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Attoclock provides a powerful tool for probing the ultrafast electron dynamics in strong laser fields.
However, this technique has remained restricted to single electron or sequential double ionized electron
dynamics. Here, we propose a novel attoclock scheme with a polarization-gated few-cycle laser pulse and
demonstrate its application in timing the correlated-electron emission in strong field double ionization of
argon. Our experimental measurements reveal that the correlated-electron emission occurs mainly through
two channels with time differences of 234 + 22 as and 1043 £+ 73 as, respectively. Classical model
calculations well reproduce the experimental results and deepen our understanding of ultrafast electron

correlation dynamics.
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Tracing the motion of the electrons on its characteristic
timescale provides an effective way to identify and under-
stand the essential features of many ultrafast photophysics
and photochemical processes. Among all the attosecond
metrology techniques [1-8] capable of resolving electron
dynamics on attosecond (as) timescales, the attosecond
angular streaking (or attoclock) technique [7,8] holds
particular significance due to its ability for self-referencing
and feasibility with a femtosecond (fs) laser pulse. This
technique utilizes a strong, nearly circularly polarized infra-
red laser pulse to ionize atoms or molecules. The rotating
electric field vector deflects the photo-ionized electron into
a certain direction depending on the moment it escapes
from the atom. Specifically, the ionization moment within
one laser cycle (e.g., ~2.7 fs for 4~ 800 nm) will be
mapped to the 360° interval of the final emission angles
(where 1° corresponds to ~7.4 as) in the polarization plane.
Thus, by analyzing the angle-resolved photoelectron spec-
trum, the ionization time of the photoelectrons can be
determined with an accuracy as high as a few attoseconds.
The attoclock technique has been widely applied to explore
tunneling time [7—19], the resonant ionization time delay
[20] of electron in single ionization process, and also
emission time difference between two electrons in sequen-
tial double ionization process [21-27]. Despite the great
success of attoclock technique in timing the individual
electron dynamics, its application to correlated-electron
dynamics in strong field, such as emission of the two
electrons in nonsequential double ionization (NSDI) proc-
ess [28] (for recent reviews, see, e.g., Refs. [29-31]),
remains a challenge. A major obstacle is closely related to
the fact that, under a circularly or elliptically polarized laser
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field employed in attoclock, the multielectron emission
usually occurs in a sequential way and the electron
correlation dynamics is strongly suppressed [32].

In this Letter, we report on a novel attoclock experiment
aimed at circumventing this issue by employing a polari-
zation-gated (PG) laser pulse. As shown in Fig. 1(a), the
PG pulse consists of two counter-rotating circularly polar-
ized, time-delayed, and carrier-envelope phase (CEP)
stabilized few-cycle laser pulses. The combined pulse
has a time-dependent ellipticity in overlapping temporal
region [33-38], in which the central portion exhibits
approximately linear polarization (labeled as gate) while
the remaining regions exhibit elliptical polarization, as
illustrated in Fig. 1(b). As a result, the PG pulse can
effectively drive two electrons emission in a correlated way
within the gate, while also possessing the property of
angular streaking. Consequently, it can be used to trace the
release times of the two correlated electrons. Here, we
utilize the intrinsic property of PG attoclock to investigate
the decaying process of the recollision-induced doubly
excited complex (DEC) in the strong field nonsequential
double ionization of argon atom.

A diagram of the PG attoclock experiment is depicted
in Fig. 1(c). Choosing a low intensity of [ = 8.5 x
10" W/cm? and a center wavelength of A ~ 760 nm for
the combined PG pulse, a DEC Ar** is induced by the re-
collision in the NSDI process of argon [39-41]. The DEC
subsequently decays via Ar** — Ar’* +2e~ into the
double ionization continuum state with the assistance of
the laser field within a very short time. The instants of the
first (at ;) and second (at #,) ionization steps (the first and
the second electrons are defined by their final ionization
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FIG. 1. (a) Schematic illustration of the construction of the PG
pulse with two counter-rotating circularly polarized, time-
delayed, and CEP stabilized few-cycle laser pulses. (b) The
time-dependent ellipticity of the PG pulse used in the experiment.
The central portion exhibits approximately linear polarization,
which is referred to as a gate. (c) Process of excitation and field-
assisted decay of the DEC. For each double ionization event,
the ionization time 7, of the electron is defined as the instant
when the electron is released into the continuum with zero kinetic
energy. 0 represents the angle of two emitted electrons relative to
the x axis in the polarization plane. A(t,(,)) is the electric field
vector potential at the ionization time of #,).

order) are mapped onto the emission angle of the electrons,
i.e., 0; and 6,, in the polarization plane of the PG pulse,
which can be extracted from the measured electron angular
distributions within the attoclock scheme. Our results show
that the emission of the electron pairs is mainly through two
channels, and the most likely emission time differences
between the two electrons are revealed to be 234 £+ 22 as
and 1043 =73 as for these two channels, respectively.
Classical trajectory Monte Carlo (CTMC) model calcula-
tions well reproduce the experimental measurements and
allow us to comprehend the effect of the final-state electron-
electron (e-e) repulsion in correlated-electron dynamics
deeply.

In our experiment, a PG laser pulse is produced by
propagating a linearly polarized, CEP stabilized few-cycle
laser pulse with a center wavelength of 760 nm and a pulse
duration as short as 5 fs through a birefringent quartz plate
of specified thickness in conjunction with an achromatic
A/4 wavelength plate [38]. The CEP of the few-cycle pulse
is calibrated by the asymmetry of the measured Ar™
momentum distribution [42]. The intensity of the few-
cycle pulse is calibrated with a procedure utilizing the
photoelectron momentum distribution in a nearly circularly
polarized laser field [43]. The time delay T; between these

two circularly polarized pulses is controlled by changing
the thickness of the birefringent quartz plate and it is cali-
brated to be T; = 2.08T (T is optical period) by using the
photoelectron momentum distribution measured in coinci-
dence with Ar™ in single ionization experiment [38]. By
focusing the CEP-stabilized PG laser pulses through an on-
axis spherical mirror (f = 75 mm) onto a supersonic Ar
beam in an ultrahigh vacuum chamber of a cold target
recoil ion momentum spectrometer [44—46], one of the two
photoelectrons and the Ar’* ion ejected from double
ionization of Ar are detected in coincidence, and we obtain
the momentum of the undetected electron by exploiting the
momentum conservation between the two electrons and
the Ar** ion.

The measured correlated-electron angular distributions
(CEADs) of double ionization of Ar are shown in Figs. 2(a)
and 2(b) for CEP ¢ = 0.7z and 1.2z, respectively. The
spectra are symmetric with respect to 6,; = 6,, diagonal
because the two electrons are not distinguished in the
experiment. One can see that both electrons prefer to emit
in the direction of 90° or 270°, and main spectral peaks
(labeled with Channel I) locate at about (270°, 270°) and
(90°, 90°) for CEP ¢ = 0.7z and 1.2z, respectively. A
closer inspection shows that the majority of the distribution
is not located on the diagonal, indicating that there exists a
small angle difference between the two electrons from
NSDI of Ar in the PG pulse. Besides the main peaks in
the spectra, there are two weaker peaks (labeled with
Channel II) around both (90°, 270°) and (270°, 90°), which
correspond to the distribution of antiparallel emitted
electron pairs.

To get an insight into the two electron emission dynamic
of Ar in the PG pulse, we perform a 3D CTMC model
calculation that fully considers the influence of the ionic
Coulomb potential for the two electrons and the Coulomb
repulsion between the two electrons (CTMC-CP) [47,48]
(details of calculation are described in the Appendix).
In the calculations, the electric field components of
the PG pulse in the polarization plane (i.e., in z and x direc-
tions) used here are E_(t) = Ey{cos*[w(t — T;/2)/2n] +
cos?[w(t + T4/2)/2n]} cos(wt + @)  and  E (1) =
Eo{—cos?(o(t — T,/2)/2n] + cos®[w(t + T4/2)/2n]} x
sin(wt + ¢), where E; is the maximum electric field
amplitude, @ is the frequency, n =7 is the number of
optical cycles, and ¢ is the CEP for each circularly
polarized pulse. T, is the time delay between the two
pulses. The CTMC model simulated results are shown in
Figs. 2(c) and 2(d), which exhibit a rather good agreement
with the experimental data, although a wider angular
distribution is discernible for the latter [49].

In light of the good agreement between the simulation
and experiment, a more comprehensive understanding of
electron dynamics can now be achieved by analyzing the
time distribution of the laser-driven electron trajectories.
Figures 2(e) and 2(f) show the calculated time distribution
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FIG. 2. The measured (a),(b) and CTMC-simulated (c),(d)
correlated-electron angular distribution for ¢ = 0.7z and
@ = 1.2z, respectively. (e),(f) The CTMC calculated time dis-
tribution of the tunnel #; (black), recollision 7, (gray), ionization
of the first #; (red), and second ¢, (blue) electrons in NSDI of Ar.
The electric field component in the major polarization z axis
(black line) and the ellipticity of the PG pulse (orange dashed
line) are also shown in (e) and (f). (g),(h) The angular mappings
of the electrons as a function of their emission time via the
relation of p = —A (7). The electron emission angle from the next
laser cycle for ¢ = 0.7z has been added by an additional 360°
[red line in (g)]; see text for details.

of the tunnel #; (black), recollision ¢, (gray), ionization of
the first #; (red) and second 7, (blue) electron trajectories in
NSDI of Ar, together with the temporal profile of the laser
electric field component along z axis for these two CEPs.
The exponential growth of ionization rates with electric
field strength [50] ensures that electrons mainly tunnel at
the time of the electric field maximum (i.e., #;). These
tunneled electrons return around ¢, + 0.75T (i.e., ¢,), which
is zero crossing point of the electric field [51], leading to
the formation of the DEC. Subsequently, one electron will
be ionized from the DEC nearby the next peak of the
electric field (i.e., #;). And most of the second electrons will
be ionized soon after the first electrons (i.e., tz(l)). However,

if the second electron does not obtain enough energy from
the laser field within this peak, it may be ionized nearby the
next peak of the electric field (i.e., f(y)). The time-angle
relations obtained from the vector potential of the PG
electric field based on p = —A(¢) [52,53] for ¢ = 0.7x and
@ = 1.2z are shown in Figs. 2(g) and 2(h), respectively.
Here, the emission time windows of the two electrons are
mainly confined within single cycle, thereby establishing a
straightforward and unambiguous time-angle relation for
the electron emission. Consequently, the two electrons can
be distinguished by their emission angles. By mapping
the ionization time distributions of #; and 7, to the angular
distributions, a comprehensive understanding of the
CEADs is achieved. For ¢ = 0.7z, as an example, one
can see that the main peak nearby (270°, 270°) in Channel I
in the CEADs mainly comes from the electron pairs emitted
at ¢; and 7, while the two small peaks in Channel II
mainly come from the electron pairs emitted at #; and ).

To retrieve the most likely emission time of the two
electrons from the measured photoelectron angular distri-
bution, we extract emission angular distributions of the
distinguished first and second ionized electrons at ¢ = 0.7x
and ¢ = 1.2z for different channels in Figs. 3(al)-3(d2).
For the convenience of analysis but without losing the
physics, we add 360° to the emission angle from the next
laser cycle [see the red curve in Fig. 2(g)] in the case of
@ = 0.7z to make the angle of the second ionized electron
be larger than the first ionized electron. The angular distri-
bution of the first and second ionized electrons is fitted with
a Gaussian function to extract the location of the peak.
For Channel I, the peaks locate at ; = 259° and 6, = 284°
for ¢ =0.7z, while at 6, =82° and 6, = 119° for
@ = 1.2z, respectively. For Channel II, the peaks are at
0, = 263° and 6, = 437° for ¢ = 0.7z, while at ; = 86°
and 0, = 256° for ¢ = 1.2z, respectively. The peaks for the
angular distribution of the first and second ionized elec-
trons are also well reproduced by the CTMC calculations.
Subsequently, in the context of attoclock scheme, by
mapping the peaks of the angular distributions of the
two electrons via the relation of p = —A(#) [orange solid
lines in Figs. 3(a3)-3(d3)] to their emission time, we extract
the emission time differences of 456 + 54 as for ¢ = 0.7x
and 431 &£ 36 as for ¢ = 1.2z in the case of Channel I and
1125 + 88 as for ¢ = 0.7z and 1092 £ 34 as for ¢ = 1.2%
in the case of Channel II, respectively.

It is worth noting that for correlated-electron emission,
the influence of final-state e-e repulsion on the formation of
angular distributions should be meticulously considered,
particularly for Channel I where the emitted angular
difference between the two electrons is very small.
Therefore, we perform an additional CTMC calculation
with Yukawa potential (CTMC-YP) to elucidate the influ-
ence of the final-state e-e Coulomb repulsion on the
extracted emission time difference. In the calculation, the
Coulomb potential between the two electrons is substituted
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FIG. 3. (al)-(d2) The measured angular distributions of the distinguished first and second ionized electrons for ¢ = 0.7z and

¢ = 1.2z, respectively. The fitting curves with Gaussian function are depicted by the black lines. The error bars represent the standard
deviations of multiple measurements. The red and blue lines correspond to the CTMC calculations with Coulomb potential (CP) and
Yukawa potential (YP), respectively. (a3)—(d3) The time-angle relation obtained from p = —A () (orange line) and the one derived from
CTMC-YP model calculation (blue triangle), which is fitted with a polynomial function (blue line). The emission time difference, At, is
determined by utilizing the time-angle relation derived from p = —A(7) in the context of attoclock scheme. The uncertainties result from
curve-fitting procedures. Additionally, Az,., denotes the emission time difference caused by the final-state e-e repulsion derived from

the CTMC simulations including CP and YP.

with a short-range Yukawa potential V,, = e /r, once
one electron is ionized from the DEC, where r, =

(ri = ry)* + b*, 4 =5.0,and b = 0.2 [47]. The resulting
angular distributions are shown in Figs. 3(al)-3(d2) with
blue lines. By mapping the peaks of these angular dis-
tributions to emission times and comparing with the results
from the CTMC-CP calculations, the influence of final-
state e-e repulsion can be quantitatively extracted. As
illustrated in Figs. 3(a3)-3(d3), the emission time differ-
ence resulting from the final-state e-e repulsion (referred to
as At,_,) exerts a significant impact on Channel I, while
exhibiting a relatively small influence on Channel II.
Furthermore, we present the time-angle relation of the
electron obtained from the CTMC-YP model calculation
[blue triangles and lines in Figs. 3(a3)-3(d3)] and analyze
the influence of the ionic Coulomb potential when con-
verting angle into absolute emission time. It can be seen
that the ionic Coulomb potential induces a similar shift in
the absolute emission time of the first and second ionized
electrons derived from the relation p = —A(7) [see blue
and orange lines], thereby allowing them to mutually
cancel each other out.

Finally, we investigate the CEP dependence of the
emission time difference of the two electrons in Channel
Iand Channel II. As depicted in Fig. 4(a), the emission time
differences are found to be slightly changed at different
CEPs for each channel. To understand the insensitivity of
the obtained emission time difference to CEP, in Figs. 4(b)

and 4(c), we show the energy distributions of the tunneling
and bound electron trajectories at 0.057 before and after the
recollision time ¢, for two different CEPs. Figure 4(b)
clearly shows that the energy distributions of the tunneling
electrons before recollision are consistent and prominently
concentrated around 0.5 a.u. for these CEPs. This leads
to consistent energy distributions of the doubly excited
states created during the recollision process, as depicted in
Fig. 4(c). As aresult, the two electrons will be emitted from
these doubly excited states with similar emission time
differences and insensitive to the CEP. Additionally, we
present the mean emission time differences [indicated by
dashed lines in Fig. 4(a)] for Channels I and II as 436 £ 13
as and 1113 438 as, respectively. After accounting for
the impact of the final-state e-e repulsion, the emission
time differences are determined to be 234 +22 as and
1043 £ 73 as.

In conclusion, we propose a novel attoclock scheme
utilizing a PG few-cycle laser pulse and demonstrate its
application in timing the correlated-electron emission from
a DEC generated in NSDI of argon under strong laser
fields. The measured CEADs reveal distinct channels
for double ionization and exhibit an angular difference
between the two electrons. Our CTMC model calculations
reproduce the experimental measurements well. By ana-
lyzing the angular distributions, we extract the emission
time difference between the two electrons and quantita-
tively evaluate the influence of final-state e-e repulsion.
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FIG. 4. (a) The measured emission time differences extracted
for Channel I and Channel II under different CEPs with and
without including the final-state e-e repulsion, respectively. The
dashed line denotes the mean value. (b),(c) The energy distri-
butions of the tunneling (et) and bound (eg) electron trajectories
at 0.057 before and after the recollision time ¢, in CTMC-CP
simulations for ¢ = 0.7z and ¢ = 1.2x.

It is found that the most likely correlated emission time
differences are 234 4+ 22 as and 1043 4 73 as for the two
experimentally identified channels, respectively, and more-
over, the time differences are insensitive to CEP of the PG
pulse. The proposed PG attoclock scheme, as demonstrated
in this work, provides a robust tool for tracing the
correlated-electron emission in strong field atomic ioniza-
tion, and could be extended to other more complex systems,
such as molecules [30] or nanometric solids [54].
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and Technology Department of Hubei Province
(No. 2021CFAQ78).

Appendix: 3D CTMC model calculation.—In this
Appendix, we provide detailed information about the 3D
CTMC model calculation, which has been successfully
employed to understand the underlying physics behind
the NSDI of Ar atom [47,48]. In the CTMC model,
an outermost electron is assumed to be released into the
continuum by quantum tunneling through the field-
suppressed atomic potential. Subsequently, the propagation
of this tunnel-ionized electron and a bound electron in the

combined laser electric field and Coulomb field are
described by the coupled classical Newton equations of
motion,

dzri
dr’

= _E(t) - vri (sze + Vee)’ (Al)
where i = 1, 2 denote the two electrons, E(7) represents
the PG electric field, Vi, = —(2/|r;|) is the Coulomb
interaction between the nucleus and electron, and V,, =
(1/]|r; — ry|) is the Coulomb repulsion between the two
electrons.

In order to solve Eq. (Al), the initial conditions for
the two electrons, i.e., the initial positions and velocities,
have to be set up. For the tunnel-ionized electron, the
tunneling exit z, = —%’70 in a linearly polarized field can
be obtained by solving the Schrodinger equation for an
electron in a uniform field £ [48,55]. In a PG pulse, the
initial condition is obtained in the rotated coordinate the
same as in the linearly polarized field and then projected
to the original coordinate. At each tunneling moment ¢,
the z axis is rotated to the direction of the instantaneous
polarization. Thus, in the rotated coordinate, the initial
positions x; and y; are set to 0, and z, = —%770 is
introduced in the direction of the instantaneous polariza-
tion. As such, the initial positions in the original co-
ordinate are x, = z; sin[arctan(E, /E, )], yo = 0, and zy =
zicoslarctan(E, /E.)]. For the velocity in the rotated
coordinate, the longitudinal velocity is assumed to be
zero, while a nonzero initial velocity v, is introduced
in the perpendicular direction of the laser polarization.
The corresponding initial velocities in the rotated co-
ordinate are v}y = vy O8(0), V15 = v sin(6), and
v., = 0. Thus, the initial velocity is obtained by projec-
ting the rotated coordinate into the original coordinate:
Uy = Vg cosfarctan(E,/E.)|, v,0 =vl5, and vy =
—v', sin[arctan(E, /E,)]. The weight of each trajectory is
evaluated as w(ty, vper) = w(0)w(1) [48,50], where

2
w(0) = 4(|22’|’) exp[-2(21,)3/3|E|] (A2)
and
w(y = 2l s on e (A3

|E|x

Here, 1, is the ionization potential of Ar atom. For the
bounded electron, the initial conditions are determined by
assuming that it occupies the ground state of the singly
charged argon ion Ar" and its initial distribution follows a
microcanonical distribution.

The parameters in our calculations are given as follows:
the ionization potential is /,, = 0.58 a.u., the peak intensity
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of the two circularly polarized few-cycle pulses is about
3.35 x 10"* W/cm?, corresponding to 8.5 x 10'* W /cm?
for the combined laser field. 8 x 108 initial points are ran-
domly distributed in the parameter space =2z < wty < 27,
0< Vper < 1 a.u.,and 0 < @ < 2z, so that the weight of the
chosen trajectory is large enough. The evolution of this
two-electron system is traced until the termination of the
laser field using the classical Newton equation and a double
ionization event is identified when the energies (a sum of
kinetic plus potential energies) of both electrons are greater
than zero. This results in more than 5 x 10* NSDI events in
our statistics.
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