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Ideal two-color field ratio for holographic angular streaking of electrons
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We study strong-field ionization of molecular hydrogen in highly intense corotating two-color laser fields. The
measured electron momentum distributions show alternating half rings (AHRs) that are characteristic of subcycle
interference. We report on the role of the two-color field ratio for the visibility of this subcycle interference. The
ratio of the peak electric field at 780 nm compared to the peak electric field at 390 nm E7gy/E3q is varied from
0.037 to 0.18. We find very good agreement with the results from our semiclassical simulation. We conclude that
the AHR pattern is visible if two conditions are fulfilled. First, the amplitudes of the two pathways that lead to
the subcycle interference have to be similar, which is the case for low two-color field ratios E7gp/E39. Second,
the phase difference of the two pathways must be strong enough to allow for destructive interference, which is
the case for high two-color field ratios E7gy/E390. For typical experimental conditions, we find that two-color
field ratios E7g0/E39 in the range from 0.037 to 0.12 lead to good visibility of the AHR pattern. This guides
future experiments to measure the Wigner time delay using holographic angular streaking of electrons.
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I. INTRODUCTION

When a highly intense laser pulse hits a single atom or
molecule, an electron can be liberated by strong-field tunnel
ionization [1]. The outgoing electronic wave packet can be
described by a complex-valued wave function and carries
information about the corresponding electronic bound state
it emerged from [2-5] and the ionization dynamics [6-9].
The absolute square of the electronic wave function in mo-
mentum space is routinely measured [10]. In contrast, a full
characterization of the electronic wave packet requires one
to measure not only the electron wave packet’s amplitude
but also its phase. A very intriguing quantity that is closely
related to the phase of the wave function is the Wigner time
delay, which is defined as the derivative of the phase of the
wave function with respect to the electron’s energy [11,12]. In
the single- and two-photon regimes, Wigner time delays were
measured using reconstruction of attosecond beating by in-
terference of two photon transitions (RABBITT) [13-16] and
attosecond streaking [17,18] or from the interference pattern
that is generated as the emitted photoelectron is diffracted by
the parent ion’s potential [12]. Recently, holographic angular
streaking of electrons (HASE) has been introduced and it was
demonstrated that it is the strong-field analog of RABBITT.
Accordingly, HASE allows for the measurement of Wigner
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time delays in the strong-field regime [3,4,19]. This technique
has been used previously to measure angle-resolved Wigner
time delays in molecular photoionization processes [4,19].
HASE experiments are carried out using an w-2w bicircu-
lar corotating two-color (CoRTC) field that is composed of
a strong 2w component and a weak w component. While
RABBITT uses two-photon transitions and is modeled via a
two-path interference in the energy domain, HASE is applied
in the strong-field regime and is modeled via a two-path inter-
ference in the time domain. In previous works on HASE, the
existence of the corresponding two-path subcycle interference
in CoRTC fields has been demonstrated both theoretically
and experimentally [3,20-22]. The characteristic interference
pattern observed in the photoelectron momentum distribution
is known as the alternating half ring (AHR) pattern and is a
result of the interference between two electronic wave packets
that are released within two half cycles of the @ component
of the CoRTC field [22]. In the present work we show that
two conditions are necessary to observe the AHR pattern.
First, the two interfering wave packets must have similar
amplitudes. Second, the phase difference for the subcycle
interference must reach values up to 7 (otherwise destructive
interference is not possible). The detailed mechanism leading
to the AHR pattern in the electron momentum distribution
has been already successfully described by HASE [3,22]. The
key observable in HASE experiments is the rotation angle
of the AHR pattern in the plane of polarization. Measuring
this rotation angle allows for the retrieval of the electronic
wave packet’s phase gradient perpendicular to the tunnel exit
in a momentum space representation. It should be noted that
the AHR pattern is not sensitive to the ion dynamics that
happens after ionization as HASE probes the properties of
the electronic wave packet at the tunnel exit [4]. The ability
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to measure the electron’s phase gradient is one of the key
achievements of HASE and allows one to experimentally ac-
cess Wigner time delays [3,4,19,23].

The aim of this joint experimental and theoretical work
is to obtain a better and more detailed understanding of the
underlying two-path interference leading to the emergence of
the AHR pattern in the electron momentum distribution. To
this end, we study the strong-field ionization of H, in CoRTC
fields dominated by the 2w component at a central wavelength
of 390 nm and vary the intensity of the field at 780 nm.
The basic principles that lead to the subcycle interference are
discussed in Sec. II. In Sec. III the experimental techniques
for light field synthesis and electron detection are described.
We also describe how the intensity of the w component at
a central wavelength of 780 nm is varied (which modifies
the two-color field ratio). The setup that is used to measure
three-dimensional momentum distributions of all charged re-
action fragments in coincidence is presented and the measured
electron momentum distributions are discussed. The section is
concluded by a detailed analysis of the AHR pattern’s visibil-
ity as a function of the two-color field ratio. In Sec. IV we
employ a trajectory-based semiclassical model to reproduce
the experimentally obtained electron momentum distributions
and to gain insight into the subcycle phase structure of the
electronic wave function as well as the amplitude ratio of the
two wave packets that contribute to the subcycle interference.
In Sec. V the rotation angle of the AHR as a function of
the electron emission direction relative to the internuclear
axis of Hj is investigated for different two-color field ratios.
Atomic units (a.u.) are used throughout this work unless stated
otherwise.

II. STRONG-FIELD IONIZATION IN COROTATING
TWO-COLOR FIELDS

The shape of a two-path interference pattern depends on
the amplitudes and the relative phases of the interfering
wave packets. Subcycle interference patterns can be modeled
[3,22,24,25] via two interfering wave packets using the fol-
lowing expression:

I(AD) = |A;e'® + Ayel®1Ta®)2, (D

Here the intensity / depends on the relative phase A® of the
two waves and their amplitudes A; and A,. The absolute phase
@, does not affect the interference pattern. The modulation
strength of the interference pattern is governed by the ratio of
the amplitudes A; and A;.

Figure 1 illustrates the temporal evolution of the electric
field E(f) and the negative vector potential —A(¢) in the
plane of polarization (xy plane) for a single-color circularly
polarized 2w field [Fig. 1(a)] and a CoRTC field [Fig. 1(b)].
The green and the purple arrows in Fig. 1(b) visualize that
each point in final momentum space can be reached by two
combinations of negative vector potential and initial momen-
tum at the tunnel exit. To understand why this is the case,
one can describe the ionization as a two-step process. First,
the electron tunnels through the classically forbidden region
which results from the binding potential deformed by the
instantaneous laser electric field. Second, the electron is sub-
sequently accelerated in the combined electric field of the

0.5
@) EJEn=0  Pilt=t*¥T/2)  |(b)Ey/E,=0.07 = pit,~t+T/2)
half-cycle 1
—_ Pilty)
3 0.25) +
5
-
T of -
c
S o
o
5
= -0.25 3
. E(t)
— -At) ( ‘
[ L 1

0.5  -0.25 0 0.25 -0.25
E, [arb. units], A, [a.u.]
FIG. 1. Electric field and negative vector potential of a single
color and a CoRTC field. (a) Lissajous curve for the electric field
E(7) and the corresponding negative vector potential —A(¢) for a
circularly polarized 2w light field with E,, = 0.035 a.u. Each point
in final momentum space can be reached by a well-defined ini-
tial momentum p;. The 7, and #, fulfill the relation t, = ¢ + T/2.
(b) Time-dependent electric field E(¢) and negative vector potential
—A(t) for a CoRTC field with a two-color field ratio EEf) =0.07.
Each point in final momentum space can be reached by two combi-
nations of birth time #, , and initial momentum p;(t, ;). The #; and #,
approximately fulfill the relation 7, ~ #; + T /2. The negative vector
potential that belongs to half cycle 1 (2) is represented by the purple
(green) line. The electric field vectors that belong to the release times
within the first (second) half cycle are indicated in purple (green).

laser and the parent ion. Neglecting Coulomb interaction with
the parent ion after tunneling, an electron which appears at
the tunnel exit at a time #y reaches a final momentum pejec =
—A(ty) + p;i. Here —A(fy) is the negative vector potential at
the time #y and p; is the initial momentum at the tunnel exit.
For circularly polarized single-color fields it is often assumed
that the component of p; in the tunnel direction is negligible
[26]. With this assumption, there remain only two possible
combinations of —A(#y) and p; to reach a certain point in final
momentum space [3].

Figure 1(a) shows the limiting case of a CoRTC field
with a vanishing @ component (i.e., a single-color 2w field).
Within this limiting case, the two half cycles of the CoRTC
field are exactly identical. Thus, there are two release times
t) and tp =t + T /2 per cycle T that lead to the same fi-
nal electron momentum Pee.. The initial momenta at the
tunnel exit p;(¢;) = pi(t2) and the negative vector potentials
—A(t)) = —A(t,) are identical [illustrated by the green and
purple arrows in Fig. 1(a)]. For this case, the phase difference
between the two paths leading to pejec 1S %IPT/Z, where I,
denotes the ionization potential [27]. Further, the tunneling
probability for any of the two half cycles is identical, cor-
responding to the special case A; = A, in Eq. (1) and thus
allowing for perfect constructive and destructive interference
in the final electron momentum distribution. In this case, the
phase difference gives rise to interference maxima that are
well known as above-threshold-ionization (ATI) peaks in the
photoelectron energy distribution and do not produce any
AHR pattern because the phase difference is independent of
the electron release time and thus detection angle.

Figure 1(b) shows the combined electric field for a two-
color field ratio % of 0.07, which is typical for previous
experimental works [4,19,22]. For the two half cycles with
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a duration of 7/2, the electric field and the corresponding
negative vector potential are not identical. In such a laser field,
with a nonzero w component, there are three major differences
from the situation in a circularly polarized single-color 2w
field. First, the geometry is more complicated, since —A(#)
is no longer perpendicular to E(#y) for all release times #y. The
time between release time #, in the second half cycle and the
release time ¢, in the first half cycle is now only approximately
t; + T /2. The initial momentum which is needed to end up
at a certain final electron momentum pej. is different for the
two half cycles (which is due to the differences of the negative
vector potential). Second, the deviations in the relative release
time from the exact 7/2 periodicity and the difference in
initial momentum lead to a more complicated evolution of the
semiclassical phase. Thus, A® can deviate from "— Third,
the ratio of amplitudes of the two interfering Wave packets
changes because E(#) varies on subcycle timescale and the
tunneling probability depends on the magnitude of the laser
electric field. This difference in amplitudes reduces the modu-
lation strength of the interference pattern according to Eq. (1)
and is illustrated by the different thicknesses of the green and
purple arrows representing p; in Fig. 1(b).

In order to unravel how the field ratio 57“ effects the
AHR pattern, different field ratios are compared. Figure 2(a)
[Fig. 2(b)] shows the time-dependent electric field and nega-
tive vector potential of the smallest (largest) two-color field
ratio of 0.037 (0.18) investigated in this work. While the
splitting between the two half cycles is very small for the field
depicted in Fig. 2(a), the field shown in Fig. 2(b) has a very
large splitting and the ionization process can be expected to
be dominated by the half cycle with the larger field amplitude.
The measured electron momentum distributions in the plane
of polarization (xy plane) are shown in Figs. 2(c) and 2(d) (see
Sec. III for experimental details). In Fig. 2(c) the well-known
AHR pattern can be clearly seen. In contrast, Fig. 2(d) shows
that the AHR pattern can hardly been seen for the field ratio of

g—; = 0.18. In the remainder of this work, we will discuss why

the AHR pattern is not seen for very low ratios =%, appears
for ratios on the order of 0.037, and vanishes agam for high
field ratios.

III. EXPERIMENTAL DETAILS AND ANALYSIS
OF MEASURED ELECTRON MOMENTUM
DISTRIBUTIONS

To generate the CoRTC fields used in our experiment,
laser pulses at a fundamental frequency w (wavelength of
780 nm) are frequency doubled using a 200-pum S-barium-
borate crystal, resulting in laser pulses at a frequency 2w.
The setup is the same as in [4,7,22,28]. A dichroic beam
splitter separates the two frequency components such that the
intensity and the polarization of the w and the 2w pulses can
be set independently. A piezoelectric delay stage allows us to
ensure temporal overlap and to control the relative phase of
the two single-color laser pulses that form the CoRTC field.
The resulting two-color laser pulses are focused by a spherical
mirror (focal length f = 75 mm) onto a cold supersonic jet
of hydrogen molecules resulting in an intensity (peak electric
field) of 8.4x 10"3 W/cm2 (E>, = 0.035 a.u.) for the 2w com-
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FIG. 2. Electric field and negative vector potential of CoRTC
fields with varying two-color field ratios and corresponding mea-
sured electron momentum distributions. (a) Time-dependent electric
field E(¢) and negative vector potential —A(¢) of a CoRTC field with

E,, = 0.035 a.u. and a two-color field ratio of E‘“ = 0.037. (b) Same
Eo _

as in (a) but for a two-color field ratio of B 0 18. The negative
vector potential of half cycle 1 (2) is represented by the purple
(green) line. The electric fields corresponding to the release times
within the first (second) half cycle are indicated by purple (green)
circles. (c) Measured electron momentum distribution in the plane of
polarization (xy plane) for E‘“ = 0.037. A weakly modulated AHR
pattern is visible. The ATI and SB peaks are labeled. (d) Same as in
(c) but for Ez‘” = 0.18. Here the AHR pattern is less pronounced. The
dashed circles in all panels show the negative vector potential for the
circularly polarized single-color field shown in Fig. 1(a).

ponent of the CoRTC field. A gradient neutral density filter is
used to set 12 different intensities (peak electric fields) for the
@ component ranging from 1.4x 10" W/cm? (E, = 0.0014
a.u.) to 2.8x10'2 W/cm? (Ew = 0.0064 a.u.). This leads to
two-color field ratios between =2 = 0.037 and 0.18. The in-
tensity calibration is done by comparlng the envelopes from
Figs. 3(f)-3(j) with our semiclassical simulation that uses
initial conditions at the tunnel exit from strong-field approxi-
mation (SFA) as in Refs. [4,7]. After ionization, electrons and
ionic fragments are guided by static electric and static mag-
netic fields towards the position- and time-sensitive detectors
of a cold target recoil ion spectroscopy reaction microscope
[29]. Each detector is comprised of a double stack of mi-
crochannel plates and hexagonal delay-line anodes [30]. The
ion (electron) arm of the spectrometer has a length of 66 mm
(390 mm), an electric field of 10.9 V/cm, and a magnetic field
of 8.1 G. The time-of-flight direction of the spectrometer is
perpendicular to the jet direction and both directions lie in
the polarization plane (xy plane). The z direction is the light
propagation direction. The three-dimensional momentum vec-
tors of all charged particles are measured in coincidence. The
relative phase between the two single-color laser pulses is
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FIG. 3. Measured electron energy distributions for varying CoRTC field ratios 57‘” (a)—(e) Measured electron momentum distributions as

a function of the angle ¢ = arctan2(p,, p.) and the energy Ei;, =

2 2
m for two-color field ratios lfT‘” from 0.037 to 0.18. The three ATI

(two SB) peaks visible are indicated by dashed (dash-dotted) lines. (f)—(j) Envelopes (low-pass-filtered distribution to remove the modulation
due to the photon energy; see the text) extracted from the measured distributions shown in (a)—(e). For larger field ratios, a stronger modulation
of the angular distribution is observed. (k)—(o) Interference patterns obtained by dividing the measured distributions shown in (a)—(e) by the
corresponding envelopes shown in (f)—(j) for each bin separately. The emergence and the breakdown of the AHR pattern can be observed. (1)

Most symmetric AHR pattern.

continuously scanned during the experiment. This allows us to
compensate for slow drifts in the offline analysis by a rotation
of the momentum distribution in the polarization plane. For
the present work, single ionization followed by dissociation of
the hydrogen molecule is studied. Each event in the electron
momentum distributions is measured in coincidence with a
single H™ ion released via the reaction H, — H+ Ht +¢™.
To further analyze electron momentum distributions as
in Figs. 2(c) and 2(d), we calculate the electron’s kinetic
energy Eyi, = eyt and its emission angle in the plane
of polarization ¢ = arctan2(p,, p,). Figures 3(a)-3(e) show
the measured electron energy distributions as a function of
these two quantities for some of the measured two-color field
ratios EE—ZJ The three ATI peaks and the two sideband (SB)
peaks that are relevant in the further discussion are indicated
by the dashed and dash-dotted lines. In analogy to Ref. [4],
we disentangle the observed pattern into a product of an
envelope function [Figs. 3(f)-3(j)] and the underlying AHR
pattern [Figs. 3(k)-3(0)]. The envelope function is obtained
by suppressing Fourier components in the energy distribution
corresponding to the modulation that is due to the photon
energy and higher frequencies while ensuring that the inte-
gral for each bin along ¢ does not change. This produces
the experimentally obtained envelopes that are depicted in
Figs. 3(f)-3(j). The modulation strength of the angular distri-
bution increases for higher intensities of the @ component as

expected due to the nonlinearity of the tunneling probability
as a function of the magnitude of the laser’s electric field.
For the field ratios 0.12, 0.16, and 0.18 [Figs. 3(h)-3(j)], the
most probable kinetic energy increases due to the increasing
magnitude of the negative vector potential of the dominant
half cycle. The experimental data have been rotated in the
plane of polarization such that the most probable electron
emission angle (integrated over the electron’s energy) quali-
tatively agrees with the one obtained from the semiclassical
simulation (see Sec. IV). For the simulation, the maximum
splitting in the negative vector potential is at ¢ = 90°, as
illustrated in Figs. 1(b), 2(a), and 2(b).

For a two-color field ratio of 0.037 [Fig. 3(k)], the SB
peaks are only weakly populated but show a strong angular
modulation. For a two-color field ratio of 0.07 [Fig. 3(1)], the
ATI and SB peaks are equally populated and show a similar
angular modulation strength. This is the two-color field ratio
used in previous works that applied the HASE technique to ex-
perimentally investigate the Wigner time delay [4,19]. Higher
field ratios as in Figs. 3(1)-3(0) increase the population of the
SB peaks compared to the ATI peaks.

In order to conduct a more quantitative discussion, we
calculate the discrete Fourier transform of the angular distri-
butions as in Figs. 3(k)-3(o) for each energy peak. Figure 4(a)
shows the ratio of the onefold symmetric component F
and the integral dc component Fy. For a circularly polarized
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FIG. 4. Measured modulation strength (AHR visibility) and
width of the AHR pattern. (a) Visibility of the AHR pattern as a func-
tion of the two-color field ratio EE“' Here the visibility is expressed as
the modulation strength, which 1in turn is given by the ratio between
the onefold symmetric component F; and the dc component Fj of the
discrete Fourier transform of the angular distribution for each energy
peak. (b) Width (FWHM; see the text) of the AHR pattern for each
energy peak as a function of the two-color field ratio lf‘“ Data points
corresponding to ATI (SB) peaks are indicated by crosses (circles).
The data points within the blue shaded areas indicate the field ratios
shown in more detail in Fig. 3. The red area highlights field ratios
for which the AHR pattern shows more than a single peak [but also
double peaks, e.g., for the first SB of Fig. 3(n)]. Error bars show the

statistical error only.

single-color pulse, as illustrated in Fig. 1(a), this quantity
would be zero. Figure 4(a) shows that for the smallest two-
color field ratio of 0.037, the onefold symmetric modulation
is much stronger for the SB than for the ATI peaks. The
reason for this is obvious when looking at Fig. 3(k). While
the modulation of the SB peaks is ideal for small two-color
field ratios, the angular distributions corresponding to the ATI
peaks remain rather isotropic. For increasing two-color field
ratios, the Fourier component F increases for the ATI peaks
and eventually reaches its maximum at slightly different field
ratios for the individual energy peaks. For the two SB peaks,
Fi/Fy remains rather constant up to a two-color field ratio
of around 0.1 and then decreases rapidly. The red area in
Fig. 4 highlights two-color field ratios for which the angular
distributions for the energy peaks are not dominated by single
peaks [as, e.g., for the first SB of Fig. 3(n)].

The difference in the intensity comparing the ATI versus
the SB peaks in Fig. 4(a) is in qualitative agreement with
the expectation from the photon picture. In the photon picture
(i.e., in the energy domain that is used to interpret RABBITT
experiments), the AHR pattern on the SB is caused by an
interference between two channels: one channel for which N
photons at 2w are absorbed and one photon at w is absorbed
and the other channel for which N + 1 photons at 2w are ab-
sorbed and one photon at w is emitted (stimulated emission).

As soon as the transition amplitude for absorption and emis-
sion of one w photon becomes appreciable, the sidebands arise
in an energy region that was empty before. The increased
intensity on the sideband manifests as a depletion for the main
energy peak that belongs to a certain ATI peak. For these
main energy peaks the modulation is often small compared to
the signal of the entire peak (which also exists without the w
field). Although the photon picture can be used to qualitatively
understand certain features of the AHR pattern, it is compli-
cated to model all phase shifts in the energy domain and relies
on the assumption that the w field can be treated perturbatively
[31]. For our scenario this is not the case because the w field
modulates the birth times of the electrons significantly [3].
The semiclassical approach, which is used for the remainder
of this paper, does not rely on this assumption and reproduces
the AHR pattern as a two-path interference in the time domain
[3,22]. Thus, we will use this semiclassical time-domain mod-
eling (Sec. IV), which fully consistently models our findings
without the need to invoke the photon picture (energy domain
perspective) as done in RABBITT.

Figure 4(b) shows the angular width of the AHR pattern as
a function of the two-color field ratio for each energy peak. To
obtain this quantity, the one-dimensional angular distributions
were low-pass filtered for each energy peak. There are usually
two angles for which these smoothed curves yield half of the
maximum modulation strength as a function of the emission
angle. The distance between those angles is shown in the
figure as the width of the AHR pattern and corresponds to
the full width at half maximum (FWHM). For low two-color
field ratios, it is close to 180°. For the SB peaks, the width
increases with the field ratio, while for the ATI peaks, the
width decreases. This effect can be clearly seen by comparing
Figs. 3(k) and 3(m). Our results are in line with previous theo-
retical works investigating linearly polarized two-color fields
[25]. Note that for field ratios that are within the red area in
Fig. 4, the peak width cannot be unambiguously determined.

IV. INVESTIGATION OF TWO-PATH INTERFERENCE
USING OUR SEMICLASSICAL MODEL

To better understand the origin of the two-path interference
that gives rise to the AHR pattern for CoRTC fields, we use a
semiclassical trajectory-based model [32]. It is similar to the
semiclassical two-step model [27] but uses initial conditions
at the tunnel exit from strong-field approximation [33] as in
[8,34] and also includes the semiclassical phase associated
with each classical trajectory which enables the modeling of
interference in final momentum space.

For our semiclassical simulations, we include Coulomb
interaction after tunneling between the electron and the parent
ion. It is important to note that SFA predicts a nonzero initial
momentum component parallel to the tunnel exit direction,
when the magnitude of the laser’s electric field changes as
a function of time (as is the case for CoRTC fields with a
nonvanishing @ component). For our simulations, we use a
two-cycle flat-top CoRTC pulse with a peak electric field
of 0.037 a.u. for the 2w component and field ratios of 0,
0.037, 0.07, 0.12, and 0.18. The peak electric field of the 2w
component is chosen such that the envelope in Fig. 5(g)
has the same most probable energy as in Fig. 3(f). The
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FIG. 5. Analysis of the two-path subcycle interference using the semiclassical model. (a)—(e) Results from the full semiclassical simulations
as a function of Ey;, and ¢ for two-color field ratios from 0 to 0.18 as indicated in the panels. In analogy to Eq. (1), this can be expressed
via |Zi=1 A,exp(i®,)|*. (f)—(j) Same as in (a)—(e), but here the four simulated electron trajectories, which are launched during all four
half cycles, are added up incoherently to suppress interference, which can be written as ZL] |A,|>. The dotted horizontal line indicates the
most probable energy for the single-color 2w field with an peak electric field of 0.035 a.u. (k)—(o) Normalized coherent sum which can be
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Subcycle interference pattern |exp(®;) + exp(®P,)|> between the first two half cycles. (u)—(y) Path ratio 1 — |

in full analogy to the row above. The ATI (SB) peaks are indicated by the dashed (dash-dotted) lines. (p)—(t)

Aj—4Ay
A1+Ay

| for the subcycle two-path

interference. The curved black lines indicate the transition between half cycles 1 (3) and 2 (4).

ionization potential I, of 16.17 eV is used, which leads to
good agreement of the energy peaks in Fig. 5(1) with the peaks
in Fig. 3(k) and is consistent with the expectation for the
non-Franck-Condon transition in strong-laser fields [35,36].
For the further analysis, the amplitudes A; 34 and the
phases @), 34 of the semiclassical electronic wave function
in final momentum space are discussed for values #; 234 of
to in the four half cycles of the flat-top part of the pulse that

is used for the simulation. This allows for the calculation of
incoherent intensity distributions as well as for the modeling
of subcycle and intercycle interference patterns in full analogy
to the discussion in Ref. [3].

Figures 5(a)-5(e) show the results of our semiclassical
simulations for several field ratios in full analogy to the
experimental results [see Figs. 3(a)-3(e)]. Based on Eq. (1),
this can be expressed via | Zizl Anexp(iCI>,,)|2. We find
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good agreement of the semiclassical simulations with the
experimental results.

Figures 5(f)-5(j) show the incoherent sum Zi:l |A,|? of
electron trajectories launched during all four half cycles. The
result can be compared with the envelopes extracted from
the experimental data shown in Figs. 3(f)-3(j). The angle-
dependent energy distributions are in very good agreement
with the experimental observations. The simulated modu-
lation strength of the angular distribution is slightly more
pronounced in our simulation compared to the experiment.
The narrower energy distribution for a given value of ¢ can be
explained by the focal averaging which is inherently present
in the experiment but is not included in our simulation. The
curved black line is the same in all panels of Fig. 5 and guides
the eye, indicating the transition from the first (third) to the
second (fourth) half cycle. The line’s curvature is a result of
an energy-dependent attoclock offset angle which is due to
Coulomb interaction between the electron and the parent ion
after tunneling [8,37,38].

Figures 5(k)-5(o) show the normalized coherent sum
| Xt Anexp(ib)1?

Yomt lAnl?
of the pulse. This is equivalent to the normalized measured

interference patterns shown in Figs. 3(k)-3(0). As before, the
ATT (SB) peaks are indicated by dashed (dash-dotted) lines.
The simulated interference patterns are in very good qualita-
tive agreement with their measured counterparts.

In the next and final step of this section, the amplitudes
and the phase structure of the subcycle wave packets are
discussed. To this end, we consider one full cycle of the
CoRTC comprised of the first half cycle and the second half
cycle only. Figures 5(p)-5(t) show the subcycle interference
lexp(®;) + exp(<I>2)|2 considering only the phase difference
and neglecting amplitudes. For the case of a circularly polar-
ized single-color laser field, the CoRTC subcycle interference
is just identical to the 2w intercycle interference, exhibit-
ing ATI peaks spaced by the energy 2hw independent of
the angle ¢ [see Fig. 5(p)]. For a nonzero @ component
[see Figs. 5(q)-5(t)], the interference pattern has the shape of
arcs that extend farther in the energy direction for increasing
two-color field ratios. These arcs are the underlying reason
for the observation of the AHR pattern [3,22]. Additionally,
intercycle interference leads to discrete final electron energies
[indicated by the dashed and dash-dotted horizontal lines in
Figs. 5(q)-5(t)] and thus cuts out arc segments leading to the
AHR pattern. For the smallest nonzero two-color field ratio of
0.037, the arcs are only weakly bent [see Fig. 5(1)] and hence
lead to intense ATI peaks compared to relatively weak SB
peaks.

For larger two-color field ratios, the arcs are so strongly
bend that a twofold symmetric angular distribution can
emerge for certain energy peaks (see, e.g., the last column of
Fig. 5). Although the subcycle interference for a two-color
field ratio of 0.18 predicts destructive interference for the SB
peaks around ¢ = 90° [see Fig. 5(t)], the full interference
pattern shown in Fig. 5(e) has no clear minimum because the
envelope dominates [see Fig. 5(j)]. This hints at the second
important aspect in the formation of the AHR pattern: Un-
equal amplitudes A; and A, limit the achievable modulation
strength of the subcycle interference.

over all four half cycles in the flat-top part

In order to quantify the ratio of the amplitudes of the two
wave packets that lead to the subcycle interference, we define
the path ratio as 1 — |4=42|. Accordingly, the path ratio has

A+Az
the value of 1 if A; = A, and the value of O if either 2—; or ‘:—f
goes to zero. This quantity is shown in Figs. 5(u)-5(y). For the
single-color 2w field, A; and A, are independent of Ey;, and ¢
[see Fig. 5(u)]. For all other cases around ¢ = 90°, where the
splitting in the negative vector potential and the corresponding
electric field between the two half cycles is at its maximum,
the path ratio reaches its minimum. For a two-color field ratio
of 0.18, the path ratio is close to zero for a wide range of com-
binations of Ey, and ¢ [see Fig. 5(y)]. The only exception is
the region around ¢ = —90°, where the shape of the negative
vector potential and the corresponding electric field is almost
independent of the two-color field ratio and is similar to a
single-color 2w field. This is supported by the energy spacing
of 2/iw that can be observed around ¢ = —90° in Fig. 5(0). At
the same time, the electric field leading to a relevant ionization
probability has an effective periodicity which is w, leading to
an energy spacing of only /iw [see ¢ = 90° in Fig. 5(e)]. Thus,
our semiclassical simulation provides a clear and quantitative
understanding why the AHR pattern vanishes for low and high
two-color field ratios.

(a)

0.5f

py[a.u]
o

-0.5F

py [a.u.]

10f

amplitude of Aa(f) (deg)

wv

o

0.02 0.06 0.1 0.14 0.18
two-color field ratio E/E,,

FIG. 6. Rotation of the AHR pattern as a function of the two-
color field ratio for the reaction H, — H + H' + ¢~ (a) Definition
of B as the angle between the final electron momentum peje. and the
momentum vector py+ of the proton in the light’s plane of polar-
ization. (b) Definition of the angle « indicating the most probable
electron emission direction for each ATI (SB) peak in the plane of
polarization. (c¢) Amplitude of the sinusoidal dependence of A« on
B as a function of the two-color field ratio. The blue areas indicate
the field ratios shown in more detail in Fig. 3 and are the same as in
Fig. 4. The red area is the same as in Fig. 4. Error bars in (b) show
the statistical error only.
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V. ROTATION OF THE AHR PATTERN AS A FUNCTION
OF THE ELECTRON EMISSION DIRECTION RELATIVE
TO THE INTERNUCLEAR AXIS OF H,

In this section we analyze how a central observable
in HASE experiments, namely, the rotation angle « [see
Fig. 6(a)], depends on the two-color field ratio. This rotation
angle « allows one to measure the energy- and angle-resolved
Wigner time delays upon the strong-field ionization of
molecules [4]. Using the same approach and data analysis
technique as in Ref. [4], we divide the full data set into subsets
for different relative angles 8. Here B is the angle between
the electron’s momentum vector Ppee. and the proton’s
momentum vector py+ for the reaction Hy — H+HT + ¢~
[see Fig. 6(a)].

For a given value of 8, the electron momentum distribution
in the plane of polarization is obtained. After demerging the
envelope and the interference pattern as for the third row of
Fig. 3, the rotation angle o for each ATI and SB peak can be
determined [see Fig. 6(b)]. This is done for all values of 8 to
obtain «(B). Subtracting the mean value oyeqn from o(B) for
each ATT and SB peak, one obtains the quantity A«/(8), which
can be directly associated with phase gradients in momentum
space perpendicular to the tunnel exit [3,4]. An approximately
sinusoidal curve shape of A«/(8) is typically observed [4]. In
the final step of this work, we quantify the influence of the
two-color field ratio on the observable A«(8). To this end,
we determine the amplitude of the sinusoidal dependence as
a function of the two-color field ratio. The result is shown in
Fig. 6(c). Within the statistical uncertainty, the value remains
constant for all field ratios outside the red area (i.e., two-color
field ratios at which the AHR is clearly visible). This leads to
the conclusion that the HASE technique works even if the field
ratio is varied by a factor of 3 with respect to the two-color
field ratio at which the AHR is most pronounced (corresponds

to a change in intensity of the @ component by an order of
magnitude).

VI. CONCLUSION

In this joint experimental and theoretic study we have
investigated the alternating half ring pattern observed for
CoRTC fields dominated by the 2w component. We found that
the AHR pattern is visible for two-color field ratios E7g0/E390
in the range from 0.037 to 0.12 for typical experimental con-
ditions (ionization of molecular hydrogen and an intensity on
the order of 10'* W/cm?). For higher field ratios the AHR
pattern, which is a subcycle interference pattern, cannot be
observed because only one of the two wave packets, which
contributes to the subcycle interference, has a relevant am-
plitude. For very low field ratios, the phase differences for
the two path interference is independent of the electron’s
release time and reproduces the well-known ATI peaks for a
single-color field at 2w. Our findings show why a field ratio
E780/E390 of 0.06-0.07 was chosen in previous experiments
[4]. Finally, our results should lead to a comprehensive and
quantitative understanding of the AHR pattern and are of
practical significance for HASE experiments, as they identify
a region of two-color field ratios that allow for the applica-
tion of the HASE technique and the retrieval of Wigner time
delays.
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