), has stimulated research into soft x-ray (SXR) HHG
for more than two decades (8, 9). Recent advances include carrier-
envelope-phase (CEP)–dependent high harmonics across the carbon
K-edge at 284 eV and up to the oxygen K-edge at 540 eV (10–15),
measurement of attosecond pulses in and near the water window
(284 to 540 eV) (16–18), and the first demonstrations of TR-XAS
with HHG sources (7, 19). Despite these advances, the generation of
attosecond pulses in the water window and beyond remains challenging
and poorly understood. Photon fluxes are limited to around 108

photons/s (integrated across the water window) (14, 16, 20), and sim-
plifiedmodels of the macroscopic buildup offer no consensus on routes
to increased efficiency (9, 14).

Here, we present a new route toward the optimal generation of
bright SXR attosecond pulses. We show both experimentally and theo-
retically that strongly overdriving the generation medium—creating a
plasma through high ionization, which then spatiotemporally reshapes
the driving laser—results in a brighter harmonic emission with higher
photon energy. This contrasts with the conventional weak-plasma limit
of HHG, in which the laser can propagate as an unmodified or weakly
perturbed beam over an extended distance (9, 21), as well as with pre-
vious studies of SXR harmonic generation that have neglected the spa-
tial degree of freedom (11, 14). By focusing high-energy, few-cycle
laser pulses at 1.8-mm wavelength into a high-pressure (0 to 10 bar)
gas target at intensities much higher than the critical intensity for plasma
defocusing, we generate harmonics across the water window and be-
yond the oxygen K-edge, with a photon flux integrated across the water
window an order of magnitude higher than previous attosecond
sources. We demonstrate complete tunability of the harmonic cutoff
energy from 280 to 600 eV and, by measuring the CEP dependence,
show that the harmonics support the generation of isolated attosecond
pulses (11, 15, 16, 22, 23). This cutoff is almost 200 eV beyond the
conventional limit for HHG with 1.8-mm driving sources (9, 20). Inter-
ferometric measurements of the ionization fraction of the gas, together
with comprehensive numerical modeling, show that the dynamics are
dominated by the plasma response, where strong ionization-induced
defocusing leads to a rapid spatiotemporal reshaping of the driving
pulse, clamping the peak intensity and thus the harmonic cutoff energy,
and limiting the maximum ionization fraction to just a few percent.
HHG can then be said to be in the overdriven regime when plasma len-
sing causes the beam to be rapidly reshaped, in the vicinity of high ion-
ization and on a length scale much shorter than the Rayleigh length.
Previous work on SXR harmonic generation has not considered plasma
defocusing (11, 14). The rapid reshaping leads to strong gradients in
intensity and phase, both in space and time, and to transient subcycle
phase matching. This causes the harmonics to build up rapidly as
isolated attosecond bursts within a few hundred micrometers, a spatial
extentmuch shorter than previousmodels have predicted.Measurements
of the spatial phase of the harmonic radiation show a predominantly qua-
dratic wavefront, demonstrating that a high-flux, high-quality source can
be produced even in the overdriven limit, provided that the driving laser
has minimal spatiotemporal coupling. Wavelength scaling of the plasma
response and the single-atom high-harmonic emission show that, as har-
monic generationmoves to evenhigher photon energies driven by longer-
wavelength lasers, the strongly overdriven route will result in even higher
gains relative to theusual regime forHHG.Ourhigh-flux,CEP-dependent,
water-windowharmonics constitute an ideal source for TR-XAS and x-ray
microscopymeasurements, and our findings help formulate a roadmap
for the development of future attosecond x-ray sources.
RESULTS
Overdriven SXR generation
Figure 1 summarizes the experimental setup. We generate harmonics
from CEP-stable 12-fs, 550-mJ pulses at a central wavelength of 1.8 mm
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and a 1-kHz repetition rate, produced using hollow-core fiber pulse
compression (15, 24). The beam is focused to a spot size of 40-mm full
width at half maximum (FWHM) (Fig. 1A), and the nominal (that is,
inferred from pulse duration, energy, and focal spot size) on-target
intensity of the driving fundamental in a vacuum is more than 2 ×
1015 W/cm2. This is much higher than the critical intensity for fila-
mentation at atmospheric pressures. Beam breakup is suppressed by
the excellent spatiotemporal quality of the driving pulse, evidenced by
the symmetric and smooth spatiotemporal profile (Fig. 1B) measured
using SEA-F-SPIDER (24). We observe no evidence of filamentation
at these intensities (fig. S1), suggesting that, contrary to a recent sug-
gestion (19), filamentation does not play an important role in efficient
SXR harmonic generation in this parameter range.

Figure 2 summarizes the generation results from neon (top) and
helium (bottom). Figure 2 (A and D) shows the harmonic spectra as a
function of backing pressure. We can optimize the flux both overall
and at any particular wavelength. The highest measured total flux across
the water windowwas 7.7 ± 2.0 pJ per pulse [(1.4 ± 0.4) × 108 photons/s]
in helium and 71 ± 18 pJ per pulse [(1.4 ± 0.4) × 109 photons/s] in neon,
a flux and conversion efficiency one order of magnitude higher than
previous attosecond sources (14), and with a full-angle divergence
below 2 mrad. Previous work using hollow capillaries has reached
higher conversion efficiencies but did not demonstrate isolated atto-
second pulse generation (20). The flux at various photon energies is
summarized in table S1. Scans of the focal position relative to the gas
target show that the flux is optimized when the fundamental is
focused approximately 1 mm after the center of the needle (fig. S2)
and that this focal position simultaneously optimizes the flux at all
photon energies. This is opposite to the usual predictions made by
assuming that the plasma has little influence on the driving laser
(21). By switching gas species and adjusting the backing pressure,
the harmonic cutoff can be moved to any spectral region in the water
window and out to amaximum of 600 eV, providing a spectrally tunable
source of x-ray radiation.
Johnson et al., Sci. Adv. 2018;4 : eaar3761 11 May 2018
Both the oxygen and carbon K-edges are visible in the spectra be-
cause of contamination of the x-ray optics by organic molecules. De-
spite this, the harmonics are sufficiently bright and stable to allow for
an oxygen K-edge x-ray absorption near-edge structure (XANES)mea-
surement in a 1-mm-thick film of biaxially oriented polyethylene ter-
ephthalate (fig. S3), the highest photon energy XANES measurement
made with a source of attosecond pulses to date (25).

To verify the critical role that plasma formation plays here, we di-
rectly measured the ionization fraction of the gas target in situ via
spectral interferometry while generating harmonics across the water
window. Figure 3 shows the plasma-induced phase shift measured in
helium and neon at various backing pressures, along with the predicted
phase shift calculated using a full-dimensional model including defo-
cusing effects (see details in section S8), and calculationswhere the effect
of the plasma on the driving laser has been neglected, similar to previous
models that ignore plasma defocusing. The experimental values are in
agreement with the full-dimensionalmodel while differing greatly com-
pared to the plasma-free case, illustrating that we are well within the
overdriven limit and that one-dimensional models (9) or those that ne-
glect plasma back-reaction (14) will overestimate the ionization fraction
by up to two orders ofmagnitude. The ionization fraction is onlyweakly
dependent on both gas pressure and gas species, illustrating that satu-
ration effects are critically important under our experimental
conditions. To demonstrate that this overdriven regime results in the
optimal generation, we varied the driving laser intensity. Decreasing
the driving intensity either through looser focusing or by applying an
aperture to the beam was found to result in such a rapid, monotonic
decrease in the harmonic flux that the signal dropped below detectable
levels before reaching nominal on-target intensities consistent with
single-atom cutoffs in the water window (section S6 and fig. S7). Our
results thus suggest that, for high photon energies and long-wavelength
drivers, harmonic generation in the overdriven limit (26, 27) is consid-
erably more efficient than the usual adiabatic case where the plasma-
induced evolution can be neglected (21).
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Fig. 1. Generation and characterization of water window harmonics. Pulses of 1.8-mm wavelength, 12-fs duration, and 550-mJ energy are focused into an 820-mm
outer diameter needle filled with multiple-atmosphere pressures of gas, with a spot size of 40-mm FWHM (A) and good spatiotemporal quality (B). Differential pumping
keeps the chamber pressure below 10−2 mbar. The harmonics pass through optional diagnostic optics: a 45° annular mirror (C) for reflecting the IR pulses for analysis or
a movable slit (D) for selecting a slice of the harmonics for spatial phase measurement. The harmonics then pass through metallic filters and a spectrometer slit before
being detected with a flat-field grating and photon-counting x-ray charge-coupled device (CCD) camera. VLS, variable line spacing.
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Temporal and spatial characteristics
To show that isolated x-ray pulses are produced even from the strongly
overdriven plasma, we measured the CEP dependence of the harmonic
spectrum. This dependence is shown at the two most extreme spectral
Johnson et al., Sci. Adv. 2018;4 : eaar3761 11 May 2018
regions of the water window (284 and 540 eV) in Fig. 2 (B and E), with
generating conditions corresponding to the indicated regions in Fig. 2
(A andD). Lineouts at two CEP values, q and q + p/2, are shown in Fig.
2 (C and F). Clear CEP-dependent modulation is observed at both ex-
treme edges of the water window and even beyond the oxygen K-edge.
CEP-dependent modulation is a direct indicator of the subcycle tem-
poral nature of the harmonic emission (22) and of the emission of at-
tosecond pulses (16, 23).

As a test of the spatiotemporal structure, wemeasured the harmonic
wavefronts with the SpectralWavefront Optical Reconstruction by Dif-
fraction (SWORD) technique (28). The measured wavefront for HHG
in 2 bar of helium is shown in Fig. 4. The wavefront is parabolic across
150 eV of bandwidth in the water window, showing that high spatial
quality harmonics can be generated even in the overdriven limit. Be-
cause of the strong spatiotemporal reshaping, it is likely impossible to
achieve high-flux harmonic generation without a pristine input pulse as
in our case, which simultaneously ensures a good spatial profile for the
harmonics. Our measurement allows us to determine precisely the lo-
cation of the virtual harmonic source introduced by the intensity-
dependent dipole phase (21). We find that for all harmonic orders
the virtual foci coincide, with the radiation appearing to originate 8.5 ±
0.7mmbefore the gas target for 2 bar of heliumand10.5± 0.8mmbefore
for 4 bar of helium. This marks a departure from harmonic generation
with 800-nm lasers,where thewavefront is strongly frequency-dependent
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Fig. 3. Ionization-induced phase shift (log scale) as a function of backing
pressure in the target for helium (blue) and neon (red). The vacuum focus
is 1.4 mm behind the gas cell; experimental data (x) are compared to predictions
from the full-dimensional model (solid lines) and neglecting the effect of plasma
upon the propagation (dashed lines). Error bars reflect the extreme values ob-
tained over three measurements.
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Fig. 2. Tunable CEP-dependent harmonic generation across the water window. (A to F) Pressure dependence (A and D), CEP dependence (B and E), and spectra at two
phases separated by p/2 (C and F) of harmonics emitted in neon (A to C) and helium (D to F). The pressure-dependent plots are shown averaged over all values of CEP. The CEP
dependence is shown at the carbon and oxygen K-edges, using spectra generated at pressures indicated by the gray dashed lines in (A) and (D). Colored dashed lines correspond
to the lineouts shown in (C) and (F), whereas the black dashed lines indicate the carbon and oxygen K-edges, respectively. All fluxes are shown in arbitrary units.
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(28), and shows that all frequencies in the present case can be brought to
a common focus.

Propagation in the overdriven limit
To better understand the macroscopic effects in the overdriven regime,
we have simulated the laser propagation and resulting harmonic gener-
ation (see details in section S8). The model accurately predicts the ion-
ization fraction of the medium, as shown in Fig. 3. Figure 5A shows the
evolution of the 1.8-mm driving field with a backing pressure of 4 bar
of helium. The laser pulse is strongly refracted and defocused by plasma
generated in the tails of the gas distribution, even significantly before the
inside of the target. Themost apparent effect of the plasma defocusing is
that it clamps the laser intensity at the gas target to around7×1014W/cm2,
causing the deviation between the nominal and experimentally observed
cutoff. Off-axis components, which are only weakly affected, come to
focus after the target, causing the double-peak structure. Focusing after
the target causes a relatively slow intensity variation through the gas,
minimizing the intensity-dependent dipole phase gradient, which is
the likely explanation of the global optimization of harmonic flux we
observe at this focal position. Our simulations show that, without
adjusting the focus, it would be necessary to decrease the intensity
and harmonic cutoff to 3.5 × 1014 W/cm2 and 350 eV, respectively,
to avoid significant distortions. Conversely, doubling the input
energy results in only a 10% increase in the intensity at the center
of the gas target. Although we consider a few-cycle laser field in which
ionization is suppressed, the increasing effect of the free-electron plasma
upon long-wavelength driving fields (scaling as refractive index nº l)
means that plasma defocusing remains of critical importance (29).

In addition to clamping the peak intensity, the plasma response also
reshapes the laser field spatiotemporally. The generation of plasma on-
axis results in self-compression by defocusing the trailing portion of the
pulse, increasing the relative contrast of the leading half-cycles. The ef-
fect is much smaller off-axis, leading to the crescent-shaped spatio-
temporal structure seen in Fig. 5B. The on-axis pulse compression
leads to the formation of a single-cycle pulse; this could be a significant
effect in the generation of high-harmonic supercontinua from multi-
cycle driving fields (30). Furthermore, the negative contribution of the
Johnson et al., Sci. Adv. 2018;4 : eaar3761 11 May 2018
plasma to the refractive index causes the trailing half-cycles to “catch up”
to the leading ones and blueshift (31), which has been observed in pre-
vious works onHHG in the water window (11). We can further observe
that a significant blueshift is limited to the weaker trailing half-cycles,
which also exhibit strong radial gradients, and thus will have smaller
on-axis harmonic emission than predicted by one-dimensional models
(32). Considering only the on-axis contribution, compression leads to
the generation of individual attosecond pulses, even from what would
have been plateau harmonics in the unperturbed case. Although the
off-axis pulse duration remains longer, the spatial gradient and cycle-
to-cycle variation in intensity result in strongly varying phase-matching
conditions for each half-cycle (26, 33), a direct consequence of the spa-
tiotemporal coupling.

Transient phase matching of harmonic radiation
To obtain greater insight into how the overdriven regime results in ef-
ficient buildup, we have carried out detailed simulations of the macro-
scopic harmonic generation. Figure 6A shows the pressure dependence
of the theoretical harmonic spectrum emitted from helium.We observe
behavior similar to the experimental results (Fig. 2D), with the flux
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increasingwith pressure toward amaximumat around 4or 5 bar. Along
with the evolution of the flux with the backing pressure, the model also
reproduces the gradual decrease in the harmonic cutoff energy as the
backing pressure is increased, aswell as the focal position corresponding
to the maximum flux for a backing pressure of 4 bar (fig. S2). The har-
monic flux decreases with higher backing pressure despite the slowly
varying free-electron density (Fig. 3) as the plasma generation occurs
significantly upstream in the gas density profile of the target, changing
the conditions for macroscopic phase matching. Our simulations addi-
tionally predict a divergence of 0.9mrad at 284 eV from4 bar of helium,
compared to 1.1 mrad found in experiment.

We now examine the macroscopic buildup along the propagation
axis. Figure 6B shows the buildup of the on-axis harmonic radiation
as a function of the propagation distance inside the medium in time.
We calculate the cumulative buildup as

Sðt; zÞ ¼ ∫
z

�∞Dðz′; tÞdz′ ð1Þ
where S(t, z) is the on-axis (zero transverse wave number) harmonic
field at position z, D(z′, t) is the on-axis harmonic emission from the
Johnson et al., Sci. Adv. 2018;4 : eaar3761 11 May 2018
plane at z′, and t is the retarded time. Each plane has the effects of gas
dispersion and absorption en route to the detector applied, so S(t, z) al-
ready includes subsequent propagation effects.We apply a spectral filter
to the results to consider only harmonic frequencies above the carbon
K-edge; harmonics are emitted up to 450 eV, and the equivalent plot in
the spectral domain is shown in fig. S8. Here, we consider a 4-bar
backing pressure and a CEP offset of 0.3p, but the results are represent-
ative of all simulation results. The harmonic buildup occurs very ra-
pidly, with the attosecond burst at −5 fs going from 10 to 90% of its
maximum value within 100 mm, starting around −0.2 mm, before pass-
ing through severalMaker fringes of approximately 200-mmperiod. The
secondary attosecondpulse at−2-fs phasematches starting at 0mmand
similarly goes through a rapid buildup over a distance of 100 mm and
then a Maker fringe. The final emission is dominated by a single atto-
second burst, which is attributable solely to macroscopic effects. The
single-atom response at any given plane consists of multiple pulses,
some with cutoff energies beyond the highest phase-matched photon
energy, but only the phase-matched contributions survive propagation.
This shows the fundamentally nonadiabatic nature of the phasematching
in the overdriven regime, with the phase-matching conditions varying
strongly from half-cycle to half-cycle within the generation region
(26, 34, 35). One-dimensional models have shown that this can lead
to very efficient generation (32). The on-axis ionization fraction across
the 100-mm region over which phase matching is achieved is around
1%, significantly higher than the <0.1% ionization fraction predicted to
result in good phase matching from previous models (9, 20).

Full-dimensional models of overdriven HHG show that isolated
attosecond pulses can be generated either directly in the medium
(33) or by spatial filtering in the far field because each half-cycle
burst is emitted with a different divergence (26, 36). We have ob-
served both regimes in our simulations and find that for harmonics
above the carbon K-edge at 4 bar and integrated across the trans-
verse direction, 60% of CEP values give an isolated attosecond
pulse, where a pulse is deemed isolated if the second brightest pulse
has less than 15% the energy of the brightest. In the remaining
cases, further spectral selection of just the highest photon energies
would once again result in isolated attosecond pulses. In all cases,
simulations predict durations at the detector between 95 and 240 as
FWHM, several times the transform limit due to the attochirp. On
the basis of the agreement of simulation with experiment, we infer
that, with 1:1 imaging of the virtual source plane, we could deliver a
pulse with an approximately 100 as duration and a spot size of
around 1 mm to experiments.

Optimization of SXR HHG
We are now in a position to outline some general principles for the op-
timization of SXR HHG. SXR harmonic generation requires the use of
longer-wavelength driving fields than the traditional 800 nm (9). As we
have shown here, generation is optimized by entering the overdriven
regime. While we have shown this optimization using experiment
and comprehensive theory calculations, it also follows from heuristic
wavelength-scaling laws. First, the magnitude of the change in the re-
fractive index produced by the plasma |Dn| depends on bothwavelength
and number density N as jDnjº l

ffiffiffiffi

N
p

. Because the number density
required for phase matching also increases with wavelength (9), signif-
icant distortion of the driving field occurs at much lower intensities for
longer wavelengths. Thus, although the harmonic cutoff energy E scales
as Eº Il2, the wavelength cannot scale arbitrarily even for a fixed in-
tensitywithout entering the overdriven regime. Second, the phase slip of
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the fundamental that can be tolerated in HHG scales as the ratio of the
generated wavelength to the driving wavelength lHHG/l0, whereas
the intensity dependence of the dipole phase scales as l30 (37). Thus
longitudinal phase matching becomes increasingly difficult to
achieve and will, in most realistic circumstances, be limited to rela-
tively short longitudinal regions (35). Because macroscopic buildup
occurs transiently and at higher intensities in the overdriven limit, it
becomes increasingly favorable compared to the low-ionization limit
for HHG (9, 21) as the photon energies and driving wavelengths in-
crease. Although we carried this work out at 1.8 mm, as HHG moves
to even longer-wavelength driving fields, the overdriven regime will be-
come even more important to the generation of bright SXR harmonics;
some criteria for determining whether a system operates in the
overdriven limit are shown in section S10. Because of the role of the
plasma refractive index in this regime, it is crucial that the drive field have
an excellent spatial profile, aswas the case in ourwork, to avoiddetrimental
spatiotemporal coupling in the HHG dynamics. Moreover, in this re-
gime, all geometries will be strongly affected by these wavelength scaling
factors, including the capillary-based schemes where defocusing will
lead to strong coupling to higher modes, which will, in turn, lead to in-
tensity beating and dephasing.
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DISCUSSION
Within the overdriven limit, there are several routes to even brighter
harmonic emission. Using shorter driving laser pulses leads to more
energy in the strongest half-cycle and suppresses the ionization relative
to the intensity, resulting in higher-harmonic energy and flux. We per-
formed infrared (IR)–only simulations that showed that the intensity
delivered to the target increases as the pulse duration is decreased. This
occurs despite the increase in peak ionization rate. Particularly with
regard to pulses of 7- to 9-fs duration at 1.8 mm, corresponding to pre-
viously reported pulse parameters (24), our simulations show that effec-
tive delivery of intensities supporting 800-eV harmonics is possible.We
are currently limited by the length over which phase matching occurs
(approximately 100 mm) and not by the absorption length (5 mm at
284 eV and 34 mm at 540 eV for 4 bar of helium). This suggests than
the use of submillimeter-length targets is more appropriate than use
of longer targets which increase absorption and dephasing. Improve-
ments to the coherence length could also provide a route toward op-
timization of high-harmonic flux in the water window. This can be
achieved through the use of gas gradient shaping, quasi–phasematching
(38), and spatiotemporal shaping of the fundamental driving field
(39). These techniques all take on significantly more importance for
overdriven SXR harmonics, in which the harmonic flux is far from
absorption limited (40).

In summary, we have demonstrated a new route toward the gener-
ation of bright harmonics in the SXR range by overdriving the genera-
tionmedium.With laser pulses focused to intensities much higher than
the critical plasma intensity, we have generatedCEP-dependent harmon-
ic cutoffs tunable from the carbonK-edge to 600 eV, almost 200 eV high-
er than the conventional harmonic cutoff energy, and with a photon
flux in the water window an order of magnitude higher than previously
reported. Measurements of the plasma density combined with compre-
hensive theoreticalmodeling show that the plasma response is the dom-
inant contribution to the macroscopic response, clamping the intensity
and reshaping the fundamental laser, limiting the maximum plasma
fraction to a few percent. Provided the driving pulse has a good spatio-
temporal quality, as in our experiments, this results in transient buildup
Johnson et al., Sci. Adv. 2018;4 : eaar3761 11 May 2018
of harmonics with a well-behaved spatial phase, as confirmed by
SWORD measurements. Applying this newfound understanding of
spatiotemporal reshaping of the driving field as the critical parameter,
we outline several approaches to further optimize HHG in the SXR
region. Harmonic generation in the overdriven limit is critical for the
development of bright SXR attosecond sources and will become even
more important as attosecond pulses move to even higher photon en-
ergies and longer-wavelength driving fields.
MATERIALS AND METHODS
Experimental setup
A chirped pulse amplification laser (Red Dragon, KMLabs) delivered
8 mJ, 800-nm pulses that were 30 fs in duration at a repetition rate of
1 kHz. The pulses were used to pump an optical parametric amplifier
(OPA) (HE-TOPAS, Light Conversion). Pulses at the idler wavelength
of 1.8 mm with a pulse energy of 1.4 mJ and a duration of ≈30 fs were
coupled into a 400-mm inner diameter, 1-m-long hollow capillary for
pulse compression. The input of the capillary was held at vacuum pres-
sure, and the exit was filled with 0.4 bar of argon. Using the anomalous
dispersion of silica, the output pulses were compressed to a duration of
12 fs at the experiment (15). The pulses were characterized spatio-
temporally using SEA-F-SPIDER, which allowed us to ensure the high
spatiotemporal quality (24) that is required in the overdriven regime,
where plasma effects from ionization dominate the field propagation
dynamics. The high-energy, few-cycle pulses were then sent to the har-
monic generation setup, with an on-target pulse energy of 550 mJ,
corresponding to 750 mJ of output from the fiber. The CEP of the idler
was passively stabilized via the design of the OPA; slow drifts were
corrected using a piezo mirror delay inside the OPA controlled by a
2f-to-3f interferometer after the fiber, resulting in a stability of 300 ±
50–mrad root mean square (single shot).

The CEP-stable, two-cycle pulses were focused using a 20-cm CaF2
lens into an 820-mmouter diameter, 514-mm inner diameter needle filled
with up to 16 bar of helium. Because of the low dispersion of CaF2 across
the 1600- to 2100-nm spectral range, we calculated that the chromatic
aberration of the lens was not significant in these measurements, and
the use of looser than f/10 focusing suggested negligible spherical aber-
ration; other cylindrically symmetric aberrations can also reasonably be
expected to have minimal impact due to the dominance of the plasma
lensing. The 40-mm FWHM focus was scanned to drill holes of 210-mm
diameter into the target, which the beam could pass through unimpeded
at any focal position. Two stages of differential pumping surrounded the
target and maintained an ambient pressure of less than 10 mbar around
the target and less than 10−2 mbar outside the differential pumping. The
harmonics and fundamental propagated through a 200-nm-thick alumi-
num filter, which removed the fundamental. Harmonics propagated
through a 650-mm slit onto a variable line spacing grating with nominal
groove spacing of 2400 lines/mm (Shimadzu 30-003) andwere dispersed
onto an x-ray CCD camera (Andor Newton SO). The role of the slit was
to ensure that only a limited region of the grating is illuminated to avoid
significant aberrations that are detrimental to the spectral resolution. The
photon-counting ability of the x-ray CCD allowed us to extract the ab-
solute harmonic flux.

SWORD measurement
A 10-mm slit was introduced into the harmonic beam oriented perpen-
dicular to the spatial axis of our imaging spectrometer (Fig. 1D) and
scanned across the harmonic beam in steps of approximately 150 mm.
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Eleven positions were recorded in total. The transmitted light was sent
into the imaging spectrometer. The position of the central order relative
to the slit position encoded the local phase gradient; when spectrally
resolved, we were able to reconstruct the wavefront of the harmonics
for each photon energy (see the Supplementary Materials for details).

Spectral phase measurement of ionization fraction
Weak pre- and postpulses at a central wavelength of 800 nm were
co-propagated through the target along with the generating pulse,
separated from the harmonics by an annular mirror (Fig. 1C) and sent
into a spectrometer. The spectral interference of the two pulses en-
coded the total ionization fraction of the medium (see the Supplemen-
tary Materials for details).

Simulations
Ourmodel treats the IR pulse by solving the forwardMaxwell equation,
explicitly including all spatial dimensions, as well as ionization and the
c3 nonlinearity with self-steepening. We treated the target geometry
realistically, through interferometric determination of the density-
length product and comparisons to literature density distributions.
The harmonic radiation was calculated via the strong-field approxi-
mation at each plane using the spatiotemporal profile of the 1800-nm
pulse from the propagation simulations (37). The radiation from each
plane was coherently propagated, including dispersion, absorption,
and diffraction, to the detector plane and integrated to produce the
total macroscopic field. Further details are shown in the Supplemen-
tary Materials.

Statistical analysis
The harmonic flux was determined from the camera efficiency, grating
diffraction efficiency, spectrometer angular acceptance, filter transmis-
sion, and carbon absorption. The error on the total flux was calculated
through the usual error propagationmethods from the errors from each
individual factor, taken to be negligible for the camera, 13% on the grat-
ing efficiency, 7% on the spectrometer angular acceptance, 10% on the
filter thickness, and 25% on the thickness of the carbon absorption layer
(see details on these values in the Supplementary Materials). These
factors gave an error of 26% on the final harmonic flux.

Errors in the virtual source positions determined with SWORD are
residuals from the least-squares fit made to the reconstructed phase
profile. Errors in the ionization fraction measurements were taken
as the extreme values over three measurements.
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/5/eaar3761/DC1
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