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Coulomb focusing in attosecond angular streaking
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Abstract

Angular streaking technique employs a close-to-circularly polarized laser pulse to build a mapping between the
instant of maximum ionization and the most probable emission angle in the photoelectron momentum
distribution, thereby enabling the probe of laser-induced electron dynamics in atoms and molecules with
attosecond temporal resolution. Here, through the jointed experimental observations and improved Coulomb-
corrected strong-field approximation statistical simulations, we identify that electrons emitted at different initial
ionization times converge to the most probable emission angle due to the previously-unexpected Coulomb
focusing triggered by the nonadiabatic laser-induced electron tunneling. We reveal that the Coulomb focusing
induces the observed nonintuitive energy-dependent trend in the angular streaking measurements on the
nonadiabatic tunneling, and that tunneling dynamics under the classically forbidden barrier can leave fingerprints
on the resulting signals. Our findings have significant implications for the decoding of the intricate tunneling

dynamics with attosecond angular streaking.

Introduction

Attosecond metrologies, such as attosecond streak-
ing with isolated attosecond pulses’, attosecond pho-
toelectron interferometry with attosecond pulse
train®® and attosecond angular streaking®~®, have
successfully revealed the temporal nature of photo-
ionization in an unprecedented time scale, which are
essential to achieve the quantum control of attosecond
chemistry” and the petahertz-scale signal processing at
optical frequencies'®''. Among those techniques,
angular streaking is a sophisticated method for inves-
tigating the electron tunneling dynamics with attose-
cond resolution based on femtosecond laser
pulse®>”!213 The rotating electric field vector of the
close-to-circularly polarized laser pulse is employed to
deflect the direction of electron emission, and the
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instant of ionization was assumed to map to the most
probable emission angle (MPEA) in the polarization
plane. With this technique, numerous experimental
and theoretical studies have been implemented to
reveal the temporal information of electron tunneling,
but different conclusions have been drawn regarding
the duration of tunneling ionization, with some studies
suggesting it takes tens of attoseconds while others
proposing it to be instantaneous” %1372,

Through a comparison of the attoclock measurements
on atomic hydrogen and the time-dependent Schrodinger
equation (TDSE) simulations with Yukawa potential,
Satya et al. concluded that the observed MPEA in the final
photoelectron momentum distribution (PMD) is exclu-
sively attributed to the post-tunneling Coulomb interac-
tion'?. Energy-resolved angular streaking measurements
performed on the same target in the nonadiabatic regime
reveal an increase in the MPEA with energy, contradicting
the standard predictions based on Coulomb interaction
with the ion®'. In order to address the inconsistencies in
the measurements, it is necessary to investigate the
validity of the widely used assumptions underlying
angular streaking. The time-angle mapping relationship in
angular streaking technology is built on the assumption
that the photoelectrons contributing to MPEA originate
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Fig. 1 Energy-resolved attosecond angular streaking. a Schematic of the experimental measurement with angular streaking. Energy-dependent
photoelectron angular distribution acquired from (b) measurements; (c) numerical solution of TDSE; and (d) ICCSFA simulations. The white diamonds
denote the measured or simulated MPEA of photoelectrons, and the white stars represent the simulated angle of the final momentum of the
electron emitted at the instant of the electric field peak. The peak laser intensity is (45 + 2) TW cm ™~ for the measurements and 45 TW cm ™ for the
simulations. The color bar stands for the normalized intensity of the measured or calculated photoelectron yields in logarithmic scale
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from the tunneling burst created at the instant of electric
field peak. A one-to-one correspondence between ioni-
zation time and emitted direction of electron was sup-
posed to be guaranteed by the near-circularly polarized
laser pulse which excludes rescattered electron®>*>??, But
the situation is complicated by the fact that the post-
tunneling Coulomb interaction distorts the evolution of
the liberated electron, indicating that angular streaking is
not capable of directly tracing the initial ionization time
from the MPEA in the final PMD after the Coulomb
interaction in the continuum.

In this work, we report that in angular streaking
measurements with strong near-circularly polarized
laser fields, the MPEA is contributed by electrons that
penetrate through the barrier at different initial ioni-
zation times, owing to the previously-unexpected
Coulomb focusing triggered by the nonadiabatic
tunneling. By comparing the semiclassical statistical
analysis based on an improved Coulomb-corrected
strong-field approximation (ICCSFA) (see Supple-
mentary Material) with experimental observations, we
demonstrate that the Coulomb focusing induces the
counterintuitive energy-dependent trend, i.e., the
increase of the MPEA with energy. Moreover, we
identify that the sub-barrier Coulomb attraction leads
to smaller tunneling exit positions and thus stronger
Coulomb focusing in the continuum, which
leaves fingerprints on the measured angular streaking
signals.

Results

Experimentally, we performed energy-resolved angular
streaking measurements on various noble gas atoms
including Ar, Kr and Xe with Cold-Target Recoil-Ion
Momentum Spectroscopy (COLTRIMS)?*~ (see Fig. 1a
for the experimental scheme). For Xe atom, the employed
peak intensity is ~45 TW cm™ and the corresponding
Keldysh parameter is ~2, indicating that it is within the
typical nonadiabatic tunneling regime®”**, Multiple cycle
laser pulses with durations of 40 fs are adopted to scale
the energy of photoelectron with above-threshold ioni-
zation (ATI) rings spaced by the energy of a single pho-
ton. The inset in Fig. 1a displays the measured angular
streaking electron momentum spectra and schematically
illustrates the electron trajectories (depicted as orange
lines) under the simultaneous interaction of a rotating
electrical field and long-range Coulombic attraction. The
x, y and z axes represent the directions of laser propaga-
tion, major and minor axes of polarization ellipse of the
laser field, respectively. The angular offset ¢,y of the
photoelectron is defined as the angle between the
asymptotic direction of electron and the z axis. Figure 1b
illustrates the energy-resolved angular distribution from
the angular streaking measurement of Xe. The measured
MPEAs show an increasing trend with energy, which is
also observed for Kr and Ar (see Fig. S1 in Supplementary
Material) as well as for hydrogen atom in the literature®'.
This suggests that the energy-dependent trend of MPEAs
is a universal phenomenon in angular streaking
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Fig. 2 Angular offsets of electrons from different ATl orders. The measured (black dots with errorbar) and calculated (curves) angular
distributions for ATI rings with different electron energies of (a) 4.05 eV, (b) 5.6 eV, (c) 7.15 eV, (d) 8.7 eV and (e) 10.25 eV. The offsets of the MPEAs
from the experimental measurement (shaded areas) and those calculated from TDSE and ICCSFA simulations demonstrate a quantitative agreement,
which shows clear angle shifts relative to the CCSFA calculations without the sub-barrier potential interaction

45 90 45 0 45 90
b (degree)

measurements of atoms. The measured energy-dependent
MPEAs are well reproduced by three-dimensional TDSE
simulations***°, as shown in Fig. 1c. The one-dimensional
distributions of the measurements and TDSE calculations
for five ATI rings are presented in Fig. 2a—e, demon-
strating the quantitative agreement of MPEAs (the green
dash dot lines in Fig. 2a—e).

To provide a transparent interpretation on the mea-
sured results of angular streaking, we perform ICCSFA
simulations based on Feynman path integral and semi-
classical statistical analysis of electron trajectories (see
“Methods” and Supplementary Material)*'~>”. Unlike
most Coulomb-corrected semiclassical methods, such as
Coulomb-corrected strong-field approximation (CCSFA),
the ICCSFA method incorporates Coulomb interactions
not only in the continuum but also under the classically
forbidden tunneling barrier. The ICCSFA has already
been successfully employed to reproduce the experi-
mental results of a molecular attoclock and to extract the
resonant time delay from the measurements®. The
energy-dependent trend of MPEAs in the measurement
and TDSE simulation is quantitatively reproduced by the
ICCSFA simulation (see Fig. 1d and the blue dash lines in
Fig. 2a—e). In contrast, when the sub-barrier Coulomb
interaction is artificially switched off, the CCSFA simu-
lation fails to reproduce the measured MPEAs (see the
solid red lines in Fig. 2a—e).

Subsequently, we employ the semiclassical statistical
analysis to trace back the initial distribution of electron
trajectories of the angular streaking signal. Figure 3a
depicts the calculated initial time distributions of all
electron trajectories contributing to the momentum bin of
MPEA of the first ATI ring with three approaches
including ICCSFA (blue line), CCSFA (green line) and
strong-field approximation (SFA) (orange line). When the
Coulomb interaction is artificially switched off in SFA,
electrons are released at time O, i.e., the instant of the
electric field peak. This agrees with the simulation within
the single classical trajectory (SCT) approximation'®*!, It
was in accord with the original hypotheses of angular
streaking that maximum ionization was triggered at the
instant of the electric field peak (SFA, orange line in
Fig. 3a), which is the base of the one-to-one correspon-
dence between the instant of maximum ionization and the
MPEA. As a comparison, when the Coulomb interactions
during the tunneling and in the continuum are fully taken
into account in ICCSFA simulations, the ionization does
not occur exactly at the instant of the electric field peak,
but instead spans during a duration more than 60 as (see
the blue line in Fig. 3a). Even when only the Coulomb
interaction in the continuum is considered (CCSFA), the
ionization also occurs during a duration of approximately
30 as (see the green line in Fig. 3a). Moreover, in ICCSFA
simulations, the statistical analysis on trajectories
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Fig. 3 Semiclassical statistical analysis of the initial distribution of electron trajectories. a The distribution of initial ionization times for the
photoelectron contributing to the MPEA in the first ATI. The instant of the electric field peak is assumed as time zero. ¢ Simulated time-dependent
evolution of electrons from the momentum bin of MPEA. b, d The time-dependent evolution of photoelectron momentum projections in the zand y
directions, respectively. Tt is the moment the laser field ends. The colors of the trajectories are used to guide the eye

contributing to the MPEA shows that numerous electron
trajectories beginning at different initial ionization times
are converged into the same final momentum by the
Coulomb focusing, as illustrated in Fig. 3b—d (also sche-
matically shown in the inset of Fig. 1a), which selects a
momentum bin from the MPEA of the first ATI as an
example. Therefore, the electrons contributing to the
MPEA are not released at a specific moment, but rather
over a time span.

Essentially, the final momentum of electron can be
expressed as®®:

P = Po(t;) + eA(t) + pc(r) (1)

where po(t,), A(¢,) and e are the initial momentum and the
laser vector potential at the time of ionization ¢, as well as
electron charge, respectively. pc(r) is the accumulated
momentum drift caused by the position-related Coulomb
interaction in the continuum. When the Coulomb
interaction is neglected, ¢, is the only argument that
determines the final momentum of photoelectron. There-
fore, there is a one-to-one correspondence between the
instant of maximum ionization and the final momen-
tum™®**?%, with only those electrons emitted at the instant
of the electric field peak contributing to the MPEA in the
final PMD. When the Coulomb interaction is taken into

account, pc(r) is approximately determined by the
Coulomb potentials at the tunneling exit V(r..) and at
the infinity V(r — oco) =0, so that the position of the
tunneling exit r.,;; becomes a relevant factor, and ¢, is not
the only argument any more. Consequently, Coulomb
interaction can not only change the final momentum of
each electron trajectory’®, but also focus a number of
electron trajectories with different initial ionization times
and tunneling exit positions into the same final momen-
tum as described by Eq. (1) (as shown in Fig. 3b—d). In this
case, the overall probability would be the coherent
superposition of the weights of all involved electron
trajectories, and it depends not only on the weight of each
electron trajectory, but also on how many trajectories can
be focused together. Therefore, the MPEA and the
ionization peak at the tunneling exit do not necessarily
tie up. We trace the final momentum of the electron
trajectory which is launched at the instant of the electric
field peak (see the white stars in Fig. 1c). It is clear that the
electrons contributing to the MPEAs are not those
emitted at the instant of the electric field peak (see
Figs. 1c and 4b). It should be noted that the Coulomb field
on single trajectory is included, but the Coulomb focusing
is absent in this SCT simulation. In the absence of
Coulomb focusing, the MPEA induced by the Coulomb
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Fig. 4 HWHM distribution of the transverse momentum. a Measured and (b) simulated HWHM distribution of transverse electron momentum,
whose value reflects the Coulomb focusing effect. The white diamonds, same to those in Fig. 1, denote the measured or simulated MPEAs of
photoelectrons for each ATI ring. The white stars represent the simulated streaking angle of the final momentum of the electron emitted at the

field decreases with increasing energy in the SCT
simulation, which contradicts the trend in the experiment
and ICCSFA simulation.

In comparison, the adiabatic tunneling exit position 7ey;;
depends solely on the magnitude of the instantaneous
laser electric field at ionization time ¢,. The tunneling exit
in the adiabatic model (tunnel ionization in parabolic
coordinates with induced dipole and Stark shift) is given
by:

L@ BRG]

rexit[E(tr)} 2|E(tr)|

where I, is the ionization potential of atom. It means that
t, is still the only argument even if the Coulomb
interaction is considered in Eq. (1). Therefore, the
Coulomb focusing is absent in this adiabatic tunneling
model, which explains why the model also predicted an
opposite trend to the result of previous experiment and
TDSE simulation®".

A direct evidence of the Coulomb focusing is the
transverse photoelectron momentum distribution along
the laser propagation direction x and perpendicular to the
polarization plane. In this direction, the Coulomb inter-
action can be readily detected due to excluding the
interplay with the laser field. Following the seminal work
on Coulomb focusing in tunneling ionization*’, we utilize
a Lorentz distribution to fit the transverse momentum
distribution in each bin of the polarization plane (py, p,):

dN(p,,p.) A

p.  ay(l+p2/y?) ®)

where p,, p, and p, represent the photoelectron
momentum along the laser propagation direction, major

axis and minor axis of polarization ellipse, respectively.
The fit parameter y = y(p,,p,) corresponds to the half
width at half maximum (HWHM). In Fig. 4a, b, we plot
the HWHM y(p,,p,) distributions as a function of
photoelectron energy and streaking angle ¢ in the
polarization plane with the measurement and semiclassi-
cal statistical analysis of ICCSFA, respectively. Here, in
order to eliminate the influence of the low ionization yield
at the valley of ATI structure, a few-cycle laser pulse is
employed to show the energy- and angle-dependent trend
of HWHM in the ICCSFA calculation.

To get an insight into the Coulomb focusing in angular
streaking, we present in Fig. 4 both the measured and
simulated MPEAs for each ATI (indicated by the white
diamonds in Fig. 4a, b) and the streaking angles of elec-
trons emitted at the instant of the electric field peak
(denoted by the white stars in Fig. 4b). The ICCSFA
simulation well reproduces the experimentally measured
HWHM distribution. Both the measured and simulated
results demonstrate that the transverse momentum
becomes narrower as the streaking angle ¢4 increases
(refer to 0°< b5 < 90°and —180°< e < — 90; where the
color denotes the value of HWHM), which corresponds to
stronger Coulomb focusing with the increase of ¢ . The
same trend can be found for the MPEAs in the polariza-
tion plane (see the white diamonds in Fig. 4a, b). This
reveals that, in addition to focusing the transverse
momentum, the Coulomb field also focuses electrons into
the MPEAs of PMD in the polarization plane. Stronger
Coulomb focusing results in more electron trajectories
converging into the same momentum bin. This relevance
is verified by comparing the HWHMs of the transverse
momentum (Fig. 4) with the numbers of trajectories in
each momentum bin (the blue lines in Fig. 5a) in the
polarization plane. The Coulomb focusing on electrons
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emitted at the instant of the electric field peak is weak (see
the white stars in Fig. 4b). Despite the large weights of
these electron trajectories, only a small fraction of them
converge and do not contribute to the MPEA with max-
imum yield due to the weak Coulomb focusing.

The impact of Coulomb focusing on the energy-
dependent trend of the MPEAs can be assessed by
exploring the relation among the probability of photo-
electron, the weight and the number of trajectories. The
probability of each momentum bin can be expressed as
M(p) = >, W), where W; and n are the weight of the
jth electron trajectory and the number of trajectories in
this bin, respectively. We define a mean weight W, which
allows us to approximate the probability as the product of
W and n, i.e, M(p) ~ W - n. In Fig. 5, we plot the number
of trajectories, the mean weight and the probability in
each momentum bin for the five ATI rings in the polar-
ized plane. The mean weight W initially increases to the
maximum and then decreases with the streaking angle
¢o (indicated by the black lines in Fig. 5a), while the
number of trajectories # which characterizes the Coulomb
focusing, increases with ¢ (represented by the blue lines
in Fig. 5a). And the maximum values of W and # increase
with both the energy and the streaking angle ¢ 4. Con-
sequently, the maximum probability, i.e., the maximum
value of the product M(p) ~ W - n, increases with both
the energy and ¢.y, which establishes that Coulomb
focusing serves as the underlying physical reason

responsible for the nonintuitive energy-dependent trend
of the streaking angles observed in the previous non-
adiabatic tunneling experiment®'.

Discussions

In Figs. 1 and 2, we demonstrate that the quantitative
agreement between measurements and semiclassical
simulations can be achieved only if the ICCSFA incor-
porates the sub-barrier Coulomb interaction. The sub-
barrier Coulomb interaction is the Coulomb attraction on
the electron in classically forbidden region. Essentially, it
is a process of energy exchange between the electron and
its parent ion during the nonadiabatic tunneling®’. In
Fig. 6, we trace back the initial position ri,; and emission
time fqy;¢ distribution of the electrons contributing to the
MPEAs in PMD by artificially enabling (solid lines,
simulated with ICCSFA method) or disabling (dashed
lines, simulated with CCSFA method) the sub-barrier
Coulomb interaction. It reveals that the sub-barrier
Coulomb attraction brings electrons closer to the ion
(see Fig. 6a, c), which sequentially induces a stronger
Coulomb focusing and a broader distribution of initial
times (see the comparison between the solid and dashed
lines in Fig. 6b and the comparison of HWHM between
ICCSFA and CCSFA in Fig. S3 of Supplementary Mate-
rial). In a word, electrons emitted over a broad time span
converge into the MPEAs in angular streaking measure-
ment due to the Coulomb focusing induced by the sub-
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barrier Coulomb attraction during the nonadiabatic
tunneling.

To well account the Coulomb focusing in angular
streaking measurement, we establish that the ICCSFA is
the most appropriate method relative to CCSFA or SFA,
and the reason is summarized as follows. In the SFA
model, the influence of the Coulomb potential throughout
the entire tunneling ionization process is neglected, and
the electron motion is solely driven by the electric field,
thereby precluding the Coulomb focusing effect. In the
CCSFA model, the Coulomb interaction in the continuum
state is considered, leading to the emergence of Coulomb
focusing. However, the Coulomb interaction under the
barrier is disregarded, severely distorting Coulomb
focusing. In this case, the quantitative difference between
measurement and simulation using CCSFA can be clearly
seen in Fig. 2. By contrast, the ICCSFA model introduces
the Coulomb potential not only in the continuum but also
under the barrier, resulting in distinct initial conditions of
trajectories. Consequently, a more pronounced Coulomb
focusing can be accounted, leading to the quantitative
agreement between measurement and simulations.

In summary, our jointed experimental and theoretical
results have demonstrated the essential role of the Cou-
lomb focusing in angular streaking measurements on
laser-induced nonadiabatic tunneling. We have revealed
that electrons emitted at different initial times form the
MPEAs with maximum vyield as a result of Coulomb
focusing. The Coulomb focusing triggered by non-
adiabatic ~ tunneling  disrupts  the  one-to-one

correspondence between the MPEA and ionization burst
at the tunneling exit. Our results hold promise for an
intuitive interpretation of measured signals in the angular
streaking experiments and sheds new light on decoding
intricate tunneling dynamics under the classically for-
bidden barrier in complex with attosecond temporal
resolution®"*2,

Materials and methods
Experimental details

Laser pulses were generated by a Spectra-Physics Sol-
stice Ace Ti:Sapphire laser system at a central wavelength
of 800 nm. The duration of the laser pulse was 40 fs, and
the repetition rate was 1kHz. Elliptically polarized laser
pulses with an ellipticity of 0.79 were produced with the
combination of a half-wave plate (HWP) and quarter-
wave plate (QWP). The laser pulses were focused into a
vacuum chamber by a mirror with a focusing length of
75 mm. A supersonic beam of xenon (seeded in helium)
was introduced into the chamber and interacted with the
focused laser beams. The energy-resolved angular
streaking spectra of photoelectrons from xenon were
measured using the COLTRIMS setup (see Fig. 1a)****,
The charged particles were accelerated by the combina-
tion of a homogeneous electric field (53Vem™) and a
magnetic field (7 Gauss), and their time and position
could be recorded by micro-channel plates and delay-line
detectors. The count rate of photoelectrons was kept
lower than 0.2 per pulse to suppress the false coincidence
ratio. The peak laser intensity can be calibrated by
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measuring the ionization yield ratio of Xe**/Xe™ and the
ponderomotive potential shift of the ATI peak, which was
(45 +2) TW cm ™2 in the measurements®.

Semiclassical simulation and statistical analysis of electron
trajectories

Theoretically, we study the Coulomb focusing inside
angular streaking technique by performing ICCSFA
simulations based on Feynman path integral and semi-
classical statistical analysis of electron trajectories. The
Coulomb interactions not only in the continuum but also
under the classically forbidden barrier are integrated into
the ICCSFA method adopted in this work. To solve the
saddle-point equation with sub-barrier Coulomb correc-
tion, we divide the integral of election action into two
parts in the complex-time plane. One of the integral paths
is along the imaginary time axis and is strongly correlated
with the ionization probability, describing the quantum
path evolution under the barrier. The other integration
path is along real time axis and describes the propagation
of electrons under the laser and Coulomb fields, accom-
panied by the emission of photoelectrons. Once the
quantum trajectory reaches the real time axis, it means
that the electron has exited the barrier and entered the
classically allowed region. Solving the saddle point equa-
tion allows us to obtain the initial distribution of an
electron emerging at the tunneling exit, including the
initial velocity, position, and the weight of each electron
trajectory. Subsequently, the motion of the post-tunneling
electron in the combined laser and Coulomb fields is
determined by Newton’s equations. The quantum
mechanics of electron wavepacket evolution is investi-
gated through a comprehensive statistical analysis of
numerous trajectories.
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