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Above-threshold ionization spectra from cesium are measured as a function of the carrier-envelope phase
(CEP) using laser pulses centered at 3.1 μm wavelength. The directional asymmetry in the energy spectra
of backscattered electrons oscillates three times, rather than once, as the CEP is changed from 0 to 2π.
Using the improved strong-field approximation, we show that the unusual behavior arises from the
interference of few quantum orbits. We discuss the conditions for observing the high-order CEP
dependence, and draw an analogy with time-domain holography with electron wave packets.
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Controlling electron motion using tailored laser fields is
a central goal of strong-field and attosecond physics. This
includes the motion of quasifree electrons underlying
attosecond pulse generation [1] and encoding ultrafast
temporal information [2], valence electrons in molecules
[3] determining the outcome of chemical reactions, or
ultrafast currents in solids [4]. Various control techniques
have been proposed and implemented, including atto-
second pulses [5], multicolor pump-probe schemes [6,7],
and polarization-shaped laser pulses [8,9].
One of the most fundamental approaches, however,

relies on the use of a few-cycle laser pulse Eðt;ϕÞ ¼
E0ðtÞ cos ðωtþ ϕÞ, with a controlled or known carrier-
envelope phase (CEP) ϕ, and an envelope function whose
duration is comparable to an optical cycle T ¼ 2π=ω. This
approach has been used to control various processes in
atoms, molecules, and solids. The prototypical CEP effect
consists of an asymmetry in the above-threshold ionization
(ATI) spectra of photoelectrons emitted into opposite
directions along the laser polarization [10]. The sinusoidal
oscillations of the CEP-dependent asymmetry AðϕÞ ∝
sinðϕþ ϕ0Þ represents the basis for measuring the CEP
using the stereo-ATI technique [11,12] or other approaches
[13,14]. Here, ϕ0 is a phase offset known as the phase of the

phase [15] that generally depends on the electron drift
momentum.
The CEP dependence of ATI can be understood on

a qualitative level by simple symmetry considerations: A
CEP-stable few-cycle laser pulse has broken inversion sym-
metry. Since the drift momenta of photoelectrons are deter-
mined directly by the electric field evolution, the asymmetry
of the pulse is transferred onto the motion of the field-driven
electrons. As the field asymmetry is maximized for ϕ ¼ 0; π,
and the field is symmetric for ϕ ¼ π=2, 3π=2, one expects the
aforementioned sinusoidal oscillation for the photoelectron
asymmetry, in accordance with experimental results. CEP
effects are particularly pronounced for recollision processes
[16], including high-order ATI [11], nonsequential double
ionization [17,18], and high-harmonic generation (HHG) [1].
CEP effects with periodicity of π rather than 2π, i.e.,

with periodicity parameter m ¼ 2 instead of m ¼ 1, are
observed for the photon yields from HHG [1,19] and for
total yields of double ionization [20,21] or fragmentation
[22]. The doubled periodicity is consistent with the above
symmetry considerations since total yields are insensitive
to the direction of the field but are affected by the
modulation of the instantaneous intensity resulting from
varying the CEP. The general theory of CEP effects [23]
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predicts oscillations with periodicity parameter m to result
from the interference of two pathways that involve the
absorption of n and nþm photons, respectively. However,
experimental evidence for m > 2 has been lacking.
Here, we present ATI measurements of Cs using CEP-

stable few-cycle laser pulses with a central wavelength of
3100 nm. At the laser intensity of 4 TW=cm2, we observe
an unusual CEP-dependent asymmetry with m ¼ 3 in the
ATI plateau region around 6Up, where Up is the ponder-
omotive potential. For lower intensity values, the CEP-
dependent asymmetry exhibits the usual behavior with
m ¼ 1. The experimental results are interpreted using the
improved strong-field approximation (ISFA) and using the
saddle-point method [24]. We show that the observed fast
oscillations in the CEP-dependent asymmetry are due to the
interference of a few quantum orbits [25] which are
modulated by the CEP. We discuss the conditions under
which high-order CEP-dependent asymmetries are observ-
able in ATI.
The experiments are conducted using the midinfrared

(MIR) laser at the Extreme Light Infrastructure Attosecond
Light Pulse Source (ELI-ALPS). It provides intense ultra-
short (∼42 fs) laser pulses centered at λ ¼ 3100 nm at a
repetition rate of 100 kHz [26]. The laser pulses are
postcompressed to a pulse duration (full width at half
maximum of the intensity envelope) of τp ¼ 31 fs (corre-
sponding to three optical cycles) using the method
described in Refs. [27,28]. The CEP of the laser pulses
has an excellent stability with a jitter of only 82 mrad
root-mean-square [27]. In our experiments, the CEP is
controlled with a pair of BaF2 wedges.
The linearly polarized laser pulses are focused with a

thin CaF2 lens (f ¼ 200 mm) into a vacuum chamber with
base pressure of 10−7 mbar, where they intersect an atomic
beam of Cs produced by evaporating Cs at ∼100 °C. The
ionization potential of Cs (3.9 eV) is much lower than that
of the background gas (mostly N2, O2, H2O). Hence,
contamination of the measured photoelectron signal by
ionization of background gas is negligible at the relatively
low intensities (I < 1013 TW=cm2) used in our experi-
ments. The photoelectrons generated in the laser focus are
detected using two pairs of multichannel plates detectors of
25 mm diameter, placed at the ends of two 50 cm long drift
tubes along the laser polarization. The geometry supports a
detection angle of ∼3°, such that essentially only directly
forward or directly backward-scattered electrons are
detected. Using a pair of detectors on either side of the
laser polarization (i.e., the stereo-ATI technique) helps
suppress the effect of laser intensity fluctuations on the
recorded CEP-dependent ATI spectra.
Photoelectron spectra for ATI of Cs ionized by few-cycle

pulses at 3100 nm wavelength are presented in Fig. 1(a). It
is interesting to compare our results to earlier ATI experi-
ments. Despite the long laser wavelength and owing to the
relatively low intensity, the ponderomotive energy in our

experiments amounts to only few eV. This is much less than
in previous ATI experiments using mid-IR light, where rare
gases or molecules were used as targets; e.g., Refs. [29–31].
The low energy of recolliding electrons counteracts the
infamous decay of the recollision probability [29] such that
we observe a pronounced ATI plateau. Indeed, the situation
in our experiment is rather comparable to the typical case of
xenon ionized by 800 nm light; e.g., Refs. [11,24].
The high-energy cutoff of the ATI plateau at 10Up is

used to determine the laser intensity for each measurement.
Using these values, we plot the intensity-dependent elec-
tron yields in Fig. 1(d). The measured data points agree
well with predictions based on the Perelomov-Popov-
Terent’ev (PPT) ionization rate [32]. The significant flat-
tening of the curve indicates that saturation takes place
close to 2 TW=cm2. In addition, the saturation intensity
can be estimated using numerical solutions of the three-
dimensional time-dependent Schrödinger equation (3D
TDSE). To this end, we evaluate the survival probability
at the end of the laser pulse and find that saturation occurs
between 2 and 3 TW=cm2, in good agreement with
Fig. 1(a); see the Supplemental Material [33].
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FIG. 1. Experimental results for ATI of Cs by linearly polarized
few-cycle mid-IR laser pulses (τp ¼ 31 fs, λ ¼ 3100 nm).
(a) CEP-averaged photoelectron spectra measured for intensity
values of approximately 0.7 TW=cm2 (purple dotted line),
1.8 TW=cm2 (blue dashed line), 3.2 TW=cm2 (green dashed-
dotted line), and 4.1 TW=cm2 (yellow solid line), respectively.
(b),(c) Measured CEP-dependent asymmetry parameter for 4.1
and 3.2 TW=cm2, respectively. The black box in (b) marks the
trifurcation of the asymmetry, which is absent in (c). (d) The
average number of electrons detected per laser shot is compared
to predictions based on the PPT tunneling rate (solid line). The
error bars depict an estimated 15% uncertainty in the intensity
determination. Panel (e) presents the CEP-dependent asymme-
tries at electron energies of 6Up, as marked by the black arrows in
(a). The high-order m ¼ 3 asymmetry oscillation in the case of
the highest intensity is clearly visible and distinct from the usual
m ¼ 1 oscillations observed for the lower intensity values.
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CEP-dependent experimental results for ATI of
Cs are presented in Figs. 1(b)–1(e). In order to evaluate
the CEP dependence of the ATI spectra, we calculate
the asymmetry parameter AðE;ϕÞ ¼ ½RðE;ϕÞ − LðE;ϕÞ�=
½RðE;ϕÞ þ LðE;ϕÞ�. Here, RðE;ϕÞ [LðE;ϕÞ] are the yields
of photoelectrons with energy E detected on the right (left)
detector for a laser pulse with CEP ϕ. The CEP-dependent
asymmetry maps of Figs. 1(b) and 1(c) reveal a clear CEP
dependence of the ATI spectrum, including features which
are washed out when the data are averaged over the CEP. At
low energies where the ATI spectrum is dominated by
direct electron emission, the CEP dependence is rather
weak and modulations associated with ATI peaks can be
seen. At higher energies, in the recollision plateau,
significantly larger asymmetry values are observed, and
the regions of positive or negative asymmetry are tilted; i.e.,
the phase of the phase depends on the electron energy in the
characteristic fashion of the ATI plateau [11].
The striking feature of our experimental results is shown

in Fig. 1(b) and highlighted by the black box. At an electron
energy of E ∼ 20 eV, the CEP-dependent asymmetry
trifurcates and exhibits a clear high-order oscillation
with m ¼ 3. Around E ∼ 30 eV, the asymmetry returns
to the usual periodicity. This range corresponds to
5Up ≲ E≲ 7Up. The unusual behavior of the CEP-
dependent asymmetry is only observed at the highest
intensity studied in our experiments I ¼ 4 TW=cm2, while
it is absent at lower intensity values, as shown in Fig. 1(c).
The CEP-dependent asymmetry at E ¼ 6Up [black arrows
in Fig. 1(a)] is quantified in Fig. 1(e). Clearly, only at the
highest intensity value, high-order oscillations are
observed. We note that the intensity of I ¼ 4 TW=cm2

is well beyond the saturation intensity of Cs; see Fig. 1(d).
The role of saturation is additionally corroborated by
unpublished experiments on ATI of alkali atoms using
1800 nm few-cycle pulses [56].
In order to interpret our experimental results and find the

origin of the asymmetry trifurcation, we employ three
different theoretical methods. The most accurate and also
most computationally expensive method is the 3D TDSE;
see Ref. [34] and the Supplemental Material [33] for details
on the implementation used in the present work. An
asymmetry map calculated with the TDSE is displayed
in Fig. 2(a) and agrees very well with the experimental
results shown in Fig. 1(b), despite overestimating the
asymmetry amplitude in the cutoff region above 35 eV.
The phase dependence of the asymmetry varies throughout
the electron spectrum, not only by phase but also by
periodicity. In particular, the high-order asymmetry oscil-
lations around 20–25 eV can be clearly seen.
For further analysis, we turn to the ISFA [11,24,35,57];

see Supplemental Material [33] for details. The ISFA is a
quantum-mechanical theory which can be interpreted using
the well-known three-step model [16], where electrons first
tunnel from the atom around the field maxima, propagate in

the continuum under the sole influence of the laser field,
and finally scatter off the parent ion upon recollision. The
electron acquires a phase given by the classical action
Spðt; t0;ϕÞ. For a laser pulse with CEP ϕ, the yield yp
of electrons with drift momentum p can be obtained
by integrating over all possible ionization times t0 and
rescattering times t,

yp ¼ p

�
�
�
�

Z

dt
Z

dt0Vpk

�
2π

iτ

�
3=2

eiSpðt;t0;ϕÞIkb

�
�
�
�

2

; ð1Þ

where τ ¼ t − t0 is the travel time, Vpk is the Fourier
transform of the rescattering potential V (k is the inter-
mediate electron momentum), and Ikb ¼ hkþAðt0Þjr ·
Eðt0Þjψbi is the ionization dipole matrix element (ψb is
the bound ground-state wave function).
An asymmetry map calculated by numerically integrat-

ing Eq. (1) is displayed in Fig. 2(b). We focus on the region
of the rescattering plateau, where we observe a pronounced
oscillation with m ¼ 3 in the energy range up to ∼25 eV,
where it returns tom ¼ 1, in reasonable agreement with the
experimental data. Since direct electrons are neglected in
the ISFA results, the low-energy part cannot be directly
compared to the experimental results and is omitted.
It is insightful to evaluate the above integral [Eq. (1)]

using the saddle-point approximation. The condition of
stationary action yields a discrete number of contributions
to the total integral. These contributions are analogous to
classical trajectories and referred to as quantum orbits
[24,58]. Each quantum orbit corresponds to ionization and
recollision at different times t0, t, respectively. The saddle-
point results based on eight pairs of quantum orbits are
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FIG. 2. Calculated CEP-dependent asymmetry maps for
(a) TDSE, (b) ISFA, (c) saddle-point calculations at intensity
I ¼ 4 TW=cm2, averaged over the intensity distribution of a
Gaussian focal volume. While the TDSE results contain con-
tributions from both direct and recollision electrons, the ISFA and
saddle-point results are obtained for recolliding electrons only.
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displayed in Fig. 2(c). They match the results of the full
numerical integration of Fig. 2(b) very closely, indicating
that all significant contributions to the relevant photo-
electron yield are included by considering a limited number
of quantum orbits. In the following, we will interpret the
CEP-dependent asymmetry and its trifurcation in terms of
quantum orbits.
Using the saddle-point method, we obtain quantum

orbits that are associated with wave packets that are created
at specific half-cycle maxima of the electric field, at times
t0, and recollide at later times t. Based on the travel times
τ ¼ t − t0, we distinguish between short orbits with τ ≈
0.7T (T ¼ 10.5 fs being an optical cycle at λ ¼ 3100 nm)
that rescatter on the first return, and long orbits with τ ≈
1.2T that rescatter on the second return. Orbits with longer
travel times are not considered. In Fig. 3(a), we plot t0 and t
for the most important orbits in a coslike pulse (ϕ ¼ 0).
The time t0 can be the birth time of short and long orbits,
which produce electron wave packets with opposite drift
momenta. For nomenclature, we concentrate on electron
emission with positive drift momentum and use the
emission time t0 at ϕ ¼ 0 as labels for different quantum
orbits [see Fig. 3(a)]. Thus, half-integer values refer to short
orbits, and full integers refer to long orbits that produce
electrons with positive drift momentum. On the other hand,
long orbits starting at half-integer times and short orbits

starting at full integer times result in negative drift
momentum. These orbits are not labeled and are indicated
by dashed lines in Fig. 3(a). When the CEP is scanned from
0 to 2π, the emission and rescattering times shift to earlier
times, e.g., orbit 3.5 starts at t0 ≈ 3T for ϕ ¼ π.
Figure 3(b) shows that the different orbits contribute to

different parts of the spectrum. For example, the short orbit
3.5 dominates the high-energy part (E≳ 7Up) of the
electron spectrum. On the other hand, the long orbit 3
dominates the low-energy part up to approximately 4Up.
Beyond 5Up, it quickly drops below the yield from orbits
3.5 and 4.5. In the range around 6Up, where the trifurcation
is observed, the orbits 3.5 and 4.5 yield approximately
equal contributions to the photoelectron spectrum.
Figure 3(c) shows the asymmetry map calculated for the

contributions of the long orbits only. It exhibits the usual
behavior with m ¼ 1. This indicates that the long orbits
alone are not responsible for the high-order oscillations of
the CEP-dependent asymmetry.
The asymmetry map calculated for the short orbits only

is shown in Fig. 3(d) and exhibits clear high-order
oscillations up to approximately 30 eV, where it returns
to the usual behavior with m ¼ 1. This transition coincides
with the cutoff energy of the orbit 4.5 (7Up). The absence
of high-order oscillations above 7Up implies that the high-
order oscillations around 6Up arise from the interference of
the two short quantum orbits 3.5 and 4.5. Even faster
oscillations are present at energies below 20 eV in Fig. 3(d).
However, these cannot be directly observed, since the
dominant contribution is given by the long quantum orbit
4 [see Fig. 3(b)], which exhibits only the fundamental
oscillation, m ¼ 1.
The full asymmetry map composed of both short and

long orbit contributions is displayed in Fig. 3(e). It can be
seen that a pronounced high-order oscillation persists in the
range between 20 and 30 eV. At lower energies, the
behavior of the asymmetry is dictated by the long quantum
orbit. One might object that signatures of fast oscillations
are still observable at low energies in Fig. 3(e). However,
the same can be said about the experimental data presented
in Fig. 1(b), for example, around 15 eV. At higher energies
(E > 7Up), on the other hand, the electron spectrum is
dominated by the contributions from a single short quan-
tum orbit 3.5, which also results in the fundamental
oscillation period.
The interference of quantum orbits underlying the

observed trifurcation can be interpreted as holography
in the time domain. This differs from the position-space
holography evoked in previous studies on photoelectron
holography, where different trajectories originating in the
same laser half-cycle interfere [59–62]. The essential
feature of holography is the presence of a signal wave
and a reference wave. For a useful reference, one of the
interfering orbits in our experiment should exhibit a well-
behaved phase evolution. For our case, the orbit 3.5 is a
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quantum orbits where the emission time t0 is connected with the
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orbit, the electron yield is plotted against the electron kinetic
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the saddle-point method. For the intensity of 4 TW=cm2, the
resulting CEP-dependent asymmetry map is plotted for (c) long
orbits only, (d) short orbits only, and (e) all orbits. The black
boxes mark the trifurcation region.
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good choice for the reference wave; it propagates in the
continuum around the center of the pulse, where the
intensity variations are small compared to the situation of
orbit 4.5, which propagates on the falling edge of the pulse
envelope, where intensity variations are significant. For
details, see the calculated phase evolution of orbits 3.5 and
4.5 given in the Supplemental Material [33].
The question arises why high-order asymmetries have

not been reported in previous experiments. Part of the
explanation has been implicitly given above: In many
experiments, the high-order oscillations are concealed by
the dominant contribution of a single quantum orbit. This
is the case, in particular, for very short laser pulses, which
are otherwise beneficial to observe pronounced CEP
effects. In our case, using three-cycle pulses, however,
two quantum orbits produce very similar contributions
in the energy range between 5Up and 7Up, which
creates favorable conditions for the high-order oscillations
to become observable. In other words, for holographic
interferences, the pulse needs to be sufficiently long to
allow for one orbit to be considered a reference wave.
The question remains why the effect is only observed at

high intensity in our experiments. This can be explained by
the effect of ionization depletion during the laser pulse,
which suppresses the contribution of later half-cycles
with respect to earlier ones. In the highlighted region of
Fig. 3(b), the contribution from orbit 4.5 is stronger than that
of orbit 3.5. For a certain degree of depletion, the contri-
butions of the two interfering orbits may be equalized, thus,
maximizing the interference contrast. An additional factor
might be that the measurement of high-order oscillations
requires both good statistics and excellent CEP stability,
which has been challenging to obtain. In the present
experiment, these conditions have been met by using a
highly CEP-stable high-repetition-rate laser [27].
In conclusion, we have observed high-order CEP effects

in ATI of Cs driven by few-cycle MIR laser pulses. Our
analysis based on quantum orbit theory has shown that the
fast oscillations of the CEP-dependent asymmetry can be
understood as the interference of two backscattered quantum
orbits. At this point, it is unclear how this result should be
interpreted in terms of the general theory of CEP effects [23],
given the large number of photons (n > 50) involved. Future
experiments could probe nuclear or electronic dynamics by
means of time-domain holography of quantum orbits.
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