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Temporal characterization of a laser pulse is an essential task in many applications. Temporal characterization meth-

ods that are currently available support only a limited spectral bandwidth without information on the carrier-envelope

phase (CEP) of the laser pulse or require complicated equipment in a vacuum environment. Here we demonstrate that

an arbitrary time-dependent laser field can be directly sampled using subcycle tunneling ionization in a gaseous

medium or in air. The subcycle ionization is used as a fast temporal gate for the direct sampling of the laser field.

This unique approach enables the complete temporal characterization of the laser field, including its CEP, for a broad
spectral range in ambient air, providing a universal tool for the precise measurement of the laser field. = ©2018 Optical
Society of America under the terms of the OSA Open Access Publishing Agreement

OCIS codes: (320.0320) Ultrafast optics; (250.0250) Optoelectronics; (260.3230) lonization.
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1. INTRODUCTION

Rigorous temporal characterization of a laser pulse is essential for
the precise description of light—matter interactions in many ap-
plications. Several techniques, using a nonlinear crystal, have been
developed [1-3]. However, they suffer from the phase-matching
issue of the nonlinear crystal, limiting the applicable wavelength
range, and are not sensitive to the carrier-envelope phase (CEP) of
a laser field. A complete temporal characterization of an arbitrary
laser field could not be achieved with conventional approaches.

An arbitrary laser field can be sampled when a suitable subcycle
temporal gate is available. Either attosecond x-ray pulses [4—6]
emitted through high harmonic generation (HHG) or subcycle
electron trajectories [7,8] in the HHG process can be used to mea-
sure a light wave [9]. Both techniques enable complete measure-
ment of a time-dependent light wave, including CEP and higher-
order dispersion for a broad spectral range [10,11]. However, they
both require attosecond x-ray pulse generation and detection
equipment in vacuum. They cannot easily be utilized in practical
applications in which the direct conversion of a light wave
into electric current is ideal [12—15]. Consequently, a radically dif-
ferent approach is needed for the direct sampling of a light wave.

Here, we demonstrate the direct sampling of a light wave using
tunneling ionization in a gaseous medium or in air. In our ap-
proach, called the tunneling ionization with a perturbation for
the time-domain observation of an electric field (TIPTOE)
method, the tunneling ionization is used to sample a light wave.
A signal pulse to be measured is superposed on an intense laser
pulse. The signal pulse gently perturbs the process of the tunnel-
ing ionization, leading to the modulation of the total ionization
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yield that can be measured directly as an electric current. Our
approach can be applied for a broad spectral range for the UV,
visible, or longer wavelength ranges without a vacuum environ-
ment. Thus, it can be used as a versatile tool for the field mea-
surement of a light wave. Also, it opens the way to measuring and
controlling electric current using a light wave with an attosecond
temporal resolution, which will become a key element in future
technology.

2. RESULTS
A. Subcycle Tunneling lonization as a Temporal Gate

Tunneling ionization is a purely quantum mechanical phenome-
non in which the electron dynamics is described by a probability
wave function |¥|?, as depicted in Fig. 1(a). When an atom is
exposed to a strong laser field, the atomic potential (V) is
deformed. A part of the wave function can tunnel through the
Coulomb barrier, creating subcycle electron wave packets in each
half optical cycle of the laser pulse. In our technique, the subcycle
electron wave packet generated by the strong laser field, which we
call the fundamental pulse £, is thus used as the fast temporal
gate to probe a signal pulse £g. The signal pulse is too weak to
induce tunneling ionization (only ~0.1% or ~0.01% of the fun-
damental intensity), but it can perturb the tunneling ionization
process when superposed with the fundamental pulse, changing
the total ionization yield.

To describe the subcycle tunneling ionization of an atom in a
strong laser field, it is convenient to introduce the concept of an
instantaneous ionization rate w(E). There are a few ionization
models that have been successfully used to describe strong field
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Fig. 1. (a) Tunneling ionization is illustrated. The part of the wave-
function (blue line) tunnels through the deformed potential barrier (red
line). (b) The instantaneous ionization rate w(#) (blue line) and its
derivative with respect to the field strength w'(¥) = dw/dE|g_p,
(dotted line) calculated using the ADK ionization model for a He atom
are shown. The fundamental laser pulse (center wavelength: 800 nm,
duration: 3.9 fs in the FWHM, peak intensity: 1 x 10" W /cm?) used
in the calculations is shown with the red line. (c¢) The numeral calcula-
tions were performed using the TDSE model in 3D. The fundamental
pulse shown in (b) and the broadband signal pulse (blue line) were used
in the calculation. The modulation of the ionization yield 6N /N, ob-
tained by solving the TDSE calculations is shown (red line). The modu-
lation amplitude of the ionization yield for the same signal intensity is
different for different wavelengths, as shown with the dashed line in (d).
The modulation, after calibrating the spectral response (see Section S1.3
of Supplement 1), is shown as the green line. (d) The spectral amplitude
(thick lines) and phase (thin lines) of the original (blue) and the calcu-
lated (red) pulses from the modulation of the ionization yield are shown.
The spectral response of the TIPTOE measurement is shown with the
dashed line (see Section S1.3 of Supplement 1).

phenomena, such as above-threshold ionization (ATI) and HHG
in the tunneling regime [16-19]. In these models, the instantane-
ous ionization rate depends only on the field strength of the
laser pulse. The superposition of the weak signal pulse can be
approximated to the first order as w(Ep + Eg) = w(Ep) +
[dw(E)/dE|g—g,]Es (see Section S1.1 of Supplement 1).
Neglecting the depletion of the ground state, the total ionization
yield IV obtained by applying the two laser pulses can be written
as N =N, + 6N. Here, Ny = [w(Ep)dt is the ionization
yield obtained by the fundamental pulse, and 6N = [[dw(E)/
dE|g—g,|Esdt is the modulation of the ionization yield due to
the addition of the signal pulse. A universal feature of tunneling
ionization is the exponential dependence of the ionization rate
on intensity. Both the instantaneous ionization rate w(£y) and
its derivative with respect to the field strength dw(E)/dE|p_,
behave like a series of delta functions at every half optical cycle
of the fundamental laser pulse due to the exponential dependence
on the field strength, as illustrated in Fig. 1(b). The derivative
dw(E)/dE|g_g, provides a fast temporal gate at the peak of
the pulse with a duration of about 190 attoseconds for the case
shown in Fig. 1(b) in which the ionization rate and its derivative
calculated using the Ammosov, Delong, and Krainov (ADK) ion-
ization model [16] are shown. Assuming that the fundamental
field has the cosine waveform (i.e., zero CEP), the modulation

of the total ionization yield can be approximated as the sum of

contributions from all half cycles,
a,Eg (T+ m§F> (1)

ON (1) x Z
= L0, 1, ..
Here, a,, is a constant that represents the amplitude of the deriva-
tive dw(E) /d E at the mth half optical cycle and 7 is the period of
the fundamental pulse. If the fundamental pulse is so short that the
ionization event effectively occurs only at the peak (m = 0),
Eq. (1) can be simplified for an arbitrary signal pulse as

ON (1) x Eg(7). (2)

The modulation of the ionization yield is proportional to the
field amplitude of the signal pulse. This condition is satisfied
when the fundamental pulse is shorter than around 1.5 optical
cycles. The derivative dw(E)/dE for m = +1 and m = -1 is
only 1% of the peak at 72 = 0. Then, Eq. (2) is valid for a broad
spectral range of the signal pulse if the excitation due to the signal
pulse does not occur. For the atomic targets (He and H), the ex-
citation does not occur up to 1.5 PHz (see Section S1.3 of
Supplement 1). Consequently, the TIPTOE method can be ap-
plied for the broad spectral range of the signal pulse.

The validity of the TIPTOE method was examined using
numerical calculations. The ionization yield was calculated in a
He atom by solving a time-dependent Schrodinger equation
(TDSE) in 3D [20]. The 3.9 fs (1.5 optical cycle) fundamental
pulse was used at the intensity of 1 x 10'* W /cm?. The signal
pulse has a bandwidth of 1.3 PHz (from 220 nm to 3.7 pm in
wavelength) in the FWHM, as shown in Figs. 1(c) and 1(d).
The duration of the intensity envelope for the signal pulse shown
in Fig. 1(c) is 590 as (1 as = 107% 5), and the duration of the elec-
tric field square is 280 as in FEWHM. Even for this extreme case, the
modulation of the ionization yield accurately reproduced the origi-
nal signal pulse, as shown with the red line in Fig. 1(c). When
the spectral response of the method shown in Fig. 1(d) is calibrated,
the accuracy of the reconstruction is improved, as shown with the
green line in Fig. 1(c) (see also Section S1.3 of Supplement 1 for the
spectral response of the TIPTOE measurement). Note that
the spectral calibration is not necessary when the fundamental
and signal pulses have the similar bandwidth. Thus, itis notapplied
for the experimental data shown in Figs. 4-6. These numerical
calculations support the validity of the TIPTOE measurement
for the arbitrary PHz light wave.

In Eq. (2), neither the atomic excitation before tunneling nor
the electron—ion interactions after tunneling are taken into
account. The addition of the signal pulse can alter the electron
trajectory after tunneling, thereby affecting the electron—ion
interactions, known as the rescattering process [21]. Our numeri-
cal calculations that include these effects confirm that the excita-
tion and electron—ion interactions do not affect the accuracy of
Eq. (2), as shown in Figs. 1(c) and 1(d). Since we used the single
active electron approximation in the calculations, multielectron
effects such as double ionization were not included. However,
their combined contribution to the total ionization yield is less
than 1% [22,23]. Since the double ionization cross section is a
slowly varying function of the kinetic energy of the returning elec-
tron, and the signal beam does not much change the kinetic en-
ergy of the electrons, their contribution in the modulation should
remain less than 1% [24]. Therefore, the multielectron effects
should be insignificant in the TIPTOE measurement.
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Fig. 2. Incident laser pulse is separated into two pulses: the fundamental pulse £ and the signal pulse £. The fundamental pulse is divided into two
identical pulses again by a beam splitter (BS2). One of these components is superposed with the signal pulse by another beam splitter (BS3). A part of the
fundamental (730 nm, 5 fs pulses) or second-harmonic (355 nm) pulse can be selected as a signal pulse since the pulses are temporally separated. In the
reference channel, the ionization yield IV, is measured using only the fundamental pulse. In the signal channel, the ionization yield Ny + 6NN is measured

using the fundamental and signal pulses. The details of the setup are provided in Section 4 (Methods).

The total ionization yield from tunneling ionization was mea-
sured using two metal plates connected to a signal amplifier and a
data acquisition board in the experiment. The details of the ex-
periment setup to perform the TIPTOE measurement, illustrated
in Fig. 2, are explained in Section 4 (Methods). In the experi-
ments, the ionization yield can also be modulated by the power
fluctuation of the laser pulses. To compensate the modulation
caused by the power fluctuation, the total ionization yield was
differentially detected, as shown in Fig. 2. In the reference chan-
nel, the total ionization yield N, produced by the fundamental
pulse only was measured. In the signal channel, the total ioniza-
tion yield Ny + 6N produced by both the fundamental and sig-
nal pulses was measured. The modulation of the total ionization
yield due to the power fluctuation of the fundamental pulse could
thus be canceled, and the modulation of the ionization yield was
obtained with the ratio 6V /N as a function of the time delay.
Consequently, the contribution of the signal pulse could be
measured precisely. It should be noted that the differential detec-
tion is not essentially required for the TIPTOE measurement.

The TIPTOE method can be applied without the reference chan-
nel. Since the power fluctuation of the laser causes a random
noise, it can be removed by applying the spectral filtering or
averaging the data (see Section S2 of Supplement 1).

B. Determination of the CEP of the Fundamental Pulse

The CEP of the fundamental pulse should be set to zero to
measure the signal pulse accurately including the CEP. In this
work, the second-harmonic signal pulse is used to find the
CEP of the fundamental pulse, as described in Fig. 3, but other
techniques can also be used [11,25]. For a cosine fundamental
pulse (zero CEP), the contribution of the central peak to the total
ionization yield is much greater than the contributions of the ad-
jacent peaks, as shown in Fig. 3(a). The total ionization yield is
modulated at the frequency of the second-harmonic signal pulse.
On the other hand, in the case of a sine fundamental pulse,
two dominant ionizations near the central peak (at r = -7'y/4
and t = +7,/4, where T is a period of the fundamental

pulse) contribute to the total ionization yield. The superposed
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Fig.3. (a), (b) ADK ionization rates calculated for Ar atoms using a 5 fs Gaussian (a) cosine or (b) sine pulse with an intensity of 1 x 10 W /cm?. The
ionization rates obtained only with the fundamental field £ are represented by solid red lines, while those obtained with the fundamental field £ and the
second-harmonic signal field £ are shown with solid blue lines. In each case, the intensity of the second-harmonic field was 0.1% of the intensity of the
fundamental field. (c) Results of b initio calculations performed using the fundamental and second-harmonic signal pulses and different fundamental
pulse CEPs ¢%EP. (d) Experimentally obtained total ionization yields corresponding to different CEPs. The ionization yields from Ar atoms (5 mbar) were
obtained using the fundamental pulse (duration: 5 fs, center wavelength: 730 nm, peak intensity: 1 x 10'4 W /cm?) and the second-harmonic signal pulse
(duration: ~100 fs, center wavelength: 355 nm). Nine cases corresponding to fundamental pulse CEPs ranging from 1.607 to 2.437 are represented by
solid lines. The depicted ionization yields were obtained after narrow bandpass filtering (solid lines) and low-pass filtering (dots). (¢) Comparison of the
amplitude modulation results of the b initio calculations (red line) and the experiments (blue boxes) for different CEPs.
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second-harmonic signal increases the ionization yield for a half
optical cycle, but it decreases the ionization yield for the next half
optical cycle, as shown in Fig. 3(b). Thus, the contributions of the
two dominant ionizations cancel each other out, and the modu-
lation amplitude of the total ionization yield is much weaker than
that obtained using the cosine fundamental pulse. The result of
the TDSE calculations, presented in Fig. 3(c), further supports
these interpretations. The differences between the amplitudes
resulting from using different CEPs are also observable in the
experimental results depicted in Fig. 3(d). Since the amplitude
is maximized when the CEP of the fundamental pulse is set to
zero, the CEP of the fundamental pulse at the focus where the
TIPTOE measurement takes place can be determined, as shown

in Fig. 3(e).
C. Validation of the TIPTOE Measurements

For a proof-of-concept of the TIPTOE method, a waveform mea-
surement was carried out using few-cycle laser pulses. After setting
the CEP of the fundamental laser pulse, a few-cycle laser pulse was
used as a signal. The TIPTOE measurement was carried out for
different CEPs; the results of these measurements are presented in
Fig. 4. As the CEP of the signal pulse changes, the CEP of the
signal pulse clearly evolves, as illustrated by the results in Fig. 4(a).
Note that the shape of the envelope is not changed much when
the CEP of the signal pulse varies from cosine to sine, as shown in
Figs. 4(b) and 4(c). The duration of the signal pulse, measured
while changing the CEP, was 4.8 & 0.5 fs. The CEP evolution
agrees with the values expected from the thickness change of the
glass wedge used to control the CEP. Thus, the measurement
results demonstrate the applicability of the TIPTOE method

for characterizing light waves, including their CEPs.
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Fig. 4. Experiments were performed with few-cycle laser pulses. The
intensity of the fundamental pulse was 1 x 10' W /cm?. The signal in-
tensity was ~1 x 10'! W /cm?. The modulation of the ionization yield
was obtained in the Ar-filled chamber (5 mar). (a) Signal pulse measure-
ments for different CEPs ¢$EF are shown. The color code shows the
modulation of the ionization yield. (b), (c) The experimental data
(6N/N,) for cosine (b) and sine (c) signal pulses are shown (dots).
The signal pulses (solid lines) and their envelopes (dashed lines) obtained
after the spectral filtering from 500 nm to 1 pm are shown.

To confirm further the validity of the TIPTOE method,
we compared the waveform measurements obtained using two
different methods: the TIPTOE method and the petahertz optical
oscilloscope method [7]. The waveforms of signal pulses were
measured sequentially using both techniques (see Section S3 of
Supplement 1). The two measurements show a very good agree-
ment in all three cases: positively chirped [Fig. 5(a)], chirp-free
[Fig. 5(b)], and negatively chirped [Fig. 5(c)] signal pulses. In
Fig. 5(b), however, the amplitude of the chirp-free signal pulse
measured using the petahertz optical oscilloscope is weaker than
that obtained using the TIPTOE method. This discrepancy is
due to the limited deflection angle of the harmonic radiation in
the petahertz optical oscilloscope [26]. On the other hand, the
TIPTOE results for the chirp-free case exhibit the correct ampli-
tude increase, indicating the reliability of the TIPTOE method.
The discrepancy can be corrected by using the spectral amplitude
measured by the spectrometer (see Section S4 of Supplement 1).

Another validity check was performed by comparing the spec-
tra acquired using different methods. The spectrum of each pulse
was obtained by taking the Fourier transform of the experimen-
tally measured waveform. As shown in Figs. 5(d)-5(f), the recon-
structed spectra from the TIPTOE and the petahertz optical
oscilloscope methods are almost identical to the spectrum mea-
sured using a grating-based optical spectrometer, confirming that
the TIPTOE measurement yielded an accurate signal waveform.
The spectral phases exhibit positive quadratic, flat, and negative
quadratic phases for the positively chirped, chirp-free, and
negatively chirped cases, respectively. The estimated group delay
dispersions of the measurements (+15.7 fs?, +0.3 fs?, and
~16.5 fs?) agreed very well with the expected values (+16.2 fs?,
0 fs?, and -16.2 fs* for the positively chirped, chirp-free, and
negatively chirped cases, respectively) that were determined from
the thickness of the wedge insertion used for dispersion control.
The spectral phase reconstruction results also show the periodic
phase modulation imposed by the chirp mirrors, as indicated by
the red arrows in Fig. 5(e). These measurements thus provided an
additional proof of the validity and accuracy of the TIPTOE
method.

D. TIPTOE Measurements in Air

The TIPTOE method should work under ambient conditions.
The experiments shown in Figs. 4 and 5 were performed using
the atomic targets, Ar (Fig. 4) or Xe (Fig. 5) with a pressure of 5
mbar, in a gas-filled chamber for the comparison with the TDSE
calculations and the results obtained from the petahertz optical
oscilloscope. To verify the TIPTOE operation in air, we first
performed the waveform measurements for different dispersions
by inserting a glass wedge in low-pressure argon (5 mbar). Then,
we opened the chamber and repeated the measurements in air
(1 bar), as shown in Fig. 6. There is a shift in the group delay
dispersion (GDD) measurements due to the dispersion of addi-
tional air (47 c¢m air propagation in the chamber), as shown in
Fig. 6(a). The difference of the GDD obtained from the experi-
ment is 10.4 fs>, while the theoretical difference estimated for
47 cm propagation of the laser pulse at 760 nm in air is 10.9 fs?,
showing an exceptional accuracy of the measurements. The tem-
poral profiles for the chirp-free case are compared in Fig. 6(b) and
their spectral amplitudes and phases are compared in Fig. 6(c).
They show almost identical pulse shapes, confirming the appli-
cability of the TIPTOE method in air.
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Fig. 5. (a)—(c) TIPTOE and petahertz optical oscilloscope (PO) measurements for signal pulses with different chirp conditions. In the TIPTOE
measurements, the ionization yield from Xe atoms (5 mbar) was measured using the fundamental pulse (duration: 5 fs, center wavelength:
730 nm, intensity: 3 x 10> W /cm?). The dispersion of the signal pulse was controlled using a glass wedge to obtain (a) positively chirped,
(b) chirp-free, and (c) negatively chirped pulses. The color plot at the top of each panel shows the spatial distribution of the harmonic radiation measured
in the PO. In each case, the signal pulse was estimated based on the modulation of the spatial distribution. The signal electric fields measured using the PO
method ESPO () are shown with blue lines in (a)—(c), while those obtained using the TIPTOE method N /N, are represented by red lines. The spectral
filtering was applied to both the PO and TIPTOE results from 500 nm to 1 pm. (d)—(f) Spectral amplitudes (lower lines) and phases (upper lines)
acquired using the PO (blue lines) and TIPTOE (red lines) methods for (d) positively chirped, (e) chirp-free, and (f) negatively chirped pulses. The
spectral amplitudes measured with a grating-based optical spectrometer are shown with black lines for comparison in (d)—(f). The phase modulation
caused by the chirp mirrors is marked with red arrows in (e).

3. DISCUSSION

20 The TIPTOE method uses tunneling ionization as a fast temporal
gate for the sampling of a laser field. This unique feature enables
the complete temporal characterization of the laser field for many
—e— Ar (5 mbar) different situations. In this work, the validity of the method is
—e— Air (1 bar)

confirmed using few-cycle laser pulses that cover the wavelength
range from 500 nm to 1 pm. According to the numerical analysis
shown in Fig. 1, the method can be employed across a broad spec-
tral range covering a 1.5 PHz bandwidth for the wavelength longer
than 200 nm without a vacuum requirement. As shown in Sections

S1.2-1.3 of Supplement 1, the TIPTOE method can also be ap-

1 1.2 1.4 1.6 1.8 2
AL (Wedge thickness) (mm)

_0.2 — Ar (5 mbar)

— Air (1 ban plied for multicycle laser pulses if the duration of the fundamental
-80 -60 -40 —2T(?me dgla (fi;) 40 60 80 laser pulse is shorter than three times the transform-limited dura-
2 Y 20 tion of the signal pulse. There is no restriction on the chirp con-
E \ © o~ 03 dition of the signal pulse. The experimental verification for different
< — oo N 3 wavelengths. or long r%lultlcycle laser Pulses, which is beyond the
52 Spectrometer o £ scope of this work, will be presented in future works.
25 ~ In summary, we demonstrated a new pulse characterization
<03 035 04 045 05 055 06 method called TIPTOE in which an arbitrary laser field is directly
Frequency (Ptiz) sampled using tunneling ionization in a gaseous medium or in
Fig. 6. (a) GDDs obtained for different glass thicknesses in air (blue) air. It is shown that the TIPTOE method can be used to measure

and in Ar (red) are shown. (b) The temporal profiles obtained at the the laser field including the CEP. The validity of the method is
chirp-free cases [marked with the arrows in (a)] for 1 bar air (blue) confirmed by comparing the results obtained with the petahertz
and 5 mbar Ar (red) are compared. (c) The spectral amplitudes optical oscilloscope using few-cycle laser pulses for different

for the pulses shown in (b) are shown for 1 bar air (thick blue) and : . A . R ;
5 mbar Ar (thick red). The spectral amplitude measured with a spectrom- dispersion conditions. Since tunneling ionization universally oc-

eter is shown (thick black). The spectral phases are shown for air curs for a broad spectral range, the TIPTOE method will provide

(thin blue) and Ar (thin red). The spectral filtering is applied from a versatile tool for the complete temporal characterization of a
500 nm to 1 pm. laser field.
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4. METHODS

A 1 kHz CEP-stabilized Ti:sapphire laser was used in the experi-
ment. The laser pulse was initially 25 fs long at the center wave-
length of 800 nm. A few-cycle laser pulse was obtained by using a
Ne-gas-filled (3.7 bar) 2 m long stretched hollow-core fiber with
an inner diameter of 500 pm. The energy of the laser pulse used in
the experiment was around 10 pJ. The energy jitter of the laser
was around 1% rms at the place where the ionization is measured.
After the second-harmonic beam was generated (BBO, 200 pm
beta barium borate crystal), it was separated by a harmonic sep-
arator (BS1). The harmonic separator reflected both the funda-
mental (4%) and second-harmonic (>90%) components, which
were temporally separated. Thus, a portion of the fundamental or
the second harmonic could be used as the signal pulse, depending
on the time delay.

The second-harmonic pulse was used as a signal pulse to de-
termine the CEP of the fundamental pulse. Since the polarization
direction of the signal pulse should be parallel to that of the fun-
damental pulse, the polarization of the second-harmonic pulse
was rotated by a half-wave plate (HWP). The fundamental pulse,
which had an incident angle of 80°, was divided into two identical
pulses again by a fused silica glass beam splitter (BS2). The re-
flected fundamental pulse passed through a compensation plate
(CP) to compensate for the dispersion in BS2. The fundamental
pulse transmitted through BS2 was superposed with the signal
pulse by another harmonic separator (BS3). Due to the reflectivity
of the harmonic separator near 700 nm, the intensity of the signal
pulse was reduced to ~0.1% of the fundamental intensity after
two reflections. The signal intensity was adjusted further by using
a variable iris (not shown). The dispersion of each beam line
was controlled by a pair of fused-silica wedges with an angle
of 2.8° (W1, W2).

The ionization yield was differentially measured using the
experiment setup shown in Fig. 2. In the signal channel, the fun-
damental pulse superposed with the signal pulse was focused
between two parallel metal plates (each with dimensions of
1l cm x 1 cm) to obtain the ionization yield Ny + 6N. In the
reference channel, the fundamental pulse without the signal pulse
was focused between the other metal plates to obtain the reference
ionization yield N,. The electrons and ions were produced by the
tunneling ionization between the biased metal plates. They can be
accelerated and collide with other molecules, producing other
electrons and ions. This post-ionization process is known as
Townsend discharge, which can amplify the signal depending
on the bias voltage and the gap (~1 mm) between two metal
plates. The metal plates were connected to current amplifiers
(Keithley, 428 current amplifier), which applied bias voltages
of 5 V and collected electrons and ions. When the measurement
was carried out in air, the bias voltages of 200 V was applied by
the separate power supplies (Stanford Research System, PS350).
The peaks of the ionization signal for every pulse were recorded by
the data acquisition boards (National Instrument, USB-6216) fast
enough to capture the ionization yield at a 1 kHz or higher rep-
etition rate with a 16 bit resolution. The time delay 7 between the
fundamental and signal pulses was controlled by a piezo stage (PI,
P-629). The signal pulse precedes the fundamental pulse when
the time delay is positive. The CEPs of the fundamental and sig-
nal pulses were independently controlled by wedge pairs W1 and
W2. The polarization direction of the fundamental and signal
pulses should be parallel. However, their directions with respect

to the metal plates do not affect the measurement. The stability of
the measurement was tested (see Section S2 of Supplement 1). It
shows a 2.8% rms error in the duration measurement. After the
TIPTOE measurements, we performed the petahertz optical
oscilloscope measurement (see Section S3 of Supplement 1).

Funding. Institute for Basic Science (IBS-R012-D1).
See Supplement 1 for supporting content.
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