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The time-dependent field of an electromagnetic pulse can be
measured if there is a fast enough gate. For terahertz radiation,
femtosecond photoinjection of free carriers into a semiconduc-
tor in the presence of the terahertz radiation can serve as the
gate1. For visible or infrared radiation, attosecond photoioniza-
tion of a gas target in the presence of the optical field is a direct
analogue2–8. Here, we show that nonlinear optical mixing9–13 in a
medium in which attosecond pulses are being generated can
also be used to measure the time-dependent field of an
optical pulse. The gate is the phase accumulated by the recolli-
sion electron during the subcycle time interval between ioniz-
ation and recombination. We show that the instantaneous
field of an unknown pulse is imprinted onto the deflection of
the attosecond extreme ultraviolet pulse using an all-optical
set-up with a bandwidth up to 1 PHz.

It is now technically feasible to produce time-dependent electro-
magnetic waveforms of almost arbitrary shape in the ultraviolet or
longer wavelength region8,14–17. This means that very large time-
dependent forces can be applied to the charged components of
matter on the natural timescale of their electronic response7,18.
Complete measurement of such a time-dependent waveform
requires subcycle temporal resolution19. In current methods2–8, an
isolated attosecond pulse is produced by an intense laser pulse inter-
acting with an atomic or molecular gas. The attosecond pulses are
then refocused onto a second target to produce photoelectrons in
the presence of the signal field to be measured. The complete wave-
form of the light pulse is obtained from the momentum shift of the
photoelectron spectrum caused by the signal field. This approach
requires three complex technologies: photoelectron spectroscopy,
extreme ultraviolet (XUV) focusing optics and a high flux source
of attosecond pulses. Here, we demonstrate an all-optical technique
to measure the waveform of the light pulse that requires only a low
flux attosecond source and an XUV spectrometer. In other words,
we remove the requirement for photoelectron spectroscopy, XUV
focusing optics, and substantial flux in an attosecond beam.

Our approach uses the attosecond process that underlies atto-
second pulse generation as the gate. To appreciate how, consider
the three-step model of attosecond pulse generation shown in
Fig. 1a20: (1) the strong fundamental laser field E0(t) liberates an
electron at time ti; (2) the electron propagates in the field until it
recollides; and (3) it recombines with its parent ion at tr. The elec-
tron path that produces the XUV photon at energy 1 through the
short quantum path21 is illustrated with a red arrow in Fig. 1a.
Because the excursion time of the electron (tr2 ti) is much
shorter than one optical cycle of the visible light, this short electron
path offers subcycle temporal resolution.

To access the gate, the unknown signal field Es(t) to be measured
is added to the fundamental laser field E0(t). The signal field weakly
perturbs the attosecond pulse generation process9,10,13. The electron
trajectory that produces the XUV photon with energy 1 is modified,
as illustrated with a blue arrow in Fig. 1a. This perturbation changes

the phase of the XUV radiation by s1. It should be noted that the
additional signal field influences the generation process only
during the excursion time (tr2 ti). Thus, s1 is proportional to the
averaged field strength of the signal field during the excursion
time (see Supplementary Section 1 for details), which can be
written approximately as

s1(t)/ Es(t+ j1)

where j1 is a negligible constant time delay that depends only on 1.
We can simulate the single-atom response using a single set of

recollision trajectories (short trajectories). Figure 1b–d presents cal-
culation results for a neon atom. The XUV radiation is calculated
using the strong field approximation21–23. The phase difference of
the XUV radiation, with and without the signal field, is obtained
as a function of the time delay between E0 and Es. In the figure,
phase differences obtained at 39 eV, s39eV, are compared with the
original signal pulse used in the calculation. These results confirm
that the phase shift s1 is proportional to the signal field.

In an experiment, XUV radiation is produced in a distributed
medium. A perturbation made to the fundamental beam can
change the wavefront of the XUV radiation, leading to deflection
of the XUV beam13. We use this macroscopic response to make
the phase difference s1 observable by using a non-collinear exper-
imental set-up (Fig. 2a). Because the signal beam is superimposed
on the fundamental at a small angle us , the atoms in the medium
experience the signal field at slightly different times, depending on
their vertical position y (Fig. 2b). This breaks the symmetry of the
XUV phase along the vertical direction, and the propagation direc-
tion of the XUV radiation is changed. As shown in Supplementary
Section 2, the propagation angle of the XUV radiation is pro-
portional to the derivative of the signal field (that is, u(t)/
dEs(t)/dt|t¼t). The change of the propagation angle can be measured
from the angularly resolved XUV spectrum, as shown in Fig. 2c.

By generalizing the single-atom model to distributed neon atoms,
we illustrate the relation between the propagation angle and the
signal field. The XUV radiation is calculated using the strong field
approximation21–23 from a 250-mm-long neon medium placed at
the focus. The angular distribution of the XUV radiation is obtained
by propagating the XUV radiation to the far-field (see Methods for
details). We used three different signal waveforms (triangle,
chirped Gaussian cosine and chirped Gaussian sine pulses). The
angular distribution of the XUV emission (vertical line-out of the
spectrum) at 39 eV as a function of the time delay t is shown in
Fig. 2d–f. The calculated angular distribution agrees with the deriva-
tive of the original signal field (solid lines, Fig. 2d–f).

For an experimental demonstration of waveform measurement
we use 750 nm Ti:sapphire laser pulses. The laser beam is split
into two beams. One beam is used as the fundamental E0 , generating
an attosecond XUV pulse. The polarization gating technique selects
a single recollision from neon5. The other beam, Es , is the pulse to
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be measured (see Methods for experimental details). The quasi-
continuum XUV spectrum obtained from the fundamental
beam is shown in Fig. 3a. The spectral modulation of 0.2,
(IMAX2 IMIN)/(IMAXþ IMIN), near 39 eV remains due to the pre-
and post-XUV pulses near the single XUV pulse. According to
the simulation shown in Fig. 2 where the same amount of the spec-
tral modulation is considered, it does not affect our measurement.

Figure 3b shows the angular distribution measured at 39 eV as a
function of time delay. The average propagation angle (white line),
found by fitting with a Gaussian distribution, is the derivative of the
signal laser field. The measurement shows a 5.1 fs pulse containing
two optical cycles in a central peak, with weaker signal stretching
before and after the main pulse. The spectrum obtained by taking
the Fourier transform of the signal field qualitatively agrees with
the spectrum measured by a grating spectrometer (Fig. 3c).
Although our technique determines the spectrum of the actual
pulse measured over a limited time window, the spectrum measured
by the grating-based spectrometer shows all spectral components,
including parts that do not contribute to the main pulse. This fun-
damental difference accounts for some of the discrepancy between
the two spectra.

The temporal resolution of the measurement is related to
the excursion time (900 as for 39 eV) of the recollision electron in
the continuum. If the signal field oscillates too fast compared to the
excursion time, the effect of the signal field on the electron trajectory
will average out. Averaging limits the measurable wavelength of the
signal field. To estimate the lowest wavelength that can be measured,
we calculate the spectral response of the measurement |s39eV|

2 with
a sinusoidal signal field for different wavelengths. The amplitude of
|s39eV|

2 is shown with a green dashed line in Fig. 3c. As we decrease
the wavelength of the signal field, the amplitude also decreases.

However, we find that the optical period of the shortest measurable
wavelength is below the excursion time. Using only a single
quantum trajectory, a signal with a wavelength of 200 nm (1.5 PHz)
or longer could be measured with our 760 nm fundamental. Using
more trajectories, the resolution could be improved. This temporal
resolution is an intrinsic property of the highly nonlinear process of
high harmonic generation. It is not changed by dispersion of the atto-
second pulse after generation. Therefore, our approach to measure-
ment does not require chirp control of the attosecond pulse24,25.

To verify that we determine the time-dependent electric field, we
measured five waveforms for different carrier envelope phases
(CEPs), as shown in Fig. 4. The CEP of the signal pulse is controlled
by adjusting a glass wedge without changing the fundamental pulse.
The wedge changes the CEP as well as the relative phase between the
fundamental and signal laser pulse. We fit the measured signal field
with a Gaussian function as explained in the Methods, indepen-
dently determining the delays (t0), durations (tFWHM), frequencies
(v0) and CEP (FCEP) for each waveform. The pulse durations and
CEPs are summarized in each panel of Fig. 4. The full-width at
half-maximum (FWHM) duration of the intensity is 4.8–5.0 fs.
The standard deviations for each CEP measurement are 0.1–0.3 rad.

As we have emphasized, adding the signal field at an angle mod-
ifies the XUV phase along the vertical directions. With a small angle,
the signal field imposes a slowly changing phase gradient that
changes the propagation angle (first-order phase) of the XUV
beam. However, the phase gradient may also change the divergence
(second-order phase) of the XUV beam, depending on the angle
between the two laser beams and the intensity of the signal beam.
The change of the divergence results in the asymmetric angular
distribution shown in Figs 3b and 4. The angular distribution is
broader when the waveform (dEs(t)/dt) rises than when it falls.
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Figure 1 | Basic idea of the petahertz optical oscilloscope. a, Illustration of electron trajectories. The electron trajectory calculated from a single neon atom

by the driving laser pulse E0(t) with an intensity of 3.5× 1014 Wcm22 is shown with a thick red line with an arrow head. The modified electron trajectory is

shown with a thick blue line with an arrow head when the weak signal field Es(t) is added. b–d, Phase shift of the XUV radiation for different signal fields.

The XUV phases are calculated with and without the signal field as a function of the time delay between E0 and Es. Their phase differences at 39 eV are

shown with circles for the triangle pulse (b), chirped Gaussian cosine pulse (c) and chirped Gaussian sine signal pulse (d). The original signal pulses used in

the calculations are shown as blue lines.
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Figure 2 | Schematic set-up of the petahertz optical oscilloscope and theoretical calculations. a, Schematic set-up for the calculation and the experiment.

The fundamental laser pulse E0(t) generates XUV radiation through high harmonic generation using the polarization gating technique. The signal laser pulse

Es(t) is superposed with a small angle us in the medium. b, Illustration of electron trajectories with (blue line with an arrow head) and without (red dotted

line with an arrow head) the signal field. The propagation angle of the XUV radiation is illustrated with a thick blue line with an arrow head. c, Angularly

resolved XUV spectrum, where the spectrum is calculated from the 250-mm-long neon medium placed at the focus with a central wavelength of 750 nm and

an intensity of 3.5× 1014 Wcm22. A single XUV pulse is selected with the pre- and post-pulses to yield a spectral modulation of 0.2 (see Methods for

details). d–f, Angular distribution (vertical lineouts) of the XUV spectrum at 39 eV calculated as a function of the time delay t for various signal fields: the

triangle (d), the chirped Gaussian cosine (e) and the chirped Gaussian sine (f) pulses. The intensity of the signal fields is 7× 1011 Wcm22. For comparison,

the derivative of the original signal field used in the calculations, dEs(t)/dt, is shown as solid lines.
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Figure 3 | Waveform measurement of few-cycle pulses. a, Experimental XUV spectrum obtained with the polarization gating technique. b, Normalized
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In the case of Fig. 3, this asymmetry causes a 4% artificial second
harmonic (near 370 nm), as shown in Fig. 3c.

The asymmetry of the measurement can be improved by redu-
cing the angle between two laser beams or the intensity of the
signal pulse, or it can be avoided by using the phase retrieval tech-
nique to find the phase gradient in the near-field13. Alternatively, the
phase shift imposed by the signal field can be measured in a two-
XUV-source interference experiment26–29 in which the signal
pulse is co-linearly added in one of the two fundamental laser
beams. The phase shift imposed by the signal pulse can be found
by measuring the shift of the fringe pattern at the far-field (see
Supplementary Section 3 for details).

In the current experimental set-up where the signal field is added
at a small angle to deflect the XUV beam, multiple measurements at
different t are required to determine the waveform of the signal
field. However, our approach is compatible with single-shot
measurement of the time-dependent waveform. Consider the case
where the weak signal pulse travels perpendicular to the fundamen-
tal beam and is spatially smaller than the transverse dimensions of

the fundamental beam. If the polarizations of the beams are parallel,
then the spatially dependent phase modulation caused by the signal
beam creates a transient grating10,26,29 that diffracts the XUV
radiation. Depending on the absolute phase of the signal field, the
position of the grating will be changed, so the phase of the XUV
angular distribution is also changed at the far-field. The signal
field is fully determined by the amplitude and phase measured in
the far-field27. Single-shot measurements will be especially valuable
for light sources that have an unstable CEP, such as high-peak-
power lasers or low-repetition-rate lasers.

In conclusion, we have demonstrated an all-optical technique for
measuring arbitrary waveforms of optical pulses. Our method can
be applied to any wavelength longer than ≏200 nm. It exploits
the highly nonlinear process of high-harmonic or attosecond
pulse generation. The attosecond pulse serves as an observable of
the subcycle interaction. We expect that other highly nonlinear
interactions hold the prospect of attosecond gating. However, even
without refinement, our measurement is fast, compact and efficient.

Methods
We used a CEP-stabilized 5 fs, 760 nm Ti:sapphire laser pulse. The CEP stability was
400 mrad (root mean square). The laser beam was divided by a mirror with a small
hole in the centre. The reflected beam was used as a fundamental beam for high
harmonic generation. The reflected beam passed through a 120-mm-thick quartz
plate and a broadband quarter-wave plate to create a beam for polarization gating5.
The small beam passing through the hole was used as a signal beam. Two beams
were combined at the focus with an angle of us¼ 21 mrad. The time delay between
two beams was controlled by a piezo stage. The positive time delay means that the
signal pulse precedes the fundamental pulse.

XUV radiation was obtained as a neon supersonic gas jet placed at the focus
(nozzle diameter of 250 mm with a backing pressure of 6 bar). The medium length
was estimated to be 250 mm. The intensities of the fundamental and signal laser
pulses were 3.5× 1014 W cm22 and 3.5× 1012 W cm22, respectively. The angular
distribution shown in Fig. 3 was obtained by integrating over the energy range from
36.9 eV to 40.2 eV for each time delay. The propagation angle was obtained from the
centre of mass calculated by fitting the angular distribution with a Gaussian
distribution. To determine the pulse parameters shown in Fig. 4, the signal field was
fitted by a Gaussian pulse as

Es(t) = A0 exp −2 log 2
(t− t0)

2

t2FWHM

[ ]

cos[v0(t− t0) +FCEP]

where A0 , t0 , tFWHM , v0 and FCEP are the amplitude, the delay, the duration, the
angular frequency and the CEP of the laser pulse. The size of the fundamental beam
was 30 mm (FWHM), and the signal beam was larger than 100 mm.

For the simulation results shown in Fig. 2, we used the strong field
approximation model to calculate the XUV radiation from the 250-mm-long neon
medium placed at the focus13,21–23. A single XUV pulse was selected, with pre- and
post-pulses, to yield a spectral modulation of 0.2. The spectral modulation is defined
as (IMAX2 IMIN)/(IMAXþ IMIN) near 39 eV. The propagation of both the XUV and
fundamental laser pulses through the medium was considered, but the distortion of
the laser pulse due to plasma formation was not considered due to the low ionization
rate of neon.
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In this supplementary information, we provide mathematical details dis-
cussed in the main paper “Petahertz Optical Oscilloscope”. In Sec. 1, we derive
an equation that describes a phase shift of XUV radiation induced by adding a
weak additional field in high harmonic generation process. It is shown that the
phase shift is linearly proportional to the electric field of the additional field.
In Sec. 2, we show that the propagation angle of the XUV radiation is propor-
tional to the derivative of the additional field. In Sec. 3, the distortion of the
measured waveform is discussed. We also show how the distortion problem can
be suppressed or eliminated.

1 Phase of XUV radiation with an weak addi-

tional laser pulse

High harmonic generation occurs when atoms or molecules are interacting with
an intense fundamental laser field E0(t), leading to the emission of XUV radia-
tion. The spectral phase of the XUV radiation, φε, at the photon energy ε can
be written as

φε = −Sε + ωεtr. (S1)

Here, ωε is the angular frequency. Sε is the quasi-classical action which is
defined as [1]
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Sε =

∫ tr

ti

[

v0(t)
2

2
+ Ip

]

dt. (S2)

Here, v0(t) is the instantaneous momentum of the electron. ti and tr are the
ionization and the recombination time. We add an weak signal field Es(t) with a
time delay τ in the high harmonic generation, which changes the quasi-classical
action S′

ε, ionization time t′i, and recombination time t′r, resulting in the phase
shift of the XUV radiation. The phase shift σε induced by adding the signal
field can be obtained as

σε(τ) = φ′

ε − φε = −(S′

ε − Sε) + ωε(t
′

r − tr). (S3)

We numerically solve Eq. S3 with various signal fields such as a triangle,
chirped Gaussian cosine and sine waveform. The calculation results summarized
in Fig. 1 of the main paper confirm that the phase shift is linearly proportional
to the signal field.

In this section, we provide an analytic description of the relation between
the phase shift and the signal field. For the sake of simplicity, we ignore the
ionization potential in Eq. S2. We also assume that the signal intensity Is is
much weaker than the fundamental intensity I0. In the experiment, the ratio
Is/I0 was 0.01. Then, the phase shift induced by adding the signal field can be
written as [2]

σε(τ) =

∫ tr

ti

[

v0(t)

∫ t

ti

Es(t
′ + τ)dt′

]

dt. (S4)

Here, τ is the time delay between E0 and Es. We consider the harmonic
generation process that produces a low energy photon through a short quantum
path as shown in Fig. S1a. The harmonic generation occurs near t = 0 where the
electric field can be approximated to be linear as E0(t) = E0 sin(ω0t) ≈ E0ω0t.
Then, the electron momentum can be approximated as shown in Fig. S1a as

v0(t) ≈ −

E0ω0

2
(t2 − t2i ). (S5)

Also, the ionization time ti and the recombination time tr are related as
shown in Fig. S1b by

ti ≈ −tr/2. (S6)

Assuming the signal field is slowly varying from ti to tr, the signal field can
be approximated to the first order near t = ξε as

Es(t) ≈ Es(ξ) +
dEs

dt

∣

∣

∣

∣

t=ξε

(t− ξε). (S7)

When ξε = 2tr/5, the first order term of Eq. S7 averages out in Eq. S4.
Using Eq. S5-S7, Eq. S4 becomes
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Figure S1: Electron trajectory calculated with the SFA model and its

approximation. a, Electron trajectories are calculated from a Ne atom with a
wavelength of 760 nm and an intensity of 3.5× 1014 W/cm2. The fundamental
laser field E0(t) is shown with a red solid line. The electron trajectory x(t)
(a blue solid line) and the momentum of the electron v(t) (a green solid line)
are calculated with the SFA model. The approximated momentum, v(t) ≈

−E0ω0(t
2
− t2

i
)/2, is shown with the green dashed line. b, The recombination

time and the ionization time are calculated with the SFA model (a green solid
line). The approximated relation, ti ≈ −tr/2, is shown with a green dashed
line.

σε(τ) =
9

128
E0ω0t

4
r
Es(τ + ξε). (S8)

The additional delay ξε is negligible because it is a constant delay that
depends only on the recombination time (or XUV energy) [2].

2 Propagation angle of XUV radiation

The propagation angle of XUV radiation is determined by the XUV phase along
the transverse direction in the medium. For the sake of simplicity, we consider
only two atoms distributed along the vertical direction near y = 0. The signal
field is added with a small angle θs as shown in Fig. S2. The effective time delay
τ± between two fields is different for two atoms depending on their positions.
The time delay for the upper atom located at +∆y is

τ+ = τ +∆yθs/c, (S9)

and the delay for the lower atom located at −∆y is

τ− = τ −∆yθs/c. (S10)
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Figure S2: Illustration of the XUV propagation angle. Two atoms are
distributed along the vertical direction at +∆y and −∆y. Two laser beams are
overlapped with a small angle θs. The phase shift of the XUV radiation for two
atoms are σ+

ε
and σ−

ε
. The propagation angle of the XUV radiation is θ.

Here, c is the speed of the light. τ is the time delay at y = 0. The phase
shifts of the XUV radiation for each of these two atoms are

σ+

ε
∝ Es(τ +∆yθs/c) = Es(τ) +

dEs

dτ

∆yθs
c

+ . . . , (S11)

, and

σ−

ε
∝ Es(τ −∆yθs/c) = Es(τ)−

dEs

dτ

∆yθs
c

+ . . . . (S12)

The propagation angle of the XUV radiation is proportional to the derivative
of the signal field as

θ(τ) ≈

ky
kz

=
1

kz

σ+
ε
− σ−

ε

2∆y
(S13)

∝

dEs(τ)

dτ
. (S14)

3 Distortion of the measured waveform

In Sec. 2, the propagation angle is derived by considering only two atoms. In
the distributed atoms, the phase of the XUV radiation - wavefront - contin-
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uously varies. Due to the intensity-dependent harmonic phase, the wavefront
of the XUV radiation is curved [1, 3]. When the oscillating signal pulse is su-
perimposed on the fundamental driving laser pulse, the sinusoidal modulation
is imposed on the curved XUV wavefront. This modulation may change not
only the propagation angle (1st order phase) but also the divergence (2nd order
phase) of the XUV radiation depending on the angle between two laser beams
and the intensity of the signal beam [4]. The change of the divergence distorts
the angular distribution, resulting in the asymmetric modulation. As shown in
Fig. S3a-c, the angular distribution of the XUV radiation is broader when the
dE/dt rises, and thinner when the dE/dt falls down.

In order to read the change of the propagation direction from the XUV
angular distribution, we have fit the distribution with Gaussian. However, the
measured waveform is still slightly asymmetric. This asymmetry introduces an
artificial second and third harmonics as shown with a red line in Fig. S3d. In
the case of Fig. 3c in the manuscript, the artificial second harmonics is about
4%. The artificial harmonic could be a serious problem when the signal pulse
has more than one octave bandwidth. The distortion of the measurement can
be reduced or completely avoided in different ways described below.

3.1 Use of small angle or low intensity signal field

Since the asymmetric waveform is caused by the higher-order modification of
the XUV wavefront, it can be reduced by decreasing the angle between two
laser beams or the intensity of the signal field. The latter is studied by the
SFA model as shown in Fig. S3b. The waveform found by fitting the angular
distribution with Gaussian is slightly distorted. Its spectrum contains 3% of an
artificial second harmonic as shown with a red line in Fig. S3d. Figure S3c is
the same calculation with a reduced intensity of 1.8 × 1011W/cm

2
. The mea-

sured waveform is more symmetric. The artificial second harmonic is reduced
to 0.5% (a blue line) which is comparable to noise level in our experiment.
These calculations show that the distortion of the measured waveform can be
reduced by adjusting the intensity of the signal pulse. (Note: In the SFA model
the quadratic phase is weaker than we observe in the experiment. Therefore,
we show results for slightly higher energy photons (49 eV) and a slightly more
intense signal pulse (1.8× 1012W/cm2).

3.2 Use of the phase-retrieval technique

We have used Gaussian fitting to find the propagation angle of the XUV radia-
tion. However, there is a better way. We have used a phase retrieval algorithm to
reconstruct the attosecond XUV pulse [4]. One can apply the similar technique
to retrieve the phase modulation imposed by the signal field in the near-field.
The phase retrieval algorithm will accurately reconstruct the waveform without
distortion.
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Figure S3: Distortion of the measured waveform a, The waveform mea-
sured in the experiment (Fig. 3b in the manuscript). b-c, The calculation re-
sults obtained with the SFA model. The harmonic emissions generated from a
single re-collision are calculated from Ne atoms distributed in 1-D. The intensity
of the fundamental driving pulse is 3.5×1014 W/cm2. The color map shows the
far-field angular distribution at 49 eV with a signal intensity of 1.8×1012 W/cm2

(b) and 1.8 × 1011 W/cm2 (c). d, The spectrum calculated from the original
pulse, (b) and (c) are shown.

3.3 Two-source experiments

We have used the non-collinear geometry to measure the phase shift imposed by
the signal field. The phase shift can also be measured by different experiment
setup such as two XUV source experiments [3, 5, 6, 7]. In these experiments,
two identical XUV beams are generated by two fundamental laser pulses. The
signal pulse can be collinearly added in one of two laser beams. The phase shift
can be obtained by measuring the shift of the fringe pattern at the far-field.
Since the signal pulse can be added collinearly, the measurement will not surfer
from the higher order distortion of the XUV wavefront.
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