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ABSTRACT

The carrier-envelope phase (CEP) is a key parameter for attosecond waveform control of ultrashort laser pulses. For laser systems with high
repetition rates, however, single-shot CEP detection is still challenging. Building on recent findings on phase detection with electric current
generation in gases, we show that with an optimized detection method, a long-term stable single-shot phase detection is feasible. We investi-
gate the achievable performance depending on various parameters such as pulse duration, gas pressure, or incident intensity. The latter exhib-
its a regime where the saturation of the ionization process boosts the phase sensitivity of the signal, which is elucidated by numerical
calculations.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0246794

Carrier-envelope phase (CEP) detection plays a central role in
ultrafast science.' ~ Its detection in a single-shot manner has been
demonstrated using the stereo above-threshold-ionization (ATI) pha-
semeter technique,” which relies on the CEP dependence of character-
istic spectral features of strong field photoionization spectra.”
Single-shot CEP detection based on spectral interference has also been
demonstrated® with achievable performances comparable to that of
the stereo ATI phasemeter.” Several improved and fast detection
schemes have been introduced recently.”” Besides these two major
branches of CEP detection, other phenomena like currents in micro-
or nanostructures,'’"* or the detection of laser-induced currents in
solids'>'® and gases,'”'” have emerged as CEP sensing techniques in
recent years. Except Refs. 10, 12, 14-16, 18, all of them have been dem-
onstrated in single-shot mode.

Here, we adopt the principle presented in Ref. 17, which is based
on the detection of spatially directed currents from strong field ioniza-
tion of ambient air driven by circularly polarized laser pulses. In contrast
to Refs. 17 and 20, the present setup uses linearly polarized laser pulses
and is therefore applicable to most few-cycle laser systems. Long-term
stability of single-shot CEP measurements has been demonstrated with

the stereo ATT phasemeter””” and the f-2f interferometer.” With our
setup, we show that long-term stability (of several hours) of single-shot
CEP detection is also achievable with a gas-gap device.

The signal formation and the CEP sensitivity has been studied in
gas-gap' " or nanoplasmonic'”'*'****® devices. Especially for the
latter, the incident intensities could be kept low owing to the field
enhancement. Here, in contrast, the intensity is high enough to drive
the target ionization into saturation. Investigating how the achievable
performance varies as a function of intensity and target gas pressure,
we observe a boost of the CEP sensitivity in the saturation regime. This
effect is explained by a theoretical model of the initial signal formation.

The experiments are conducted using a titanium-sapphire laser
system (Femtolasers Femtopower HR 10 kHz, Rainbow oscillator with
CEP4), equipped with a hollow-core fiber spectral broadening system
and a chirped mirror compressor (UltraFast Innovations PC70). The
pulse duration after compression is 4.5 fs, as determined via a d-scan
measurement,”’ with a shot-to-shot intensity fluctuation of approxi-
mately 1%.

The experimental setup for the single-shot phase detection is out-
lined in Fig. 1(a). Two foci are generated by sending the linearly
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FIG. 1. (a) The laser beam is focused between two pairs of electrodes with an f = 200 mm parabolic mirror. (b) Signal of one electrode pair for different focus positions. The
shaded area represents the time window over which the signal was integrated. (c) and (d) Phase dependence of the signal amplitude of both electrode pairs for a focus cen-

tered between them, normalized on the averaged value Vj for random CEP.

p-polarized laser pulse onto a f = 20 cm off-axis parabolic mirror fol-
lowed by a 50/50 UV-fused silica beam splitter. A glass plate in the
reflected beam compensates the material dispersion of the beam split-
ter and adjusts the relative CEP in the two arms by its tilt. A pair of
copper electrodes is placed in the vicinity of each focus. The distance
between the electrodes is 350 um—more than 10 times larger than the
focal size of 25 um full-width at half-maximum. Effects of the Gouy
phase shift along the focus are minimized as the respective dimension
of the copper electrodes of 0.5 mm is shorter than the Rayleigh length
of 0.7 mm. Each electrode pair is encapsulated in a metal gas cell with
optical windows (not shown in Fig. 1) allowing the pressure and gas
type to be adjusted to maximal signal.® To further increase the signal
strength, the gas cell is filled with 3-10 mbar evaporated ethanol to
exploit its lower ionization potential compared to air.

The laser-induced current between each pair of electrodes is tran-
simpedance amplified (10 V/A, Femro Drpca-200). The electrodes are
not biased and therefore detect the laser-induced charge displacement
rather than the total electron yield. The polarity of the detected signal
mainly depends on the position of the focus relative to the electrodes
[see Fig. 1(b)]. The signal amplitude crosses zero for a perfectly cen-
tered focus and becomes positive or negative when the focus is shifted
toward one or the other electrode, respectively. We note that some-
times, a small electronic overshoot of the signal is present, as for the
“center” measurement in Fig. 1. For a fixed focus position, the signal
amplitude varies as a function of the CEP, as illustrated in Figs. 1(c)
and 1(d). There, the signal of each electrode is plotted for different
CEPs and divided by the CEP averaged signal amplitude.
Subsequently, for single-shot detection, the resulting voltage signal is
boxcar-integrated over a short time window [gray area in Fig. 1(b)]
using homebuilt integrate-and-hold electronics. To maximize the sig-
nal-to-noise ratio, the CEP-independent contribution is minimized by
centering the focus between the electrodes, which trims the offset and

enhances the contrast. The detected CEP is only a relative one as
explained later.

Our detection scheme can be employed for single-shot CEP
detection over extended acquisition times, reaching several hours,
without realigning the experimental setup. The results of a more than
5 h measurement with randomized CEP are shown as a parametric
plot (PP) in Fig. 2, where the signal of electrode pair 1 or 2 yields the x
or y value, respectively. For that data, the phase shift between the elec-
trodes is adjusted to ~90°, as reflected by the circular shape of the PP.
Following the re-centering procedure (Refs. 17 and 21), the running
average of the electrode signal acquired over thousand consecutive
shots is subtracted from the single-pulse signal. This procedure effec-
tively removes the CEP-independent part of the signal. The data pre-
sented in Fig. 2 are recorded with an incident pulse energy of 30 yJ at
6 mbar ethanol pressure and binned into 400 bins along both x and y
axes before plotting in a polar coordinate system. The phase resolution
A¢ = 0, /r is determined from the measured standard deviation o, of
the radial width of the PP* and amounts to 194 mrad considering all
the data points in Fig. 2.

The rather large electrode distance of 350 um enhances the long-
term stability. Even though a larger gap size results in a signal reduc-
tion,"® we find that it reduces the sensitivity of the device to beam
pointing fluctuations. In first order approximation, the sensitivity to
pointing is the ratio of the pointing amplitude to the gap size.'® Thus,
for a given beam pointing amplitude, a larger electrode distance results
in smaller changes of the electric current.

For verification that the signal is proportional to the CEP of the
laser pulse, we measure the CEP while varying it with the CEP shifter
of the CEP-stabilized oscillator. The CEP retrieved from the data after
re-centering' "' and re-binning" is compared to the nominal CEP for
the applied voltage in Fig. 3(a). The agreement of both curves confirms
that the retrieved CEP is directly proportional to the applied voltage.
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FIG. 2. Re-centered parametric 8plot obtained from an acquisition time of more than
5h, corresponding to 1.8 x 10° consecutive laser pulses with random CEP. The
dashed lines enclose a o, -interval around the mean radius.
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FIG. 3. (a) Comparison of the measured CEP (dots) to the nominal CEP (line).
(b) Pressure and pulse energy scaling of the achievable precision of the device.
The pulse energy is measured in front of the beam splitter, while the intensity repre-
sents the peak intensity in the focus.
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The deviation of the data points in Fig. 3(a) from the nominal voltage,
A@ 1> consists of two contributions, the measurement error of the
phasemeter, A¢, and CEP fluctuations of the laser, Agy,, faster than
the CEP voltage scanning period. Since those noise sources are inde-
pendent, we can write the total noise as Ap,o = /A@? + Ap?..
With the device resolution of Ag & 226 mrad [which is the width of
the parametric plot corresponding to Fig. 3(a)], and the deviation of
the CEP values from the nominal CEP of around 574 mrad, we can
extract a CEP noise of the laser of 528 mrad. This is consistent with the
shot-to-shot CEP stability of the laser of ~600 mrad, which we deter-
mine with a fixed CEP voltage via the angular spread of the data in the
PP and our CEP meter. This CEP noise of the laser does not transfer
to an increased radial width of the PP as pure CEP drifts appear as
angular spread of the data.

In Fig. 3(b), we scan the intensity for different pressures of the
evaporated ethanol and observe an increase in CEP resolution at peak
intensities around 4 x 104 W/cm?, where o, /r reaches its minimum.
At higher intensities, the resolution decreases again. Best resolution is
achieved at a pressure of a few millibars. For lower pressures, the signal
amplitude decreases, leading to a collapse of the PP caused by the
decreasing particle density and the correspondingly lower number of
charge carriers. For a pressure of around 9 mbar, the measured data
are only meaningful for intensities up to around 2 x 10 W/cm®>.
Above that intensity, the radial width of the PP increased significantly,
preventing the CEP retrieval. The usage of ethanol yields a boost of the
signal of nearly one order of magnitude as compared to air, which
allows to reduce the incident intensity by about a factor of two.

Since saturation of the ionization process is expected to be signifi-
cant at the intensities used in our experiment, it is crucial to incorpo-
rate this effect in the theoretical description. We model the strong field
interaction between the few-cycle laser pulses and the ethanol mole-
cules by solving the following rate equations:

N(t+dt) = N(t) — dN, )
= N(t) — w(t + dr)dt - N(t), (2)
Z(t +dt) = Z(t) + dN. (3)

Here, N(t) is the ground state population of ethanol molecules,
N(t = ty) = Np is the initial population, Z(¢) is the total number of
free electrons, and w(t) is the ionization rate of ethanol. The latter is
calculated using the statistical photoionization model (SPI) of Ref. 28.
We prefer the SPI model over the commonly used Keldysh,”* (molecu-
lar) ADK,””" or PPT* ionization rates since it only relies on the
single-photon absorption cross section and the ionization potential as
an input, and can thus easily be applied to more complex molecules
such as ethanol. The general applicability of the SPT model to a large
range of atomic and molecular targets has been demonstrated in Ref.
28. Here, we calculate the ionization rate w(t) using the single-photon
absorption cross section of Ref. 33 and the ionization potential of
10.47 eV™* for ethanol.

The electron emission rate dZ(t)/dt is plotted in Fig. 4 (lower
panel) for a 4.5 fs Gaussian pulse together with w(t). At a representa-
tive peak field strength of 4.6 x 10'° V/m, the ionization process is
driven into saturation, which is evidenced by the shift between
dZ(t)/dt and w(t). This shift can be attributed to the depletion of the
ground state before the peak of the electric field, which significantly
reduces the electron yield in subsequent cycles due to the lower num-
ber of available neutral molecules. In an unsaturated scenario, in
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FIG. 4. Top: Electric field of a laser pulse and corresponding vector potential.
Bottom: Unsaturated ionization rate w(t) and electron emission rate dZ/dt in the
saturated case.

contrast, the electron emission rate would be proportional to the ioni-
zation rate w(t). Thus, compared to the non-saturated case, the instant
of maximum electron emission shifts to an earlier optical half-cycle of
the field. In addition, the preferred emission time within the half-cycle
moves away from the peak of the field toward earlier times. The latter
effect is especially relevant since the vector potential A(#) (represented
as a colormap in the upper panel of Fig. 4) is zero around the peaks of
the field. In the presence of saturation, most electrons are born in
regions with nonzero vector potential and acquire a drift momentum,
proportional to A(#;), which leads to higher current. Here, #; is the
birth time of an electron i, which can be extracted from Eq. (3).

To further investigate the signal scaling in saturated ionization,
both the intensity scaling and the radial intensity distribution in the
focus need to be considered. To model the detected signal, we examine
the total drift momentum acquired by all free electrons in the volume
under consideration. In the spirit of Ref. 35, the final velocity of an
electron born at t;, v; = — ﬁA(t,»), can be written in terms of the vector
potential A(t;) = — ffoo E(t)dt. To consider electrons moving in dif-
ferent directions, we take the vectorial sum over all velocities,
v =Y, v;, which yields an estimate of the mean signal at a given CEP.
In all cases, we assume that each newly freed electron starts with zero
kinetic energy. For a few-cycle laser pulse, the net velocity v is a func-
tion of CEP. For symmetry reasons, ¥ is expected to change sign upon
a 7-shift of the CEP. Accordingly, we define the magnitude S of the
CEP-dependent signal as the difference between the maximum and
minimum values for v as a function of CEP ¢,

1

32—-(max (v(9))

5 - min (1)), @

pe[0:2n] @€[0;27]
where we normalize by the number of generated electrons N. The
quantity S is a measure of the contrast of the net average drift momen-
tum per emitted charge carrier, and thus a measure of the phase sensi-
tivity of the detected current. Normalization per particle allows for the
interpretation of saturation phase effects: If the birth times of the elec-
trons remained unchanged, meaning no temporal shift occurred due
to saturation, the drift momentum per particle, and thus S, would scale
linearly with the field strength.

Calculating S for different peak intensities, see Fig. 5(a), we indeed
find that the phase signal per particle experiences a boost of nearly
one order of magnitude at an intensity of around 5 x 10" W/cm’.
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FIG. 5. (a) lon yield Z and expected signal S in the saturated case, neglecting spa-
tial variations of the intensity. The dashed line indicates the o< v/I scaling.
(b) Phase shift between the final electron momentum and the driving pulse CEP.
The inset (i) shows a Gaussian beam profile and insets (ii)-(iv) show the corre-
sponding spatial phase distribution for different peak intensities. (c) Scaling of the
expected signal S with intensity including the spatially varying phase in (b).

In this calculation, we assumed a ground state population of
3 x 107 particles in a finite region with constant intensity. The number
of particles is estimated assuming a particle density n ~ 1 x 102 m >
and a typical focal volume. The intensity denotes the instantaneous
peak intensity and directly entered the calculations. For intensities
above 2 x 10! W/cm?, the scaling of the signal contrast becomes flat-
ter than o< E. This flattening indicates that while the shift of the injec-
tion time within the half-cycle is the dominant mechanism for the
signal boost, the jump to earlier half-cycles becomes the predominant
effect at high intensities.

The maximum of ¥(¢) shifts with intensity. This phase shift is
determined by fitting a sinusoidal function to the calculated curve
7(¢). We find that it sets in at the saturation point, see Fig. 5(b). It is a
direct consequence of the temporal shift of the electron injection time
and becomes a function of position due to the focal intensity distribu-
tion. For illustration, we show the calculated spatial dependence of the
phase shift in the insets of Figs. 5(b) ii)—iv) for a Gaussian beam
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profile Fig. 5(b) i). Notably, there are different shells around the focus
that lead to a different phase of the signal, describing that the net
movement of electrons from different radii proceeds in different
directions.

To estimate the effect of this phase shift, we include the radial
intensity profile by computing v for different intensities and scaling it by
the number of particles in a thin cylindrical shell in the focal plane. The
number of particles in a shell of length d, radius 7, and thickness dr is
given by No(r) = ndn(2rdr + dr?). We can then calculate S after sum-
ming over all radii. The results are presented in Fig. 5(c). As shown, the
signal still exhibits an enhancement at an intensity just above
2 x 10" W/cm®. However, the scaling is less pronounced as compared
to the case where the spatial intensity profile was not considered. At
intensities above 2 x 10" W/cm?’, the signal scales linearly (o< E) again.

The calculations predict a signal enhancement around the satura-
tion intensity of the ionization process. The spatial intensity distribu-
tion in the focal volume, however, causes a spatially varying phase of
the CEP dependence that tends to smear out the detected signal, espe-
cially at high intensities. Integration over the focal volume reveals that
even though both effects counteract each other, the net signal boost
occurs for intensities in the range of (4-9) x 10" W/cm?®. This inten-
sity range represents a “sweet spot” where the interplay of the different
saturation effects enhances the overall signal, and aligns with the inten-
sity of optimal device resolution observed experimentally.

The measured phase sensitivity decreases again for intensities
above 8 x 10" W/cm?, which contrasts with the numerical model,
where the signal increases according to the o< E-scaling. This discrep-
ancy indicates that the model does not fully capture the experimental
conditions: In this regime, the target is heavily ionized and the propa-
gation of the free charges needs to be considered. In particular, signifi-
cant electron—ion scattering and electron-ionic mean field interactions
are expected.'® Since scattering introduces randomness to the move-
ment of the electrons and, consequently, leads to a loss of the CEP
information they carry, an overall decrease in CEP-dependent signal is
expected for high intensities.

The phase shift between the CEP and the final electron momen-
tum we identified in the calculations prevents a measurement of the
absolute CEP without calibration. However, this is a common feature
with other CEP sensing techniques.” ° Additionally, the phase shift
results in an intensity—phase-coupling equivalent to 20 mrad noise for
1% intensity fluctuations as extracted from Fig. 5(b). Due to phase dif-
ferences between the CEP meter and the experiment, however, the
absolute CEP is typically not of interest.

In conclusion, we have demonstrated that single-shot CEP detec-
tion in gas-gap devices is a robust measurement technique, even over
extended periods of time. We investigated the performance of the
device depending on the input intensity and we found an optimum
intensity for which best performance is obtained in terms of sensitivity
and precision. Our theoretical investigations have revealed that the sat-
uration of ionization shifts the electron injection in time, which enhan-
ces the phase dependence of the signal. This enhancement is
counteracted by the spatial dependence of the phase shift imprinted by
the focal intensity distribution. The combination of both spatial and
temporal effects results in a net signal enhancement within a well-
defined intensity range. The latter is consistent with the optimum
intensity region identified in our experiments, which provides an
explanation for the enhanced device performance at this intensity.
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