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Electron correlation and short-range dynamics in attosecond angular streaking
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We employ the R matrix with time-dependence method to study attosecond angular streaking of F~. Using this
negative ion, free of long-range Coulomb interactions, we elucidate the role of short-range electron correlation
effects in an attoclock scheme. Through solution of the multielectron time-dependent Schrodinger equation, we
aim to bridge the gap between experiments using multielectron targets, and one-electron theoretical approaches.
We observe significant negative offset angles in the photoelectron momentum distributions, despite the short-
range nature of the binding potential. We show that the offset angle is sensitive to the atomic structure description
of the residual F atom. We also investigate the response of co- and counter-rotating electrons, and observe an

angular separation in their emission.
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Attosecond angular streaking [1], or the attoclock, was
developed with the aim of interrogating the electron tun-
neling process on the attosecond timescale. In the attoclock
scheme, a few-cycle, intense, near-circularly-polarized laser
pulse modifies the binding potential of the target atom or
ion to form a rotating barrier, through which an electron
may tunnel. The electron then emerges from the barrier, most
probably at a time when the laser field is maximal. Use
of an ultrashort pulse serves to localize the ejected-electron
wave packet within an angular interval, and a semiclassical
analysis dictates that the most probable photoelectron mo-
mentum should lie along the semimajor axis of the laser vector
potential polarization ellipse. However, experiments typically
observe that the peak is offset from this direction by some
angle, from which a “tunneling time” is inferred.

Experimental investigations of this process have yielded
seemingly contradictory conclusions. Early attoclock mea-
surements observed that the most probable emission occurred
at an angle to the major axis of the laser polarization ellipse.
From the measured angular offsets, tunneling times less than
10 attoseconds were deduced for argon and helium [1-3],
implying that tunneling occurs effectively instantaneously.
Later experiments investigating helium, argon, and krypton
targets [4,5], favored the interpretation of noninstantaneous
tunneling in these systems. Furthermore, using an approach
beyond the scope of traditional ultrafast measurements, exper-
imental work has addressed the tunneling of rubidium atoms
in an optical lattice, observing tunneling times on the order of
microseconds [6].

On the theoretical side, there appears to be increasing
consensus. The tunneling process in hydrogen was deemed
to be near instantaneous in a number of theoretical studies
[7-10], which raised the debate regarding the interpretation of
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experimental attoclock offset angles [11]. However, reduced
dimensionality calculations indicate finite tunneling delays
[12]. Controversy also exists regarding the adiabaticity of the
tunneling process, with theory and experiment reaching differ-
ent conclusions in the case of helium [13—15]. Determination
of the tunneling adiabaticity has important consequences for
laser intensity calibration [16]. Further theoretical insights are
currently being provided by alternative attoclock schemes,
using two-color pulses [17], and tailored fields [18]. The
controversy surrounding interpretation of the attoclock is, at
least in part, due to the differing conclusions reached by
the wide variety of theoretical methods used for its study.
These methods vary in their treatment of adiabaticity, di-
mensionality, core polarization, ionized electron motion, and
multielectron effects. Ultimately, this could be resolved by a
theoretical method capable of treating as many of these effects
as possible from first principles.

Naturally, a key element of any tunneling process is the
potential barrier experienced by the outgoing electron. This
has been the focus of most theoretical investigations of the
attoclock scheme. The desire to probe the tunneling process
in more detail has prompted the application of a number of
electron-trajectory methods, including the analytical R-matrix
method [8], the so-called “Keldysh-Rutherford model” [9],
the classical backpropagation approach [7,19], and a Bohmian
formulation [20]. Calculations for H [8—10] showed that offset
angles in momentum distributions were significant when the
physical Coulomb potential was retained, but vanished when a
Yukawa potential was used. This suggested that offset angles
were primarily induced by deflection of the outgoing electron
in the Coulomb potential of the residual ion, and less so
(or not at all) by a finite time interval spent by the elec-
tron tunneling through the potential barrier. Particularly com-
pelling theoretical evidence has been supplied by the Keldysh-
Rutherford model of the attoclock [9], which demonstrated a
clear similarity between offset angles and classical Rutherford
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scattering angles. However, as noted in Ref. [21], the use of an
adjustable screening length in the Yukawa potential renders
its use somewhat arbitrary. Indeed, nonzero offset angles can
be realized simply by increasing the screening length beyond
unity, and only as the latter tends to infinity are the results for
a true Coulomb potential recovered.

Recently, attempts have been made to disentangle
Coulomb interactions from the tunneling process in multi-
electron systems through a judicious choice of target, namely,
negative ions [21]. In such systems, the residual neutral and
ejected electron interact through a short-range polarization
potential. Measurement of the attoclock offset angles for
such systems would therefore provide further information on
the tunneling process, free from the influence of long-range
Coulomb interactions. The study of Ref. [21] investigated
detachment from F~ and CI™ exposed to 1500-nm pulses,
employing a one-electron approach that accounted for the
induced dipole moment of the neutral F residue through a
time-dependent, core polarization potential. For these neg-
ative ions, angular offsets close to 0° in polarization-plane
momentum distributions were calculated for both circularly
and elliptically polarized pulses.

Despite the apparent consensus of these studies that offset
angles are caused by the Coulomb potential and not by tunnel-
ing time, theoretical approaches have been largely confined
to a single-active-electron (SAE) response. There is clearly
a distance between these approaches and the experiments
carried out on noble-gas targets, to which such methods
are fundamentally unsuited. It is rapidly becoming apparent
that this discrepancy may be due to multielectron effects, or
interactions at short range in the residual ion. To date, the only
exploration of electron correlation in attoclock studies have
been carried out for helium [22,23]. However, it is precisely
such effects that we aim to address in this work for a larger,
multielectron system.

In this work, we employ the R matrix with time-
dependence (RMT) method [24-27] to study angular streak-
ing from F~. RMT is an ab initio method that solves the time-
dependent Schrodinger equation for multielectron atoms,
ions, and molecules in strong laser fields. The method divides
position space into two distinct regions, according to radial
distance from the nucleus. An inner region is confined to small
distances, and encapsulates the target nucleus. This region
contains a truly many-body wave function, that accounts
for short-range electron exchange and electron-electron cor-
relation. An outer region extends to large distances from
the nucleus, and contains a single, ionized electron that is
subject to the interaction with the residual system, as well
as the laser field. Note that by virtue of our fully quantum
mechanical treatment, we need not appeal to a classical tra-
jectory description for the detached electron, and thus make
no assumptions regarding a characteristic tunnel exit radius or
initial momentum.

Our treatment of the F~ ionic structure is described in
previous work [26,28,29], and is based on earlier R-matrix
Floquet calculations for this system [30,31]. To investigate
electron correlation in the core, we consider two atomic
structure models, one in which the residual F atom is treated
at the Hartree-Fock level of detail [32], and another that
uses pseudo-orbitals to construct a set of configurations for

subsequent use in a configuration-interaction calculation of
the 1522s22p> 2P° state of F. We couple a single electron to
the residual neutral, retaining all 15>2s22p’el channels up to
I = Liyax + 1. The calculations used Ly,x = 79, yielding 6400
LM; Sm symmetries and 9639 channels.

The F~ target interacts with a laser field that is treated
classically and within the electric dipole approximation. Since
the laser interaction is described in the length gauge [33], we
adopt an appropriate form for the electric field. The electric
fields used in this work are derived from the vector potential
using (1) = —%%A(I), where

A = — 80 G ( i

o3 N, ) [cos wtX + sin wt§]. (1)

Here, c is the speed of light in vacuum, & is the peak electric
field strength, w is the laser frequency, and N, is the number
of laser cycles. In this work, we consider laser pulses with
a range of peak intensities, carrier wavelengths of 800 and
1500 nm, and which ramp on over one laser cycle followed by
one cycle of ramp off, so that N, = 2 in all cases.

We propagate the wave function using an Arnoldi prop-
agator, with a timestep §t = 0.242 as, for a total of 60 fs,
which represents 20 cycles following termination of the 800-
nm pulse. At 1500 nm, the total propagation time is 48 fs,
equivalent to around eight field cycles following termination
of the pulse. In all cases, the outer region extends to a distance
of 2856a, (with ay the Bohr radius), which is sufficient to
contain the ejected-electron wave function throughout the
time propagation, and a spatial finite-difference grid spacing
of §r = 0.08qy is used.

Following the time propagation, we calculate the pho-
toelectron momentum distribution in the laser polarization
plane. This is achieved by decoupling the photoelectron wave
function from that of the residual, neutral F atom, and trans-
forming to momentum space using a Fourier transform. Note
that we include a factor of k2 in the distribution to account for
the spherical volume element.

Figure 1 shows the photoelectron momentum distribution,
in the laser polarization plane, for electron detachment from
F~ by an 800-nm pulse of peak intensity 5 x 10" W/cm?.
The distribution is dominated by a broad feature centered
close to the horizontal axis. The adiabatic-limit assumption
that the electron is detached at the peak (center) of the vector
potential with zero initial velocity, implies that the strongest
photoelectron yield should lie in the X direction, 8 = 0°.
However, the peak of the distribution is clearly shifted away
from the X direction, and appears at a negative angle. In
this case, the peak of the distribution is attained at a rather
substantial one of around —12°.

The negative offset angle observed here is, of course, at
variance with both the positive offset angles observed in
measurements for noble-gas targets, as well as the near-zero
offsets observed for short-range potentials in one-electron
systems [8—10,21]. In the absence of a long-range potential,
the first obvious source of a negative offset is depletion of the
ground state, which is known to be at least partly responsible
for calculated offset angles [8], without being solely account-
able for them.
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FIG. 1. Photoelectron momentum distribution, in the laser po-
larization plane, arising from F~ in a two-cycle, 800-nm, 5 x
10" W/cm?, circularly polarized laser pulse. The offset angle is
defined between the maximum of the distribution (dashed line) and

the x axis (solid line).

To address the question of depletion effects under the
conditions used here, we calculate the photoelectron mo-
mentum distribution over a range of laser intensities, and
investigate the variation in offset angle. Figure 2 shows
the offset angle for peak laser intensities between 5 x 10'?
and 5 x 10" W/cm?. Over this range of peak intensities,
depletion of the ground state varies strongly, from 0.45%
at 5 x 10'2 W/cm? to 18% at 5 x 10'* W/cm?. However,

O_
9. —e— 1525 2p 3s 3p 3d
/3 Ve ~®- 1s2s2p
o]
S
20
5]
= 6
=L
2 8
&
+=
£ —107
S
712.
714.
0 2 1

I (108 W /em?)

FIG. 2. Offset angle as a function of peak laser intensity for F~,
exposed to a two-cycle, 800-nm, circularly polarized laser pulse.
Data shown for two atomic structure models, one containing the
Hartree-Fock 1s, 2s, and 2p orbitals only, and another containing
additional 3s, 3p, and 3d pseudo-orbitals.

the offset angle displays a nontrivial dependence on laser
intensity. The offset angle caused by depletion should scale
linearly with the ground-state population [8], and there-
fore as a high power of the peak intensity. The variation
seen in Fig. 2 suggests that although depletion undoubt-
edly has some influence, additional factors affect the offset
angle.

If depletion is not the cause of the offset angle, we
must consider the remaining limited set of possibilities. In a
negative ion, the main remaining source lies in short-range
effects near the nucleus. To investigate the role of short-range
interactions with the core, we perform calculations with a
second atomic structure model, which uses only the Hartree-
Fock orbitals and neglects the pseudo-orbitals. Using this
more crude description of the atomic structure, we observe
a similar intensity dependence of the offset angle in Fig. 2,
but note that the magnitudes of the offsets tend to be lower
than those obtained using the higher quality structure model.
These results demonstrate that the accuracy of the short-range
core potential can have a quantitative bearing on theoretically
predicted offset angles, and suggest that electron correlation
may indeed play a fundamental role in determining the latter
observable for negative ions.

The conclusion reached here regarding electron correla-
tion differs clearly from that demonstrated for helium in
Refs. [22,23], where electron correlation had no significant
impact on offset angles. We do not dispute this finding in the
case of helium, but rather our results demonstrate that electron
correlation should not be assumed negligible for atoms larger
than helium. In the case of a negative ion, it may be expected
that electron correlation will have a manifested impact on the
detachment dynamics, since the outer electron is itself loosely
bound by short-range polarization forces.

A second potential source of negative offset angle is a
nonzero initial velocity, with a negative component along
the y direction. At the intensities used here, the Keldysh
parameter is close to 1, and so the adiabatic-limit assumption
of electron detachment with zero initial velocity may not hold.
The adiabaticity of the tunneling process has been debated
in many studies [3,5,13]. Here, the choice of a negative ion
target allows this aspect of the dynamics to be disentangled
from the effects associated with a Coulomb potential. Our
numerical method makes no assumptions regarding the initial
velocity of the detached electron, and can therefore assess the
adiabaticity of the detachment process in a totally unbiased
manner. However, Perelomov, Popov, and Terent’ev (PPT)
theory predicts that any shifts in the photoelectron momentum
due to nonadiabatic effects should occur parallel to the semi-
major axis of the laser vector potential (perpendicular to the
semimajor axis of the electric field) [15,34]. Given the form
of the vector potential in Eq. (1), any nonadiabatic tunneling
ought to shift the distribution along the x axis. Therefore, it
seems unlikely that nonadiabatic dynamics are responsible for
the offset angles appearing in our results.

We therefore consider what other short-range effects could
be responsible for the observed negative offset angles. In
this multielectron system, the ionic fragmentation process
involves both the detachment of a single 2p electron, as well
as the response of the remaining 2p° core. Following detach-
ment of a 2p electron, the core 2p electrons naturally adjust.
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FIG. 3. Photoelectron momentum distributions in the polariza-
tion plane for (a) corotating and (b) counter-rotating electrons,
arising from F~ in a two-cycle, 800-nm, 3 x 10'> W/cm?, circularly
polarized laser pulse.

Hartree-Fock calculations estimate that the average orbital
radius of a 2p electron in F~ is 1.25 atomic units, whereas
in the neutral F atom, the average radius is 1.08 atomic
units [31]. This significant retraction of the core electrons
is fundamentally a multielectron process, and is captured by
RMT but absent in an SAE approach. The incorporation of
pseudo-orbitals in our calculations facilitates a more accurate
account of short-range electronic correlations, which in turn
may alter the characteristics of the core relaxation dynamics
following the photodetachment process. It is plausible that
the differing offset angles seen in Fig. 2 actually manifest
the differing treatments of core retraction, suggesting that the
latter may have some influence on attoclock measurements
for such complex targets. Note that the effect is made clear
through the choice of a negative ion target, free of long-range
interactions that are likely to obscure its observation in studies
of neutral atoms.

In circularly polarized fields, the detachment process is
further complicated by the possible ejection of electrons
from 2p orbitals that are either corotating or counter-rotating
with respect to the rotational sense of the laser field. We
therefore investigate the offset angles for co- and counter-
rotating electrons. Figure 3 shows their respective momen-
tum distributions in the polarization plane. We note the ex-
pected dominance of counter-rotating electrons under these
conditions, as well as the clear energy separation between
the slow counter-rotating electrons and the faster corotating
electrons. Both these tendencies have been seen in numerous
calculations [29,34,35]. However, the relative angular offset
within an attoclock scheme is less-thoroughly explored. In
Refs. [35-37], it was found that under attoclock conditions co-
and counter-rotating electrons in neutral atoms are separated
not only in energy, but also in ejection angle. Their relative
angular offset, typically of a few degrees, was attributed to the
influence of the Coulomb potential, which deflects the slower
counter-rotating electrons to a larger degree than the faster
corotating ones. However, in a short-range potential, it was
predicted that both co- and counter-rotating electrons ought to
be ejected at 0°.

In Fig. 3, we demonstrate that significant angular offsets
between co- and counter-rotating electrons can occur even in
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FIG. 4. Photoelectron momentum distributions in the polariza-
tion plane for F~, exposed to a two-cycle, 1500-nm, (a) 5 x
10" W/cm? and (b) 1 x 10" W/cm? circularly polarized laser
pulse.

a short-range potential. We find that not only are both atto-
clock offsets nonzero, but there exists an angular separation
between the co- and counter-rotating emissions. In the present
case, at a peak intensity of 3 x 10'> W/cm?, corotating elec-
trons display an offset of around —6°, while counter-rotating
electrons are offset by —9°. We find that this relative offset
between co- and counter-rotating electrons persists at other
peak intensities. Furthermore, the offset angles are sensitive
to the atomic structure description, with calculations using a
Hartree-Fock model (not shown) again tending to give more
negative angles in both cases. It is once more unclear how this
effect would be manifest in a neutral system, since the differ-
ing momenta of co- and counter-rotating electrons will result
in differing sensitivity to Coulomb deflections [35]. It may be
that such deflections dominate in neutral systems, leading to
the observation of larger positive offsets for counter-rotating
electrons therein [35].

Finally, we seek to compare our calculations with those of
Ref. [21], which treat a single active electron, and account
for the induced dipole moment of the atomic residue through
a time-dependent core polarization potential. We calculate
the response of F~ to 1500-nm circularly polarized pulses of
intensities 5 x 10'? and 1 x 10'> W/cm?. At this wavelength,
at least five photons are required for electron detachment.
The detachment probability therefore depends strongly on the
peak intensity, and varies from 0.0009 at 5 x 10'> W/cm?
to 0.006 at 1 x 10'*> W/cm?. Figure 4 shows the photoelec-
tron momentum distribution in the laser polarization plane.
Here, we find a common offset angle of around —2° at both
intensities. The SAE calculations for F~ under these condi-
tions suggest negative offset angles between 0° and —0.9°
[21]. Since both calculations naturally account for depletion
effects, the discrepancy in offset angles must be attributable
to the differing accounts of the short-range potential and core
relaxation effects, where the latter, in particular, are absent in
the SAE treatment.

In conclusion, we have investigated attosecond angular
streaking of F~ using the RMT method. Over a range of
laser intensities and wavelengths, our ab initio calculations
reveal strictly negative offset angles in the polarization-plane
momentum distributions. We find that the calculated offset
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angles are sensitive to the quality of the atomic structure
description of the core electrons. This indicates that electron
correlation can influence the offset angle in a multielectron
system, despite having insignificant influence on a system
such as helium. Further investigation of the detachment of
co- and counter-rotating electrons reveals that both display
negative offsets, and that a relative offset between the two is
discernible. The slower counter-rotating electron displays a
larger negative offset in all cases investigated. In comparison
to SAE calculations, we find that our predicted offset angles
differ by 1 to 2°, and are never positive. This disparity is likely
due to the differing treatments of the short-range potential, and
associated core adjustments that take place during electron
detachment. These effects are particularly visible due to the
absence of a long-range Coulomb potential, and it is not clear
to what extent they will be manifest in, for instance, noble-gas

targets. Nonetheless, our results emphasize that core dynamics
beyond the scope of SAE calculations can be present, and
should be taken into account.

The data presented in this Rapid Communication may be
accessed at Ref. [38]. The RMT code is part of the UK-AMOR
suite, and can be obtained for free at Ref. [39].
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