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Waveform-reproducible intense pulses of light generated in 
the optical1,2 and flanking spectral ranges3,4 and their pre-
cise subcycle control underlie a wide range of spectacular 

developments in modern ultrafast science. Few-cycle1 to single-
cycle4–6 or subcycle2 optical pulses with a stabilized carrier-envelope 
phase (CEP) have made possible the steering of a wide range of 
atomic and molecular phenomena7–9, the induction of petahertz 
currents in solids10,11 and nanostructures4,12 and the generation of 
the shortest impulses of soft X-rays13–15.

Advancing attosecond precision measurement and control to 
their ultimate limits comes with the capability of generating wave-
form-reproducible probes in the extreme ultraviolet (EUV) and at 
multi-petahertz frequencies. This condition is primarily essential 
in experiments where the subtle changes in the temporal response 
of the system are encoded in the fine details of the structure of an 
attosecond probe waveform, such as the chirp, the duration and its 
timing to the driving field16–18. Failure to meet these conditions has 
been long identified as the source of noise in attosecond measure-
ments19,20. The advancement of precision control of matter to the 
field cycle of multi-petahertz attosecond pulses further raises the 
above requirements and calls for control of EUV waveforms to be 
extended to their CEP21.

The recollision picture as the dominant mechanism of EUV 
emission in atomic and molecular gases predicts that the phase of 
the emitted EUV light, ΦEUV, strongly depends on the intensity of 
the driving field, I, as Φ αΔ ≈ −

ω
I( ) I

EUV 4 3 , where α(E) is the energy-
dependent phase coefficient of the emission, which also depends on 
the atomic properties of the system, and ω is the carrier frequency 
of the driving optical pulses22–24. At the few-cycle and the single-
cycle driving pulse limit where the intensity and CEP of an opti-
cal pulse are strongly coupled, the temporal structure of the EUV 
waveform turns extremely sensitive also to variation of the CEP of 
the generating field13,25,26. Whereas pulse intensity and CEP of an 
optical driver provide unique means for controlling the waveform 
of EUV radiation in gas high-harmonic emission1,22,27, they also 
constitute hitherto imperfectly tamed sources of noise and com-

promise the reproducibility of the EUV waveform19,20. Ultimate 
limits of waveform synthesis and reproducibility in the EUV could 
be achieved if the generation mechanism was immune to intensity 
and CEP fluctuations of state-of-the-art driving laser sources. Here, 
we show that high-harmonic generation in bulk solids3,28,29 and in 
particular in quartz30,31 and the non-recollisional character of their 
emission mechanism allow this essential frontier in EUV photonics 
to be overcome.

Results
Driving-field intensity effects on the EUV waveform. High-
harmonic generation from bulk solids28 and their extension to mid-
infrared3,29 and EUV frequencies30,31 has recently opened up new vistas 
in exploring new photonic regimes of solids under strong fields. The 
generation of high-harmonic field-reproducible waveforms from bulk 
solids has now been verified both in optical3,32 and in EUV ranges31. 
Whereas the precise mechanism of high-harmonic emission in bulk 
solids is generally still debated28–31,33,34, at least for quartz the evidence 
against a recollision picture—usually associated with the interband 
component of the polarization35–38—is steadily mounting30,31,39,40.

To explore whether the non-recollision character of high har-
monics in dielectrics can indeed provide an essential edge in 
producing waveform-reproducible EUV pulses, we used a photo-
emission-based interferometric31,41 pulse phase measurement tech-
nique. In contrast to attosecond streaking14,42, such an approach is 
sensitive to the CEP of the EUV pulse41,43 and, as we show here, can 
provide detailed information on how the subcycle EUV waveform is 
modified against variation of the above parameters. In this approach, 
photoelectron spectra generated in a gas (see also Supplementary 
Section II) via its above-threshold ionization (ATI) by an optical 
pulse can be used as a reference to trace the phase of a broadband 
EUV pulse, which simultaneously ionizes the same medium. The 
critical information is encoded on the interference pattern and its 
variation against external parameters.

In our experiments, single-cycle pulses (precisely 1.2 cycles, 
carrier frequency ωL ≈  1.7 eV, bandwidth ΔL ≈  1.1–3.1 eV, duration 
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τ ≈  2.8 fs, see also Supplementary Section I) generated in a light-field 
synthesizer2 were focused either on a quasistatic gas cell filled with 
argon (Ar) or on a free-standing quartz nanofoil (thickness < 1 µ m) 
to generate EUV pulses (Fig. 1a). Quartz nanofoil was a z-cut single 
crystal with Γ –M direction in its Brillouin zone aligned along laser 
polarization to generate EUV radiation. The importance of keep-
ing the sample as thin as possible, so as to avoid Kerr nonlinearities 
of the driving pulse before high-harmonic generation near the exit 
surface of the medium, is discussed in Supplementary Section IV. 
Moreover, the direct link between the formed interference fringes 
and the phase of the EUV pulse was verified by controlling the latter 
in a gas cell (see Supplementary Section V).

EUV and optical pulses were in turn focused by a single con-
cave mirror onto an Ar jet placed under a time-of-flight electron 
spectrometer. Photoelectron spectra generated in Ar individually 
by direct EUV photoionization of Ar and ATI by the optical pulses 
are shown in Fig. 1b as blue and green lines, respectively. The con-
spicuous interference fringes emerging when both optical and EUV 
pulses interact with Ar are shown as a red curve in Fig. 1b. The sub-
traction of a static background from the red curve (ATI–EUV inter-
ference) in Fig. 1b, whose origin can be attributed to an imperfect 
spatial matching between EUV and ATI photoelectron beams at the 
detector41, results in a robust and broadband (> 10 eV) interference 
pattern (Fig. 1c). Interference fringe spacing of ~2.2 eV in Fig. 1c 
corresponds to a temporal separation of ATI- and EUV-generated 
electron pulses by ~1.8 fs, which is justified by the instantaneous 
photoionization by EUV and a rescattering time of ~1.8 fs for ATI 
electrons41. The observation of denser interference fringes (with 
spacing of ~0.3 eV) in the low energy part of the spectrum (Fig. 1c) 
is in accordance with simulations in earlier works41.

In a first set of experiments, we kept the intensity of the optical 
pulse generating the ATI spectra in the second gas jet constant so as 

to provide a stable reference (see also Supplementary Fig. 2). We var-
ied the intensity of the pulse, which drives EUV emission in Ar and 
quartz nonlinear media (Fig. 1a), and recorded photoelectron inter-
ference spectra as shown in Fig. 2a,b for Ar and quartz, respectively. 
In the case of Ar, the variation of the laser intensity is manifested as 
a prominent and energy-dependent shift of the interference pattern 
(Fig. 2a). In contrast, for quartz, the interference pattern remained 
robust over the entire range of intensities of the driving optical pulse 
(Fig. 2b). The maximum intensity in this case was constrained by 
the damage threshold of the quartz nanofilm to ~2.4 ×  1013 W cm−2. 
A detailed evaluation (see Supplementary Section II) of the CEP 
shift Δ ΦCEP(I) and of the group delay dispersion (GDD) Δ Φ"(I) 
variation at the carrier frequency of the EUV pulses for Ar (~34 eV) 
are shown by the red curves in Fig. 2c,d, and are contrasted with 
those of EUV pulses generated in quartz (central energy ~23 eV), 
shown by the blue lines in Fig. 2c,d, respectively.

Both Δ ΦCEP(I) as well as the rapid variation of Δ Φ"(I) in Ar as 
expressed also by evaluated slopes as ∣ βCEP∣  ≈  5 ×  10−2 π  cm2 TW−1 
and ∣ γGDD∣  ≈  32 as2 cm2 TW−1, respectively, are in excellent agreement 
with the findings of previous studies24,44, as well as well-established 
semiclassical trajectory simulations45 (see also Supplementary 
Section III) conducted here under the conditions of the experi-
ments, shown by the red curves in Fig. 2e,f. The effects of the inten-
sity on the generated EUV waveform are best visualized in Fig. 2g 
displaying the relative waveform (green and violet lines) variation 
for an intensity change of the driving pulses by ~5% as evaluated by 
the phase data of Fig. 2c,d. Other than the conspicuous change of 
the temporal profile, the waveform suffers a phase change greater 
than π  rad, suggesting a very low level of reproducibility against 
intensity fluctuations.

By contrast, the phase properties of the EUV pulses emerging 
by the strong-field-driven quartz nanofilm exhibit a dramatically  

Ar gas nozzle

Xenon-filled tube

Quartz
nanofilm

Adjustable iris

Gold
EUV mirror

Time-of-flight spectrometer

Adjustable iris

ATI and EUV
photoelectrons

0
0

Energy (eV)

1.0

0.8

0.6

0.4

0.2

ATI
EUV
ATI–EUV

A
m

pl
itu

de
 (

a.
u.

)

c

2

–0.4

0.4

–0.2

0.2

0

Energy (eV)

A
m

pl
itu

de
 (

a.
u.

)

0.6

4 6 8 10 12 14 165 10 15

b

a

e
e

ee
e

Single-cycle pulse

Gas cell

Fig. 1 | Photoelectron interferometric tracing of the phase of EUV pulses. a, Schematic diagram of the experimental set-up; quartz (~1 µ m thick) or Ar gas 
jet are exposed to intense single-cycle optical pulses to generate coherent EUV emission. A time-of-flight spectrometer records electron spectra generated 
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different dependence against the variations of the driving pulse 
intensity. The CEP shift Δ ΦCEP(I) (blue line, Fig. 2c) as well as the 
GDD variation (blue line, Fig. 2d) are both found to be negligible as 
also suggested by the evaluated slopes ∣ βCEP∣  ≈  3 ×  10−4 π  cm2 TW−1 
and ∣ γGDD∣  ≈  5 ×  10−5 as2 cm2 TW−1, the lower margin of which is lim-
ited only by the accuracy of our experiments. These observations 
are not compatible with the nonlinearities of three-step model46,47 
in gases nor the generalized recollision picture35 in solids, but can 
very well be reproduced by the intraband scattering picture30,31,48 as 
suggested by the simulations (see also Supplementary Section III) of 
Fig. 2e,f (blue lines). In fact, theory predicts both slopes to be zero, 

that is, the EUV emission is immune to the variation of the intensity. 
These findings are better visualized in Fig. 2h (violet and green lines), 
where virtually identical and time-synchronous waveforms for the 
same intensity variation as in the gas phase simulation (Fig. 2g)  
(~5%) are evaluated from the sampled intensities in our interfero-
metric measurements.

Driving-field CEP effects on the EUV waveform. In a second set 
of experiments, we investigated the robustness of the generated 
EUV waveforms in Ar gas and quartz nanofilms against the varia-
tion of the CEP of the driving optical pulses (Δ ηLaser). Owing to our  
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experimental geometry, we could not independently vary the CEP 
of driving pulses for EUV generation (first target, on the far left of 
Fig. 1a) and ATI generation (second gas jet in Fig. 1a). To overcome 
this constraint, we first characterized the phase variation Δ χATI of 
the ATI photoelectrons spectra as a function of the CEP of the driv-
ing field (see Supplementary Section II, Supplementary Figs. 6 and 
7)49. In the next measurement, we traced the variation of the ATI–
EUV photoelectron interference pattern as a function of CEP of the 
driving laser pulse, as is shown in Fig. 3a,b for Ar and quartz nano-
films, respectively. From the resulting phase curves, we subtract Δ 
χATI to obtain the pure phase variation of the EUV pulses Δ ΦEUV 
versus Δ ηLaser of the driving pulse for Ar and quartz.

Figure 3c,d contrasts the results of this study for Ar and quartz 
EUV nonlinear media. Although the variation of the CEP of the 
driving laser introduces a considerable shift in the CEP of the EUV 
pulse in the case of the Ar source (Fig. 3c, red line), the CEP of 
the EUV pulse emanating from quartz nanofilms remains virtually 
unaffected (Fig. 3c, blue line). Similar conclusions can be obtained 
by evaluating the variation of the Δ Φ″  of EUV pulses for both cases, 

as shown in Fig. 3d, red and blue lines for Ar and quartz, respec-
tively. Slopes of variation of Δ ΦCEP and Δ Φ″  for Ar are εCEP =  1.4 and 
δGDD ≈  6,200 as2 π −1, respectively, which are nearly zero for quartz. 
The results of semiclassical trajectory calculations45 in Fig. 3e,f (red 
lines) confirm once again the compatibility of our findings in Ar 
with the recollision picture. Similarly, as in the previous study, we 
evaluate the relative variation of the EUV waveforms in the time 
domain for a shift of Δ ηLaser =  0.2π  rad of the driving single-cycle 
pulse for Ar in Fig. 3g and quartz in Fig. 3h.

In the case of Ar, the emerging EUV pulses do not maintain any 
of their key properties such as their CEP, the temporal profile (chirp) 
or their timing relative to the driving field (Fig. 3g). The EUV wave-
form undergoes a dramatic distortion on variation of CEP of the 
driver pulse, which is manifested by an apparent phase shift of the 
carrier wave and doubling of the waveform duration. By contrast, 
and in close agreement with the predictions of the intraband scat-
tering model, the waveforms of the EUV pulses (Fig. 3h) emerging 
from quartz perfectly preserve their precise temporal structure as 
well as the timing to the driving field.
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Our results allow the question to be answered: what are the 
margins of intensity and phase noise of ultrafast intense laser 
pulses so that they assure reproducibility of EUV waveforms in 
gas phase high-harmonic generation at precision similar to that 
attained for intense pulses in the optical regime50, that is, of the 
order of ∼ π /20 of their field waveform? Our data in Figs. 2 and 
3 and their evaluation allow us to estimate that a pulse-to-pulse 
intensity stability of ~0.25% and a waveform reproducibility bet-
ter than ∼ π /100 of the optical field cycle would be required for 
the driving optical pulse. These requirements are beyond the 
reach of contemporary high-power few-cycle pulse technology. 
By contrast, the immunity of EUV waveform generated in quartz 
to intensity and phase fluctuations of the driver demonstrated 
here allows us to overcome directly this frontier with existing 
intense pulse technologies.

Strong-field-driven dielectrics generate multi-petahertz 
pulses of light of unprecedented waveform robustness against 
intensity and CEP variation of the driving source and sur-
pass this of noble gases by many orders of magnitude. Our 
experiments suggest that the immunity of the generated EUV 
waveforms to these parameters can be attributed to the funda-
mentally different, non-recollisional character of the high-har-
monic emission in bulk quartz. Our approach can be extended 
to explore the physics of high-harmonic generation at lower 
energies, for example in semiconductors. In this case, the gas-
based ATI electrons could be replaced by ATI electrons from 
metal nanotips51–53, taking advantage of the low work function 
(~5 eV) and the established similarity of strong-field ioniza-
tion in atoms and metals. We anticipate that high-harmonic 
EUV waveforms immune to intensity and CEP fluctuations of 
the driving source will also substantially contribute towards 
exploring new frontiers in technologies such as EUV fre-
quency combs.

Data availability. The data that support the plots within this paper 
and other findings of this study are available from the correspond-
ing author upon reasonable request.
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