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Single-shot carrier-envelope-phase detection
using tunneling ionization in ambient air
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Abstract: The carrier-envelope phase (CEP) of a laser pulse plays a crucial role in laser-matter
interactions. The inherent shot-to-shot instability of the CEP necessitates single-shot detection,
which is not only vital for stabilizing the CEP but also for observing ultrafast phenomena that
conventional averaging techniques cannot resolve. In this study, we demonstrate a novel approach
utilizing strong-field ionization in ambient air for single-shot CEP measurement. Our method is
applicable without the need for an imaging device, providing a practical and precise solution for
high-repetition-rate CEP measurement.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The carrier-envelope phase (CEP) of an ultrashort laser pulse is an important parameter that
describes the phase difference between the carrier wave and the envelope of the pulse. It is
crucial in strong-field physics and attosecond science, as it plays a critical role in determining the
outcome of laser-matter interactions. Specifically, the CEP of the laser pulse affects strong-field
ionization and the electron trajectory after ionization, leading to differences in various phenomena
such as above-threshold ionization [1], high harmonic generation [2], and frustrated tunneling
ionization [3]. Therefore, measuring the CEP is essential for understanding and controlling
laser-driven phenomena in atoms, molecules, and solids.

Over the past two decades, several techniques have been developed for the CEP measurement.
One commonly used method is the f-to-2f interferometer [4,5], which determines the CEP by
measuring the interference between the second harmonic of the fundamental pulse and the
same frequency component inherited from the fundamental pulse. The f-to-2f technique has
become a widely used method for producing a feedback signal to stabilize the CEP, utilizing the
interference between a broadband laser pulse and its second harmonic pulse. This technique
provides information on the variation of the CEP, which corresponds to the relative changes in
CEP between consecutive laser shots

The absolute CEP of individual laser shots could be measured by utilizing above-threshold
ionization (ATI) spectra measured using a stereo ATI spectrometer [1,6,7]. These techniques rely
on the observation that the probability of electrons being detected in the two opposite directions
of the laser polarization depends on the laser pulse’s CEP. The stereo ATI spectrometer is a
powerful tool for measuring the absolute value of the CEP in a single-shot.

To overcome the complexity of the ATI-based measurements in vacuum, other experimental
approaches were proposed that operate in ambient air [8–14]. One of the recent methods involves
the use of nanostructures [8–11]. When a laser pulse hits a nanostructure, the plasmonic effect
enhances the laser field. By utilizing the CEP dependence of the photoemission current induced
by the enhanced field, the CEP of the enhanced field could be measured. Another method recently
demonstrated involves utilizing pulses of circular polarization to ionize the air and detecting the
generated currents in different directions [13].
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Fig. 1. Normalized amplitude of ionization yield modulations. The ionization yields are
obtained by solving the time-dependent Schrödinger equation (1D) for different CEPs. Then,
the normalized amplitude of the ionization yield modulation [(Nmax − Nmin)/(Nmax + Nmin)]
is obtained using the maximum (Nmax) and minimum (Nmin) values. It is assumed that the
laser field has a Gaussian envelope A(t) at the center wavelength of λ1 = 800 nm. For the
two color cases (λ1=800 nm and λ2=400 nm), the phase of the second harmonic field is set
to the twice of the phase of the fundamental field [i.e. E1ω(t) = A1ω(t) cos(ω1t + ϕCEP) and
E2ω(t) = A2ω(t) cos(2ω1t + 2ϕCEP), where ω1 is the carrier frequency of the fundamental
pulse, t the time, ϕCEP the CEP of the fundamental pulse]. The FWHMs for fundamental
pulse and second harmonic pulse are 5fs and 20fs, respectively. The intensity of the
fundamental pulse is fixed to be 1013 W/cm2, and the intensity ratios are shown in the
legend.

We present a new approach for a single-shot CEP measurement using strong-field ionization
in ambient air. Ionization yields produced by two-color laser fields are obtained at different
relative phases. The ionization yields provide information on the absolute CEP value of the
laser pulse. Since the method can be combined with a pulse characterization technique called
tunneling ionization with a perturbation for the time-domain observation of an electric field
(TIPTOE) method [14], complete information on the incident laser pulse can be obtained. Also,
it can be implemented using a relatively simple experiment setup in ambient air without changing
the polarization state of the incident laser pulse. Therefore, our approach will be used as an
important tool for CEP measurements.

2. Basic principle of CEP measurement using ionization

The temporal waveform of a laser field varies depending on the CEP. This effect becomes clear
when the pulse is short. The variation of the CEP causes a significant impact on strong field
ionization and the electron trajectory after the ionization. The ATI spectra show a clear difference
even for few-cycle driving laser pulses. Thus, the CEP of the laser pulse can be determined by
measuring the photoelectron spectra using a photoelectron spectrometer [4].

The amount of ionization is also dependent on the CEP of the laser pulse, which can be
easily measured in ambient air [15]. We calculated the variation of the ionization yield N(ϕCEP)

for different CEPs ϕCEP by solving the time-dependent Schrödinger equation. A sinusoidal
modulation of the ionization yields was observed as the CEP varies. The normalized amplitude of
the modulation [(Nmax − Nmin)/(Nmax + Nmin)] could be obtained using the maximum (Nmax) and
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the minimum (Nmin) values of the ionization yield modulation, as shown in Fig. 1. We calculated
the normalized amplitude of the ionization yield modulation for different pulse durations. The
normalized amplitude of the modulation increases as the duration of the laser pulse decreases as
shown in Fig. 1.

The ionization yield is also highly sensitive to other laser parameters, such as power, polarization,
divergence, and dispersion conditions. For example, a power fluctuation of 1% can change the
ionization yield in air by approximately 6% [14]. Therefore, to determine the CEP of the laser
pulse from the ionization yield, the amplitude of the ionization yield modulation should be
sufficiently large. However, the calculation results shown in Fig. 1 suggest that the pulse duration
needs to be nearly as short as a single-cycle pulse (2-3 fs duration at an wavelength of 800 nm) to
observe significant variation in the ionization yield for different CEPs, which imposes stringent
requirements on many applications.

We use a second harmonic field of the fundamental laser field to mitigate the duration
requirement. By mixing the second harmonic field with the fundamental laser field, the duration
of the laser pulse effectively reduces, and the modulation amplitude is enhanced, as shown in
Fig. 1. We obtained the largest modulation amplitude when the intensity ratio between the
fundamental (I1ω) and second harmonic (I2ω) pulses is I2ω/I1ω ∼ 0.002. For a two-cycle laser
pulse (5.2 fs at the wavelength of 800 nm), the modulation amplitude is 0.2, significantly higher
than 0.002, the value obtained with a single-color laser pulse, as shown in Fig. 1. Consequently,
the CEP of the laser pulse can be measured using a two-color laser field under relaxed conditions.

3. Experimental setup

For the experimental demonstration of the CEP measurement, we used a CEP-stabilized
Ti:sapphire laser (Femtopower X CEP4, Femtolaser). The output pulse of the laser system has a
center wavelength of 800 nm and a duration of 30 fs. It was compressed down to 5 fs using a
stretched-hollow-core fiber and an array of chirped mirrors [16]. The CEP of the laser pulse
was stabilized using the feed-forward scheme [17]. For comparison, an f-2f interferometer
was installed. The laser beam partially reflected on the glass wedge was used for the f-2f
interferometer as shown in Fig. 2(a). The CEP was controlled by changing the thickness of the
fused silica wedge.

In order to measure an ionization yield, we used a TIPTOE setup that is used for the temporal
characterization of the laser field [13]. An input laser beam is divided into two replica beams
using an annular mirror and an inner mirror as shown in Fig. 2(a). A main pulse (reflected by the
annular mirror) is responsible for inducing ionization. A weak pulse, which on its own cannot
produce ionization, can modulate the ionization yield when it is superposed on the main pulse.
The temporal profile of the weak laser field is obtained by the modulation of the ionization yield
in air molecules (mostly O2). Here, we applied a bias voltage of ∼1 kV to the electrodes to
prevent the recombination of ionized electrons with ions [18]. This configuration allows for a
large separation between the electrodes (2 mm), which is significantly greater than the size of
the focused beam. The TIPTOE setup is insensitive to alignment changes of the laser beam.
However, this configuration is also insensitive to the directionality of the ionization, meaning
that we can only measure the amount of ionization [13,15].

The TIPTOE setup is designed for the temporal characterization of a laser pulse, but it is
also useful for CEP measurement. We placed a Type-1 BBO crystal in the beam path to create
the second harmonic field, as shown in Fig. 2(a). Since the fundamental pulse is significantly
stronger than the second harmonic and their polarizations are orthogonal, we used a wire-grid
polarizer to control the relative intensity and polarization. After the wire-grid polarizer, the
fundamental beam is significantly attenuated, and both beams have the same polarization. The
peak intensity of the fundamental pulse was approximately 7 × 1012 W/cm2. The intensity ratio
between the second harmonic and the fundamental was I2ω/I1ω ≅ 0.01.
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Fig. 2. A schematic diagram of the experimental setup. (a) TIPTOE setup. The reflected
beam on the glass wedge is used for the f-2f interferometer. The incident beam is split
using the annular mirror and the inner mirror. The annular mirror has a hole (2.6 mm), and
the diameter of the inner mirror is 2 mm. A BBO crystal (0.2 mm thickness, Type-1) is
used to produce a second harmonic field. The two beams are focused with a focusing with
an f-number of 125. The wire-grid polarizer is used to adjust the intensity ratio between
the fundamental and second harmonic fields. The ionization yields (N1, N2, and N3) are
measured using three electrodes separated by 30 mm. The fundamental of the main pulse
overlaps with the second harmonic of the signal pulse with different phases at three electrodes
due to the Gouy phase and air dispersion. (b) Ionization yield modulation obtained with
two-color laser fields. The inset shows the main and signal pulses with a time delay of 432 fs.

Since the second harmonic pulse is delayed with respect to the fundamental pulse after the
second harmonic generation, they do not overlap in time. There are four pulses: the main
pulse has the fundamental and second harmonic fields, and the weak signal pulse also has the
fundamental and second harmonic fields, as shown in the inset of Fig. 2(b). We adjust the time
delay between the main and signal pulses so that the fundamental of the main pulse overlaps
with the second harmonic of the signal pulse. To find the temporal overlap of these pulses, we
measured the ionization yield as a function of the delay between the main and signal pulses.

The TIPTOE trace shows a few-cycle pulse near a delay of zero that corresponds to the
fundamental 5fs pulse. At a delay of 432 fs, we observed an increase in the ionization yield
due to the overlap of the fundamental pulse of the main pulse and the second harmonic of the
signal pulse as illustrated in the inset in Fig. 2(b). In this case, the second harmonic pulse of the
main pulse (Emain

2ω ) and the fundamental pulse of the signal pulse (Esignal
1ω ) do not contribute to the

ionization yield because they are too weak. The ionization yield is produced by the combination
of the two fields (Emain

1ω + Esignal
2ω ) as shown in the inset in Fig. 2(b). Using this experimental

setup, we could control the CEP and the relative phase of the two-color laser field. It should be
noted that the ionization probability is very low (<10−8) [15]. We did not observe any noticeable
changes in the spectrum of the laser beam after the focus.

For the two-color laser field, the ionization yield is dependent on both the CEP and the relative
phase. We have calculated the ionization yield for the two-color laser field using the two laser
fields, A1ω(t) cos(ω1 + ϕ1ω) + A2ω(t) cos(2ω1 + 2ϕ1ω + ϕ20), as shown in Fig. 3(a). Since the
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second harmonic is generated using the fundamental pulse, the phase of the second harmonic is
dependent on the CEP of the fundamental pulse ϕ1ω with an additional phase ϕ20. The ionization
yield varies periodically depending on the CEP ϕ1ω and the additional phase ϕ20, as shown in
Fig. 3(a).

Fig. 3. (a) The phase difference between the fundamental and second harmonic pulses for
three copper plates, N1, N2, and N3, where the ϕ1(l) and ϕ2(l) were calculated as 0.015π/mm
and 0.1π/mm, respectively, for an 8-mm beam. (b) The ionization yields as a function of
ϕ10 and ϕ20 at N2. For N1 and N3, it can be described by its phase shift. The black dots
correspond to the ionization yields at N1, N2, and N3 respectively. The positions of the black
dots vary depending on ϕ1(l) and ϕ2(l).

In order to determine the CEP of the laser field with a single laser shot, we measure the
ionization yield at three different positions near the focus, as shown in Fig. 3(b). These
measurements allow us to measure the ionization yield with three different CEPs and relative
phases with a single laser shot.

We analyze the ionization yields (N1, N2, and N3) measured using three electrodes at different
positions, as shown in Fig. 3(b). Here, ϕ10 represents the CEP of the fundamental pulse in the
middle electrode, and ϕ20 represents the additional phase caused by a second harmonic generation
process and propagation from the second harmonic crystal to the middle electrode. The first and
third electrodes are equally separated from the middle electrode. Assuming the middle electrode
is located at the focus, the phase differences caused by the Gouy phase shift and air dispersion
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Fig. 4. (a) The ionization difference between the two copper plates was plotted as a function
of shot number. Comparison with Fig. 4 reveals that shot numbers 1-12 correspond to the
point of absolute CEP at π /4. (b) The CEP map with an elliptical fit was obtained from
1-372 shot number of (a), with each color corresponding to a specific CEP distribution of 2π
range. The offset value was excluded in order to place the origin of the ellipse at the center.

are dependent on the distance between the electrodes, imposing additional phases [±ϕ1(l) and
ϕ2(l)] for the fundamental and second harmonic pulses.

The goal of this experiment is to create a parametric plot of a circular shaped object using the
ionization levels in two channels, and to detect the absolute CEP value of N2 in a single-shot. To
minimize noise caused by intensity fluctuations, N1 − N2 and N2 − N3 were used for x-y axes,
and a circular plot can be obtained when there is a phase difference of π/2 between the two axes.

The amount of the ionization yield varies depending on ϕ10 and ϕ20. As the CEP (ϕ10) of the
fundamental pulse varies, the ionization amplitude modulates. This modulation is maximized
when ϕ20 is 0 or ±π. Therefore, we can find this condition by the ionization yield modulation of
N2. Then, we have to find the distance l that determines ϕ1(l) and ϕ2(l). These two phases are
related. When ϕ1(l) = π/2 and ϕ2(l) = π, we obtained the phase difference of approximately π/2
for the two axes. We can determine the optimal separation distance l by the phase difference of
the two modulations (N1 − N2) and (N2 − N3).

4. Measurement results

We performed the single-shot CEP measurement using the Ti:sapphire laser that produces 30 fs
pulses. The laser pulse is compressed using a stretched hollow core fiber and chirped mirrors
down to 5 fs. The ionization yield differences obtained for different CEPs are measured as shown
in Fig. 4(a). The ionization yields are obtained for 12 shots at the same CEP, and we changed the
CEP slightly. As we change the CEP value, we observe sinusoidal modulations as expected. The
ionization yield differences N1 −N2 and N2 −N3 have a phase difference of 0.4π. We can produce
a circular plot using these two ionization yield differences for x and y axes, as shown in Fig. 4(b).
The polar angle of this plot, which can be obtained by tan−1[(N2 − N3)/(N1 − N2)] corresponds
to the CEP of the fundamental laser field. The CEP measured through the polar angle in Fig. 4
and the CEP calculated through the thickness of fused silica wedges are compared in Fig. 5.

There are several sources of uncertainty in the CEP measurement, including fluctuations in
intensity, dispersion conditions, and wavefront variations. These variations eventually affect the
beam intensity, changing the ionization yields. In order to suppress these measurement errors, we
introduced the ionization yield differences which form a circular plot. From this measurement,
we could determine the CEP with a single laser shot.
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Fig. 5. Absolute CEPs obtained from the polar angle of the parametric plot. The CEP
was controlled by a glass wedge. The CEP values of 12 laser shots were measured at a
fixed wedge position. The average value of the 12 CEP measurements is shown with black
dots and their standard deviation is represented with error bars. The expected CEP values
calculated using the thickness of the fused silica wedges are shown with a blue line. The
offset of the blue line is adjusted.

5. Conclusion

In this study, we successfully demonstrated the single-shot detection of the carrier-envelope
phase (CEP) of few-cycle laser pulses using tunneling ionization in ambient air. We analyzed the
ionization yields generated by two-color laser fields. It is shown that the ionization yields are
modulated as the CEP of the fundamental pulse or the relative phase between the two pulses
varies. We measured the ionization yields at three different positions, which allowed us to
measure the ionization yields at different CEPs and relative phases simultaneously. Consequently,
we could determine the CEP of the laser field with a single laser shot. We observed excellent
agreement between the variations in the CEP induced by the thickness of the wedge glass and the
period of ionization modulation, validating our theoretical predictions.

The single-shot measurement of CEP is crucial for precisely characterizing the waveform of
few-cycle pulses and investigating the properties of the attosecond pulses they generate. It enables
the determination of optical pulse characteristics at the attosecond scale, providing essential
information for designing and manipulating laser pulses in interactions with molecules and solid
materials.

The key advantages of our measurement method lie in its ‘single-shot’ capability and its
operation in ‘ambient air’. The single-shot nature allows for effective response to rapidly
changing fluctuations, as each pulse is individually tagged, unlike conventional time-averaging
methods. Moreover, compared to existing single-shot techniques such as stereo above-threshold
ionization (ATI), our method offers a simplified experimental setup without the need for a vacuum
chamber. Also, the ionization measurement can be performed without using a slow device like a
CCD camera. Thus, the CEP signal obtained from the ionization measurement can be directly
converted with a very high repetition rate. Consequently, our method can provide real-time
information about the pulses used in experiments, accurately capturing their characteristics
without introducing changes in polarization or chirp.
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