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Detangling the quantum tapestry of intrachannel interference in below-threshold nonsequential
double ionization with few-cycle laser pulses
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We perform a systematic analysis of single-channel quantum interference in laser-induced nonsequential
double ionization with few-cycle pulses, using the strong-field approximation. We focus on a below-threshold
intensity for which the recollision-excitation with subsequent ionization (RESI) mechanism is prevalent. We
derive and classify several analytic interference conditions for single-channel RESI in arbitrary driving fields
and address specific issues for few-cycle pulses. Since the cycles in a short pulse are no longer equivalent,
there are several events whose dominance varies. We quantify this dominance for single excitation channels by
proposing a dominance parameter. Moreover, there will be many types of superimposed interference fringes that
must be taken into consideration. We find an intricate tapestry of patterns arising from phase differences related
to symmetrization, temporal shifts and a combination of exchange and event interference.
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I. INTRODUCTION

The archetypal example of electron-electron correlation
in intense laser fields is laser-induced nonsequential double
ionization (NSDI) [1,2]. Thereby, a returning electron, upon
recollision, gives enough kinetic energy to its parent ion to
release another electron [3]. While a large amount of studies
interpret this correlation as classical, since the past few years
quantum effects in NSDI have gained increased attention.
This interest started with the theoretical findings that quantum
interference is more robust than initially anticipated [4-6] and,
depending on the circumstances, may survive integration over
several degrees of freedom [4,5] and even focal averaging [6],
followed by experiments [7]. Furthermore, recent work has
shown that entanglement may be unambiguously present in
NSDI [8], by looking at the correlation in the orbital angular
momenta of the freed electrons. In Ref. [9], this has been
discussed as an example of entanglement in a Zerfall process.

The unexpected robustness of quantum interference was
the first evidence that NSDI is not classical. Nonetheless,
before those findings, quantum effects in NSDI have re-
mained largely unexplored (for a few studies see, however,
Refs. [10-13]). This indifference may be justified by the huge
success of classical models in reproducing the key experimen-
tal findings in NSDI for three decades (for reviews see, e.g.,
Refs. [1,2]). Furthermore, early studies of quantum-classical
correspondence have shown that quantum interference gets
washed out upon integration over the electron momen-
tum components perpendicular to the laser-field polarization
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[14-16], which is the typical scenario in experiments. Still,
imprints of the type of electron-electron interaction [14,16],
and of electronic bound states [17-19] are present. Under
particular circumstances, two-center interference in molecules
can also be embedded in classical NSDI models [20].

Classical approaches also comprise the overwhelming
majority of NSDI studies in tailored fields [21-36], with
good qualitative agreement with experiments. Furthermore,
whenever quantum methods such as the strong-field approx-
imation (SFA) [18,19,37-40] the quantitative rescattering
theory (QRS) [41-44], or the full numerical solution of the
time-dependent Schrodinger equation (TDSE) [45-50] have
been used, the emphasis was on the shapes of the electron
momentum distributions due to the type of electron-electron
interaction [45,46] or the field shape [47,48], and the physical
mechanisms behind them. These features can be explained
classically and have been reproduced using classical models
[21,51]. For examples associated with the type of electron-
electron interaction and features specific to a few-cycle
pulse, such as asymmetric distributions, see Refs. [46—48]
and [49,50], respectively. Another likely reason why quan-
tum interference has not been paid attention to in TDSE
computations for NSDI is possibly the widespread use of
reduced-dimensionality models [45,49,50]. In these models,
the degrees of freedom perpendicular to the laser-field polar-
ization are absent, which will cause quantum interference to
be overestimated. A reasonable extrapolation to a real-life sce-
nario is to neglect this interference since transverse momenta
would be integrated over in an experiment. However, quantum
interference and its connection to symmetry [52-55] have
been extensively studied for high-order harmonic generation
[56-58], strong-field ionization [52,59,60], and photoelectron
holography [61,62].

The apparent contradiction regarding the quantum or clas-
sical nature of NSDI lies in the different parameter ranges
employed in each of the two sets of studies. Classical behavior
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has been identified for driving-field intensities in which the
first electron, upon return, gives enough energy to the core
so that a second electron can be immediately released in the
continuum by overcoming the ionization potential of its parent
ion. This physical mechanism is known as electron-impact
ionization (EI). On the other hand, if the kinetic energy of
the first electron is not sufficient to trigger EI, the second
electron is promoted to an excited state, and it is freed to
the continuum after a time delay. This mechanism is known
as recollision-excitation with subsequent ionization (RESI)
and occurs for driving-field intensities in the below-threshold
regime. Although classical studies have recovered some fea-
tures specific to RESI, in this regime there is more room for
quantum interference.

In a quantum-mechanical framework, transition amplitudes
associated with different excitation channels leading to the
same final electron momenta will interfere. Furthermore, even
if a single channel is involved, quantum interference may oc-
cur for events separated by specific time intervals, or transition
amplitudes stemming from the two electrons being indis-
tinguishable. The first paper in which quantum interference
was studied in RESI focused on interchannel interference [4].
Using the strong-field approximation (SFA), it established
that a fourfold symmetry that exists for correlated electron
momentum distributions in the pip, plane spanned by the
electron momentum components parallel to the laser-field po-
larization, could be broken by choosing appropriate coherent
superpositions of excitation pathways. These superpositions
were employed to reproduce distributions occupying the sec-
ond and fourth quadrants of the parallel momentum plane.

These findings were substantially extended in our previous
publications, in which we have identified and classified intra-
and interchannel two-electron quantum interference in RESI
with a linearly polarized monochromatic field [5]. We have
shown that, for a single excitation channel, quantum interfer-
ence manifests itself as hyperbolic fringes and bright fringes at
both diagonals p; = £p, of the py py plane. For interchan-
nel interference, we have also identified hyperbolic structures,
although obtaining analytic expressions proved challenging.
Besides the excellent agreement of these expressions with
our numerical calculations, in Ref. [6], we specifically linked
features observed in experiments with the quantum interfer-
ence in RESI predicted by our model. Our results have also
shown that additional phase shifts arise from the bound-state
wave function from which the excited electron tunnels. This
builds upon previous work, in which we have found that RESI
has potential for imaging, as the excited-state wave function
strongly influences the shape of the resulting RESI electron
momentum distributions [18,19].

Nonetheless, several simplifications have been made in
the above-mentioned computations. One of them is to as-
sume that the driving field is monochromatic [5,6]. This is
a good approximation for long enough pulses, and a rea-
sonable assumption for short pulses if the carrier-envelope
phase (CEP) is averaged over. However, in the latter case, one
must compensate for the different frequency widths. To that
end, in Ref. [6] we have added extra amplitudes and phases,
whose existence has been justified using qualitative arguments
and averages in specific momentum ranges. These arguments
backed the findings that, for longer pulses, d intermediate

states are the most important, while for few-cycle pulses s
states prevail.

Still, one must bear in mind that, for ultrashort pulses,
the physics is markedly different. First, the frequency and
intensity widths introduced by a pulse are expected to affect
the dominant excitation channels. Second, the field cycles
will no longer be equivalent, which may hinder the fringe
contrast if different events within the pulse interfere or add to
the problem’s complexity. Third, the carrier-envelope phase
(CEP) will play a major role in determining the shapes of the
distributions, which will be linked to dominant events within a
pulse. Fourth, there will be broken symmetries for fixed CEPs,
which will influence the electron-momentum distributions
and the quantum phase differences leading to interference
patterns. Evidence that the fourfold symmetry is broken is
provided in previous work [37,38], where we have studied the
influence of the CEP on single-channel RESI distributions,
and in experiments [23,63]. Therein, quantum interference
was not included.

In the present work, we discuss quantum interference in
RESI with few-cycle pulses. We focus on single-channel
interference effects, as they depend more critically on the
driving field, while the target plays a more significant role
when more than one excitation channel is present. When
dealing with a pulse, a central question is what events
dominate the underlying RESI and which ones can be
neglected. In Refs. [37,38], we have assessed the dominance
of specific events in an intuitive, ad hoc way, but it is of
interest to seek a more systematic strategy. Furthermore, we
generalize the intrachannel interference conditions derived in
Ref. [5] to a field of arbitrary shape. We show that relaxing
the assumptions stemming from the symmetries specific to
the monochromatic field adds complexity to the problem
and gives rise to a rich tapestry of phase shifts and quantum
interference conditions. Throughout, we employ the modified
version of the strong-field approximation (SFA) developed
in Refs. [18,64], in which excitation and electron-electron
correlation have been incorporated. Although the SFA makes
significant approximations, such as neglecting the residual
binding potential in the electron’s continuum propagation,
it is useful for disentangling different types of quantum
interference. First, it can be constructed focusing on the
specific RESI process, without the presence of electron-
impact ionization. Second, if constructed in conjunction with
saddle-point methods, the SFA is an orbit-based approach
that incorporates tunneling and quantum interference. Thus,
specific quantum pathways can be switched on and off
at will. In contrast, TDSE computations can be used as
a benchmark for semi-analytic methods, but the different
physical mechanisms are difficult to disentangle. For detailed
discussions on the strengths and weaknesses of ab initio and
analytical methods see the perspective article [65]. Detailed
reviews of theoretical methods in NSDI and of the strong-field
approximation are provided in Refs. [1] and [66], respectively.

The paper is organized as follows: In Sec. II, we revisit
the theoretical background necessary to understand the sub-
sequent discussions. Thereafter, in Sec. III, we bring the
interference conditions generalized to an arbitrary field. In
Sec. IV, we investigate the pulse in detail, by systemati-
cally finding dominant events (Sec. IV A) and their influence
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on target-related features (Sec. IV B). Section V is devoted
to calculating electron-momentum distributions, bringing the
studies of the previous sections together with particular em-
phasis on quantum interference. Finally, in Sec. VI we state
our main conclusions. We use atomic units throughout.

II. BACKGROUND

A. General expressions

In the SFA, the RESI transition amplitude related to the Cth
excitation channel is given by

00 t t
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describes the process in which an electron, initially at a bound
state of energy —FE l(g), is released at ¢”, returns to its parent
ion at ¢/ with intermediate momentum k and excites a sec-
ond electron from a state with energy —Ez(gc,) to a state with

energy —Ez(f). Upon rescattering, the first electron acquires
the final momentum p;, while the second electron is freed at
a later time ¢ with final momentum p,. The prefactors Vk(gc) s

Vp(lcg?k @ and Vp(?ce) are associated with the ionization of the first
electron, the recollision-excitation process and the tunnel ion-
ization of the second electron, respectively. Within the SFA,
they contain all information about the electronic bound states,
and about all the interactions [18,64]. The expressions stated
above are general and the superscript (C) make them easily
adaptable to coherent superpositions of channels and bound
states. Nonetheless, in the present paper, we assume that the
initial state of the system will be the same, so that it will be
dropped subsequently (see Sec. I1 C).

The ionization prefactor for the first electron is explicitly
given by

1 .
e = V) = oo / drie Y )y © ),
3)

where V (r)) is the neutral atom’s binding potential, typically
assumed to be of Coulomb-type, and wl(? is the ground-state
wave function for the first electron. The excitation prefactor
for the second electron reads

Vorenee = (P12 03 Vi k. 930))
_ Via(py
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where wz(ec) (rp) and wz((g:)(rz) are the excited and ground states
wave functions for the second electron. The electron-electron
interaction reads

Vio(p1 — k) = fd3FV12(P) exp [—i(p1 —K) - r],

®)

where r = r| — rp, and it is taken to be of contact-type, as in
Refs. [6,38].

Finally, the ionization prefactor associated with the second
electron is given by

C ©)
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where Vi, is the potential of the singly ionized target.

In the SFA, the target structure is incorporated via the pref-
actors Vk(g), Vp(lce?k > and Vp(zce). In our calculations, we employ
hydrogenic wave functions ¥, (r) = R,,;(r)Y," (6, ¢) for the
electronic bound states. The explicit expressions for these
prefactors are given in the Appendix, and detailed derivations
are given in our previous publications [5,18]. In all examples
studied in this paper, we have taken the magnetic quantum
number m = 0 to facilitate a comparison with our previous
work [5,6] and with the existing results in the literature [4].
Furthermore, we consider the ionization prefactors in the ve-
locity gauge to avoid bound-state singularities. Length-gauge
prefactors contain additional momentum shifts, which will not
play an important role for the ionization prefactors and will
cancel out for the excitation prefactor. A detailed discussion
has been provided in Ref. [18].

We calculate the multiple integrals in Eq. (1) using the
steepest descent method. This leads to the saddle-point equa-
tions

[k +A@")) = —2E;, 7
k= _t/—lt” /ﬂ dtA(r), (8)
[P +ACHP +[p1 ] = [k + A@)]* — 2(E2(§> —E9),
©)
and
[p2) + AWM + [p21]* = —2E50). (10)

Equations (7) and (10) give the conservation of energy upon
tunnel ionization for the first and second electrons, respec-
tively. Equation (8) constrains the intermediate momentum
so that the first electron returns to the site of its release, and
Eq. (9) gives the rescattering event in which the first electron
gives part of the kinetic energy E; (¢, ") = [k + A(t")]*/2 to
excite the second electron. We denote p,, and p,,, (n = 1, 2),
the momentum components parallel and perpendicular to the
laser-field polarization, respectively. One should note that p,, |
are two-dimensional vectors spanning the plane perpendicular
to the driving-field polarization. The real parts of the solutions
of the saddle-point equations are directly related to the clas-
sical recollision and ionization times. The integrals are then
approximated by sums over these stationary variables. For the
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second electron, the saddles are well separated in all momen-
tum regions, while, for the first electron, pairs of saddles must
be considered collectively using the uniform approximation
in Ref. [67].

Equation (9) relates the kinetic energy Ej(¢',t”) of the
returning electron to the energy difference AE© = Ezf) -

Ez(f) between the ground and excited states of the second
electron. With regard to the space spanned by the momenta
Diyj> P11 of the first electron, this saddle-point equation repre-
sents a sphere, whose radius is {2[E;(t, ") — AE©/2 1f
Ei(t',t") > AE©, this radius is real and Eq. (9) may have
a classical counterpart. If we are interested in py; only, we
can assume that p7 | /2 is an additional energy shift which will
effectively alter the ionization threshold. Therefore, assuming
p1. = 0 helps to define an upper bound for Eq. (9) in terms
of the momentum range p;; which may be occupied, should
rescattering have a classical counterpart. We call this momen-
tum range the classically allowed region (CAR). This concept
has been introduced in our previous publications [18,64].
Furthermore, the saddle-point equations state that RESI
may be viewed as two time-ordered processes similar to
above-threshold ionization (ATI) [18,64]. The first electron
behaves as if it were undergoing rescattered ATI, with the
difference that, for RESI, the process is inelastic. This means
that the maximal final kinetic energy of the first electron can
approach the rescattered ATI cutoff of 10U,, where U, is
the ponderomotive energy. Moreover, Eq. (10) resembles the
saddle-point equation obtained by direct ATI, for which the
maximum classical kinetic energy, known as the direct ATI
cutoff, is 2U,,. This leads to the equation of a sphere in terms
of py, P21, whose radius is 2\/UT, [68]. The ponderomotive
energy is the time-averaged kinetic energy acquired by an
electron from the field. For a linearly polarized monochro-
matic wave, it is related to the amplitude of the vector

potential by Ay = 2,/U),.

B. Two-electron probability density

The quantity of interest is the correlated two-electron prob-
ability density as a function of the momentum components
Pn|, 1 =1, 2, parallel to the driving-field polarization. This is
given by

P, p21) = // d*p11d*pr1 P(p1, pa)s (11)

where P(p;, p2) is the fully resolved two-electron mo-
mentum probability density, and the transverse momentum
components have been integrated over. When calculating this
probability density, several issues must be taken into con-
sideration. First, both electrons are indistinguishable, which
means that Eq. (1) must be symmetrized upon p; <> p», that
is, electron exchange. Second, in a real target, there will be
several excitation channels, each of which will be associated
with the transition amplitude Eq. (1). Third, there will be sev-
eral events within the pulse for the first and second electrons.
Thus, within the saddle-point approximation, the overall RESI
amplitude must contain sums over (i) transitions involving
different excitation channels; (ii) the symmetrization related
to electron indistinguishability, which will occur for each pair
of excitation and ionization times; (iii) the events within a

pulse. Quantum mechanically, all these contributions add up
coherently.
The fully coherent sum over events, channels, and sym-

metrization reads
2

Piecey(P1, P2) = ZZ[Méc)(l)hpz)+M§C)(P2,p1)] ,
e C

(12)

where the symbols ¢ and C denote event and channel, re-
spectively. In the present work, we focus on single-channel
interference, so that sums over channels will not be taken into
consideration.
For a single channel, a coherent sum over the events ¢ in
the pulse and symmetrization leads to
2

P ®1.p2) = | > [MO(p1. p2) + MO (pa. p)]| . (13)

&

while the incoherent counterpart of Eq. (13) is given by
2 2
73((1?))(111, p2) = Z [[M© 1, )| + MO (P2 p)| ]

&
(14
In the present work, we are interested in disentangling sev-
eral types of quantum interference. Therefore, we construct
the two-electron probability density in several ways, depend-
ing on the question we wish to address.
Throughout, we use the notation P((SCE)) where the indices
S, e, and C relate to the electron symmetrization, the event,
and the channel, respectively. The indices ¢ and i on the
left-hand side stand for coherent and incoherent, respectively.
Thus, P((LCC)) (P((l%)) states that the sum considered in the single-
channel probability density is coherent (incoherent) over the
pulse events and symmetrization, and has been calculated for
the Cth channel. If the symmetrization is done coherently, but
the events are summed over incoherently, this gives

2
P @1.p2) =Y [MO(p1.p2) + MO (p2.p)|”.  (15)
&
Alternatively, one could sum the events within a pulse co-
herently and perform the symmetrization incoherently. This
yields
2

+

2

> MO (pi.p)

&

> MO (p2. p1)

&

PP p2) =

(16)

This notation differs from that employed in our previous
work [5,6], for which the interference due to electron sym-
metrization was called “event interference.” Apart from the
combinations given above, given the wealth of interference
patterns, it may also be useful to sum transition amplitudes
pairwise. A discussion of the phase shifts that occur in these
pairwise sums is given in Sec. IIL

Finally, under some circumstances, it is useful to compute
partial momentum distributions for each electron, given by

M (py) = f d*pu IM™ (py)I?, (17)

withn =1, 2.
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TABLE 1. Relevant excitation channels for Ar™, in order of in-
creasing principal and orbital quantum numbers. From left to right,
the first column gives the number associated with the channel, the
second column states the electronic configuration and the excitation
pathway, and the third column provides the excited-state energy in
atomic units.

Channel  Excited-state configuration ~ ES) (a.u.)
1 3s3p%(3s — 3p) 0.52
2 3p°3d(3p — 3d) 0.41
3 3p°4d(3p — 4d) 0.18
4 3p°4s(Bp — 4s) 0.40
5 3p°4p(3p — 4p) 0.31
6 3p°55(3p — 5s) 0.19

C. Target considerations

As a target, we consider argon, for which there are six
main excitation channels. The absolute values of ground-state
energies associated with 3s and 3p are taken to be Ez(;) =

Ez(? = 1.016 a.u., C = 2 to 6, and the first ionization potential

is El(g) = 0.58 a.u. for all channels. Thus, for simplicity, we
are dropping the superscript for Ej,. One should note that
the bound-state geometry differs for 3s and 3p, which will
influence the excitation prefactor. For clarity, these channels
are provided in Table I. The influence of the target occurs
via the bound-state energies and the prefactors. According to
the saddle-point equations (7)-(10), the bound-state energies
will affect the ionization probability of the first and second
electron, and the classically allowed region in momentum
space for the rescattered electron. The more tightly bound
the electrons are, the lower their tunneling probability will
be. Furthermore, large (small) energy gaps AE©) = (Ez(? -

Ez(ec)) stemming from the second electron being excited will
potentially favor small (large) classically allowed regions for
the first electron upon rescattering.

The bound-state geometry will introduce an additional mo-
mentum bias in the problem via the prefactors. The shapes
of the electron-momentum distributions will mostly be influ-
enced by the prefactor Vj,. [5,18]. Before integration over
the transverse degrees of freedom, this prefactor will exhibit
radial and, for [ # 0, angular nodes. The other prefactors will
have less influence in the shapes of the electron momentum
distribution, due to the time dependence of the intermediate
momentum k [see saddle-point equation (8)]. This time de-
pendence will cause a blurring in their nodes. The radial and
angular nodes of the prefactors may lead to additional phase
shifts, which will influence the overall interference patterns. A
detailed study of these features has been performed in Ref. [5]
for a monochromatic field, but some of these issues must be
revisited for a pulse.

D. Momentum constraints for a pulse

The saddle-point Egs. (9) and (10) can be used to deter-
mine constraints in momentum space for each rescattering
event within the pulse. The first electron is released such that,
for Re[t”], the electric field is close to an extremum. For a

specific event, the first electron’s most prominent return, at
Re[t'], is near a field zero crossing displaced by approximately
three-quarters of a field cycle. The second electron may then
tunnel in any of the subsequent times ¢, for which its real
part is near a field extremum. However, due to bound-state
depletion, the prevailing ionization time occurs around the
extremum immediately after the zero crossing. Similarly, the
first electron may return following longer orbits, but such
returns are expected to be suppressed due to wave-packet
spreading.

Using this information, we estimate that the final momen-
tum of both electrons will be located around (piy, p2) =
(—A(t"), —A(t)). For times Re[t'] sufficiently close to the
zero crossings of the field, and Re[r] sufficiently close to
the peaks of the field, —A(t') >~ :I:ZM and —A(t) >~ 0. The
extension of the momentum region occupied will depend on
the electron’s kinetic energy upon return at each rescattering
event. This region may be large, small, or even have no clas-
sical counterpart. Electron indistinguishability dictates that
there will also be events whose amplitudes are centered at
(p1y» P21) = (—A(t), —A(t")). The final kinetic energy for the
first electron may extend to almost 10U, while that of the sec-
ond electron may reach up to 2U,. Taking the perpendicular
momentum components to vanish provides an upper bound
for the regions occupied in the pypy; plane [18,64].

Similar to the procedure in Ref. [5] for a monochromatic
wave, we consider a single channel, neighboring events within
the pulse, displaced by approximately half a cycle, and those
present due to the electron exchange symmetry of the system.
However, there are key differences for a few-cycle pulse: (i)
the half-cycle symmetry A(t) = £A( = T7/2), where T is a
field cycle, is broken; (ii) the cycles are not equivalent due to
the presence of the pulse envelope; (iii) the assumptions made
upon A(t") and A(t) are approximate, and work better close to
the center of the pulse.

This will lead to the transition amplitudes M;, M,,, M,,
and My, with M;(p1, p2) = My(p2, p1) and M,(p1, p2) =
M, (p2, p1), where we have dropped the superscript (C) for
simplicity. In Fig. 1, we provide a schematic represen-
tation of the momentum constraints associated with each
of these transition amplitudes as the shaded regions. Out-
side these constraints, the probability density is strongly
suppressed, as it has no classical counterpart. Addition-
ally, for a monochromatic wave, the half-cycle symmetry
implies that M;(p1, p2) = M,(—p1, —p2) and M,(p1.p2) =
My(—p1, —p2). This leads to a fourfold symmetry in the
momentum-region constraints, as outlined by the dashed
rectangles in the figure, which, in the absence of further mo-
mentum bias, causes the correlated two-electron distribution
to be cross-shaped [18,64]. For a few-cycle pulse, the half-
cycle symmetry is broken, but the reflection symmetry about
the diagonal p;; = py is retained.

In addition to that, Fig. 1 indicates a substantial overlap for
(i) M; and M, (ii) M, and M,,, (iii) M,, and M;, and (iv) M, and
M,. Therefore, their interference is expected to be substantial
and will be calculated in pairwise coherent sums. The sums
M, =M; + M, and M,;, = M, + M, of events separated by
half a cycle will also overlap and interfere, but this interfer-
ence is expected to be less relevant as the probability density
is small outside the shaded regions [5,18].
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P1y|

Mgy

FIG. 1. Schematic representation of the momentum-space re-
gions occupied by the RESI transition amplitudes M;, M,,, M,, and
M,. The dashed rectangles indicate the momentum constraints that
would hold for a monochromatic driving field, while the shaded areas
show their counterparts for few-cycle pulses. The overlapping areas
indicate momentum regions for which quantum interference will be
significant. We have used the same color for M; and M, (blue),
and M, and M, (purple), to highlight the property M;(p;, p:) =
M, (p2, p1) and M,.(p1, p2) = M, (p2, p1), which gives a reflection
symmetry about the diagonal p,; = p. This diagonal is indicated
by the dotted black line. The negative (positive) signs in the cen-
ter of the blue (purple) shaded regions indicate the most probable
momenta.

Furthermore, the cycles within a pulse will not be identical
and there may be several comparable rescattering and ioniza-
tion events, which will potentially interfere. Thus, in principle,
one must take their contributions to the electron-momentum
distributions into consideration. A schematic representation is
provided in Fig. 2, which shows the momentum constraints
determined by four events within a hypothetical pulse. Fig-
ure 2(a) illustrates the events whose contributions must be
added up, and whose momentum constraints are shown as the
red- and yellow-shaded areas. We assume that the two events
of each Figs. 2(a)(i) and 2(a)(ii) took place over a single cycle.
The events in separate subpanels are displaced by at least a
cycle. The shaded regions around the same p,, n = 1, 2 half
axis (positive or negative) correspond to events displaced by
an integer number of cycles (different colors), or none (same
color), while those around the opposite p,, n = 1, 2 half axis
and highlighted by the same color are displaced by half a
cycle.

The momentum ranges occupied by the resulting events,
shown in Fig. 2(b), illustrate several overlapping regions, for
which quantum interference will occur. This interference may
be pronounced, subtle, or negligible, depending on whether
the events are comparable or whether some of them prevail.
Outside the shaded regions, there will also be quantum inter-
ference, but due to the transition amplitudes being suppressed,
it is expected to be negligible. One may control the dominant
events by changing the pulse parameters.

III. GENERALIZED INTRACHANNEL
INTERFERENCE CONDITIONS

Below we generalize the interference conditions derived in
Ref. [5] to an arbitrary driving field, with vector potential A(7)

(a)

(b)

FIG. 2. Schematic representation of the momentum-space re-
gions associated with different events within the pulse [panel (a)],
and those resulting from their coherent superposition [panel (b)].
The dashed rectangles indicate the momentum constraints that would
hold for a monochromatic driving field, while the shaded areas show
their counterparts for few-cycle pulses. We assumed that each sub-
panel in panel (a) gives the momentum regions occupied by events
within a single cycle, and the events in panels (a)(i) and (a)(ii) are
summed coherently. Overlapping shaded regions indicate that quan-
tum interference is potentially significant. We consider two events
separated by a half cycle in each graph in panel (a), which eventually
interfere.

with t = ¢, ¢t'. We make no assumption about its component
frequencies, shape, or polarization, so the expressions below
are entirely general. Due to their level of complexity, we first
provide the key assumptions behind the derivations, together
with a road map and a graphic representation to facilitate their
understanding.

A. Diagrammatic representation

Within a single cycle, pairwise quantum interference will
stem from |Mld|2’ |Mru|2’ |Mul|2’ |Mrd|2’ |1‘4rl|2 and |Mud|2
where M,, =M, +M,. If there is a shift of an integer
number n of cycles T = 27 /w in a specific transition am-
plitude, we use the notation M, ,7 = M, (t 4+ nT'). Each term
in these coherent sums will be approximated by ¢, where
u =1,d,u,r, and the phase differences are given by «,,, =
S, — Sy. This is justified by the underlying assumption that
the prefactors vary much more slowly than the action, which
is a key element of the approaches employed in this work.

In Fig. 3, we present a graphic representation of the three
qualitatively different types of intrachannel phase shifts that
may occur, with the interfering transition amplitudes being
indicated by thick solid lines. One should bear in mind that
the phase differences «,,, illustrated in the figure are a sample
of what may occur and the maximal temporal difference At
considered is a full cycle of the field. However, this notation
can be extrapolated to encompass larger time differences. The
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FIG. 3. Diagrammatic representation of different types of pair-
wise single-channel interference that may occur for NSDI RESI. The
momentum ranges occupied by a specific process are indicated by
the thick solid lines, while the thin dashed lines are a simplified
representation of the parallel momentum axes p,j, n = 1, 2. Panel
(a) shows the processes associated with the electron momenta being
swapped, but taking the same event. Panels (b) consider the interfer-
ence of events shifted by an (b)(i) odd and (b)(ii) even number of
half cycles, but without momentum exchange. Panels (c) represent
interfering processes for which there are temporal shifts and momen-
tum exchange, considering (c)(i) odd and (c)(ii) even numbers of half
cycles. In the diagrams, different colors indicate that the events are
shifted in time, and the same color indicates the same event. The
phase shifts «,,, are written in the figure. For simplicity, for events
displaced by more than a cycle, we have only stated phase shifts
associated with a single period, and, in panel (b)(ii), we omitted the
events giving o, ,r for which the second argument is delayed by a
cycle. However, these events and those separated by longer times can
be inferred using this diagram.

diagrams are a simplification of the main momentum regions
occupied by specific transition amplitudes. They allow a quick
assessment of what is going on. Different colors indicate
temporal shifts, while the same color indicates simultaneous
occurrence.

Figure 3(a) shows the phase differences purely associated
with the electrons being exchanged. The phase shift oy (ct;4)
is associated with the pairwise interference of M; and M,
(M, and M,). These coherent sums are expected to populate
mainly the first and third quadrants of the py;py; plane, and
each pair represents the same event, but in one of the contri-
butions p; and p; are interchanged. This is indicated by using
the same colors for a pair.

Figure 3(b) shows the phase differences uniquely given by
temporal shifts, without exchanging the electron momenta.
In Fig. 3(b)(i), we plot a diagrammatic representation of the
pairwise interference of events displaced by a half cycle.
These events are located in opposite momentum half axes.
The phase difference oy, is associated with the amplitudes
M; and M,, located along the p;; axis, and the phase shift
a4, stems from the difference of M; and M,,. This diagram
can be generalized to an odd number of half cycles. The
diagram in Fig. 3(b)(ii) represents the interference of events
displayed by a full cycle, which we indicate by including the
subscript T in «. For example, o;r; means that the inter-
fering actions are S;r = S;(p1, p2,t + T,t'+ T,t”" + T) and
S;(p1, P2, t,t',t”), and the same holds for the other scenarios

illustrated in that figure. In this case, the different events
occupy the same parallel momentum half axis, and therefore
their overlap is significant. A similar pattern is encountered if
the temporal shift is an arbitrary integer number of cycles.

Finally, the diagrams in Fig. 3(c) illustrate interfering
processes for which there are temporal shifts and electron
exchange. Figure 3(c)(i) shows the interference of the ampli-
tudes M; and M,, (M, and M), which correspond to processes
displaced by half a cycle in which the two electron mo-
menta have been swapped. The schematic representations in
Fig. 3(c)(ii) depict interfering processes displaced by a full
cycle, and whose momenta were exchanged. In summary,
there are a few common patterns in Fig. 3: L-shaped struc-
tures indicate that the electron momenta were exchanged in
one of the interfering terms; straight lines indicate processes
displaced by either a full number of cycles (short lines), or
an odd number of half cycles (long lines); the same (differ-
ent) colors indicate the absence (presence) of temporal shifts.
We apply this notation to concrete examples in subsequent
sections, once we have outlined a way to select the relevant
events within a pulse. They are also useful to understand the
equations provided next.

B. Analytic expressions

In the following, we derive analytic expressions for a wide
range of phase differences that occur in the RESI amplitudes,
and, as much as possible, we discuss what patterns are ex-
pected from their interference.

1. Intracycle phase differences

Let us commence by exploring the phase differences that
occur within a single field cycle, and are illustrated by the di-
agram in Fig. 3. The phase difference «;, is purely associated
with exchanging p; and p, and reads

g =S — Sa = a5V + ap, p, (. 1), (18)
where
a et = 1(p3 — pi)t — 1), (19)
op, ., 1) = (P2 — p1) - [Fa(t') — Fa()], (20)
and

Fa(t) = f A(r)dt 1)

is the temporal integral of the vector potential.

Constructive interference between M; and M, will happen
for oj; = 2nm, where n is an integer, and, for simplicity, we
investigate n = 0. The phase shift al()";’flc,lz‘) is field-independent,
and requiring it to vanish gives equations of hyperbolae in the
D1 1P2 plane, whose asymptotes are pi = £p,| and whose
eccentricity is +/2. The shift ap,.p,(t,t") is field dependent
and states that p, — p; must be orthogonal to Fa(t') — Fa(2).
For linearly polarized light, it reduces to p = p». The con-
ditions upon the momenta are identical to those obtained in
Ref. [5] for a monochromatic field, and determine that bright
fringes must be present in the diagonal of the parallel mo-
mentum plane. Their independence of the field profile makes
these central fringes robust against focal averaging, as found
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in our previous publication [6]. Nonetheless, the asymptotes
and axes of the hyperbolae may shift as they depend on the
transverse momentum integration.

The other phase difference solely related to electron mo-
mentum exchange is

=S =Sy = =g + o (1420 +T). (22
which, if made to vanish, also leads to hyperbolae and a
bright fringe at the main diagonal for linearly polarized fields.
One should note, however, that the temporal shifts in the sec-
ond term of Eq. (22) imply that |«,,| # |oq| unless F(¢) =
—F4(t + 7 /w). This condition, known as the half-cycle sym-
metry, renders o, = —;y. If this condition is broken, for
instance for a driving field consisting of a wave and its second
harmonic, or for the few-cycle pulses discussed in Secs. IV
and V, the hyperbolae symmetric about the main diagonal will
be asymmetric about (pyy, py) < (—p1y, —p2y), that is, in
the first and third quadrants of the pypy; plane.

Next, let us calculate the phase difference «; (o)
between the right and the left (upward and downward)
peaks [see diagrams in Fig. 3(b)(i)]. The action S, (S,)
gives events shifted from those corresponding to S;(Sy)
by half a cycle, but no momentum exchange between
the first and second electron takes place. This means
that S,(p1, pa. 2,2, 1") = Sa(p1. 2. 1 + 7/, 1’ + 7/, 1" +
7 /w) and that S,(p1, p2,t,t',t") = Si(p1, P2, t + 7 /w, ' +
7 /w,t" + 7 /w). For a,, this gives

L (0 A 5P
F = S — Sr = - — t, l‘, P t I//
(07 1 2(l/ — ,,) n/w ( ) n/w ( )
— o) —aP P 1), (23)

where the purely temporal phase shifts are defined as
oW 1) =Ba( + AT) = Bat” + AP
— [Fa(t') — Fa")P, (24)

a1, 1"y = Fpo(t + At) 4+ Fp(t” + At)

— Fp(r) — Fp(1"), (25)
and
. AT
e — 5 ——(2Ep + 2E i + p7 + p3). (26)
with
t
Fp(t) = / A%(t)dr. 27)

One should note that Eqs. (24) and (25) have temporal argu-
ments, which indicate that the values of Fj. and F4 may vary
within a pulse and this must be taken into consideration, while
(26) depends only on the time difference At. The phase dif-
ference in Eq. (25) is expected to give ponderomotive terms,
which will add to that in Eq. (26). The latter is linear in time
and contains the bound-state and kinetic energies.
The phase difference a(p‘ pZ)(t t') is a particular case of

aPP(1 1) =py - [Fa(t + AT) — Fo(!)]
4y [Falt + A7) —Fo(0)],  (28)

which also incorporates the electron momenta. Similarly,

_ _ (A ) ” (pond) ”
adu—Sd_Su—_m n/w(l 1) = S0, (1)
—al) — a1, (29)
where a(p 2P jndicates that the electron momenta have been

swapped in Eq. (28), with At = /w. For a monochro-
matic wave, we have found that the effect of these terms is
minimal [5,18].

Computing the phase shifts «;, and «,; means that,
in addition to exchanging p; and p,, we must consider
that one of the interfering events will be displaced by
half a cycle [see Fig. 3(c)]. Specifically, we must note
that Su(pl’ ertvt/’t//) = SI(PZ, Pi. ! +7T/w’ t +7T/(U, t” +
7 /w) and that S,(py, p2,t,t',t") = Sa(p2, p1,t + w/w, ' +
7w /w,t” + 1w /w). These phase differences will mainly lead to
fringes in the second and fourth quadrant of the py|p,; plane.

Explicitly, this gives

1
_ _ (exch) ( ) /
o =8 — Sy = —op h — —Z(t/ 7y %o ()

(pond)(t’ ") — e _ (plepz)(t )

2 7'[/(,() T/w rr/w
(30)

where the first four phase differences are given by Egs. (19),
(24), (25), and (26). The term

PP ;1) =py - Fa(t + AT) +p1 - Falt + A1)
—p2 - Fa(t) — p1 - Fa(t), (31)

contains a momentum dependence and the double arrow in
the superscript indicates that the momentum in the second
row of Eq. (31) are exchanged with regard to the temporal
arguments ¢ and ¢’ of F,. We have verified that o, = —at,y
regardless of the field shape. This guarantees symmetry of
these contributions in the second and fourth quadrant of the

P1jp2) plane.

Equation (30) shows that, in addition to al(f";h), which
is also present for ¢y and leads to hyperbolic interference
fringes, the phase shift «;, contains several terms which
come from the temporal shifts. The effects of these equa-
tions are more difficult to visualize. For linearly polarized
fields, the scalar products in Eq. (31) will reduce to the
products of p, and p;; with field-dependent terms. Imposing
that ag’f‘ “P)(;, ) = 0 will lead to conditions that depend on
the field symmetry, although a first inspection may give the
impression that there should be fringes located at the axes
pny = 0.

For instance, one may verify that, for fields satisfying the
half-cycle symmetry, the condition Fa(¢) = —Fs(t + 7 /w)

2
leads to «(#,#") = 0 and

T/w

aP P (1) = —(py 4 p1) - [Falt) + Fa®)]. (32)

For linearly polarized fields satisfying the half-cycle sym-
metry, the scalar product stated above becomes (py; +

PiDIFA(t") 4 F4(t)], and the requirement that o'® <* van

T/w

ishes for all times would imply that po; = —py.
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If, further to that, the field is taken to be monochromatic
and linearly polarized, that is A(t) = 2,/U, cos wt, one can
show that

(mono)
lu

T 2, 2
_a)[4Up + 2E1g + 2E2g + p1 + pz]

1
— E(P% —pi)t —1)

JU
+ Tp(mu + p1plsin o’ + sin wt], (33)

where the extra term in U, comes from a;p/oaljd)(t, ) =
4U,m /o in this case.

Due to several field- and energy-dependent terms in «;,,,
it is not straightforward to derive simple analytic expressions
for constructive interference between M, and M,. There is,
however, a term in p5 — p3, which, if required to vanish, leads
to hyperbolic fringes. Interestingly, because, for a few-cycle
pulse, the half-cycle symmetry is broken, we cannot use the
argument in Ref. [5], in which imposing that the last term
in (33) vanishes leads to a fringe along the antidiagonal

puy = —p2-

2. Intercycle phase differences

Furthermore, in case we are considering more than one
cycle of the field, we must also assess what happens for
contributions displaced by at least a full cycle (At > 27 /w),
without and with momentum exchange [see Figs. 3(b)(ii) and
3(c)(ii), respectively]. The contributions from events sepa-
rated by a full number of cycles overlap considerably in
momentum space, which potentially makes their interfer-
ence substantial. This is particularly important in the present
scenario because the pulse envelope renders the cycles not
equivalent.

Shifting the action associated with the left peak in
a full cycle gives S;7(p1,p2,t,t',t")=S8(p1,p2,t +
21 /w,t' + 2w /w,t” + 27 /w), where we have defined
T =2n/w. Similarly, for the downward peak one obtains
Sar(P1, P2, t,t',t") = S4(p1, P2, t + 21 /0w, V' + 27 o, t" +
27 /w). The phase difference «;7; then reads

1 (A )(t t//)

air; =81 —8 = 20t — 1) Do o

1
+ a;r;:;y(t t")

ot +aiP e ), (34)
where the phase differences have been defined in Eqgs. (24),
(25), (26), and (28). The phase difference ayrq = Sa.7 — Sa
resembles Eq. (34), but with the momenta swapped in the
last building block, i.e., a;zz/’z‘)(t, t'). The phase differences
oy =S.r — Sy and a,r, = S,.7 — S, are calculated simi-
larly, but the arguments of the functions F4 and Fj. must be
shifted in half a cycle with regard to those used in Eq. (34).
This implies that one must take (xéf/)w(t’ + /ot + 7 /w),

aéﬂons)(t +nm/w,t" 4+ 7 /w), and ot;l;}l:j)(t +7/w,t +1/w)

in the above equation.
2 D
For fields of period T = 27 /w, o /)w, and aél;’}lz)’), with

i # j, will vanish, while oc;io/"g ) will give ponderomotive shifts

(ene)

which will add to a,_, . This will happen regardless of
whether the half-cycle symmetry is broken but will not apply
to the pulse studied in this work. An example of this specific
scenario is a monochromatic field, for which

mono __ ,,mono

Oy =

T
T = 5[4U,, +2Ejy+ 2Ey +p +p3] (35)

is the equation of a six-dimensional hypersphere in momen-
tum space. Rewriting the condition for interference maxima
a7[® = 2n7w in terms of the momentum components parallel
to the driving-field polarization yields

(4U, + 2E14 + 2Ex, + P+ PgL)’
(36)

Pl + Py = 2nw —

whose projection in the pypy plane gives circular fringes if
the integer n is sufficiently large so that the right-hand side
is positive. Interference fringes taking into account electron
exchange and events displaced by a full cycle can be obtained
by considering, for instance, a;r g = S;.7 — Sa = 7.1 + Qas
oroyr; = Syt — S = ayr.y + oy. The diagrams in Fig. 3 are
useful as a guidance to construct phase shifts associated with
events displaced by an even or odd number of half cycles.
Alternatively, if all ionization and rescattering times are com-
puted directly, they may be used to construct these shifts.

One should note that the time shifts employed in this sec-
tion are an approximation for the times calculated for different
events in few-cycle laser pulses. However, we verified that this
works reasonably well for the dominant events (not shown).
Understanding these events and their dominance will be the
main topic of the next section.

IV. INVESTIGATING THE PULSE

In the results that follow, we employ a linearly polarized
few-cycle pulse E(t) = —dA(t)/dt, whose vector potential is
determined by

wt
A(t) = Apsin (2N> sin (wt + ¢)é,, 37

where A is the vector-potential amplitude, N is the number of
cycles, w is the field frequency, and ¢ is the carrier-envelope
phase. Throughout this work, we have made the approxima-
tion Ag = 2@. This is exact for a monochromatic linearly
polarized field, but not for a few cycle pulse. By varying the
parameters in Eq. (37), we can influence the main rescattering
and ionization events.

In Fig. 4, we plot the specific sin> pulse employed in
this work. Its length (N = 4.3) and carrier-envelope phases
(CEPs) have been chosen in order to facilitate a comparison
with our previous publication [38], although we have taken
a lower peak intensity to ensure that RESI is the dominant
mechanism. This means that the maximal kinetic energy of the
returning first electron is lower than the second ionization po-
tential. Overall we observe that E(¢, ¢) = —E (¢, ¢ + 7). This
symmetry will influence the electron momentum distributions
so that P(pyy, p2y, ) = P(=p1y, —p2y, ¢ + 7). Thus, with-
out loss of generality, we may consider only two of the CEPs
employed in Ref. [38]. Here, we follow the same convention
as in our previous publication [38] and define the carrier-
envelope phases as ¢ = ¢ — ¢g, where ¢g = 60° is an offset
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FIG. 4. Few-cycle pulse given by (37), with peak intensity [/ =
1.5 x 10" W/cm?, wavelength A = 800 nm (@ = 0.057 a.u.), N =
4.3 and carrier-envelope phases ¢, = 65°, 155°, 245°, 335° [panels
(a)—(d), respectively]. The ionization and rescattering times at the
peak and zero crossings of the field are indicated by the red and
green dots. The three main events p;o; towards the center of the
pulse are labeled with their corresponding pair and orbit numbers.
The ionization and return times associated with the pairs of orbits
D3, P4, Ps of the first electron are indicated by arrows, and the most
relevant ionization times for the orbits o; of the second electron,
with (j =4, 5, 6), are signposted by rectangles. The initial numbers
chosen for the indices i, j refer to the extremum of the field for which
the counting starts. Matching styles and colors have been used for
different events &, = p;o;.

value. When discussing the CEP in the following figures, we
refer to ¢; without the offset phase.

The classical counterparts Re[¢t”], Re[#'], and Re[¢] of the
ionization and rescattering times computed with Eqgs. (7)-(10)
are indicated in the figure for both electrons, where the orbits
are classified in increasing numerical order starting from the
beginning of the pulse. This classification has been used in
Ref. [38]. The orbits associated with the first electron occur
in pairs [37,38] and, for that reason, are indicated by p;.
They start after a maximum of the field and end near a zero
crossing roughly three quarters of a cycle later (see arrows in
the figure). Each pair is composed of a short and a long or-
bit, whose classical ionization and times read (Re[#/], Re[¢]'])
and (Re[z/1, Re[t]']), respectively. The classical times shown
in the figure have been estimated using the tangent
construction [69].

The most relevant orbits associated with the second elec-
tron start around the field peak closest to the rescattering
times, and are denoted as o;. An event encompassing the two
electrons is classified as gy = p;0;, where i, j, k are integers.
For example, £; = p304 designates the first event in the pulse
we incorporate, in which the first electron returns following
the pair or orbits p; and the second electron is released along
the orbit 04 (see Fig. 4 for clarity). Note that, in this work, we
only consider the ionization event o; for the second electron
immediately following the rescattering of the first electron, as,
due to bound-state depletion, the probability of later events is
smaller and therefore less important.

A. Finding dominant orbits

A central question when dealing with pulses is how
to find the events whose contributions to the single-channel

probability density P©)(py, pa)) are dominant. This provides
a road map of what can be neglected or incorporated without
compromising the physics. In previous publications [37,38],
we have performed qualitative studies of this issue. Here, we
aim to quantify the dominance of an event within a single
excitation channel by proposing a dominance parameter. An
orbit’s contribution will prevail in P (pyy, py) if three
conditions are satisfied:

First, the ionization probability for the first electron must
be high [15,38]. For a specific orbit, the ionization probabil-
ity is proportional to exp[—2 ImS© (p;, p2, k, ¢, ¢/, ¢")]. To
consider the first electron individually, one must note that
the action will be proportional to the ionization times. Thus,
exp(—2 Im[#”]) is a good indicator of whether ionization is
significant for the first electron along a specific orbit [see also
the saddle-point equation (7)]. A small imaginary part for t”
means a high ionization probability. For simplicity, one may
consider |1/Im[¢"]|.

Second, the classically allowed region (CAR) for the (re-
turning) first electron must be large.! This means that the
first electron has returned with enough kinetic energy for the
process to have a classical counterpart over a large momentum
range. Therefore, according to Eq. (9), there is a substantial
energy transfer to the core and the excitation of the second
electron is very likely. We take a rough estimate of the width
of the region in momentum space, where the difference be-
tween imaginary parts of the rescattering times #’ for the long
and short orbits is minimal. The width is found by taking the
difference between the lowest and highest classically allowed
momenta p(]"r‘"“) and p(]'ﬁ‘ax) for py; = 0. A more precise value
of these momenta can be found by solving the saddle-point
equation (9) for p;; = 0. However, we found that this added
precision did not affect the dominance parameter value signif-
icantly so it is sufficient to take an estimate. On the other hand,
it may happen that the complex times obtained from solving
the saddle-point equations have no classical counterpart and
this region collapses. In that case, we take the most probable
momentum. This momentum is chosen so that |Im[¢']| has a
minimum. Physically, this implies that rescattering is most
probable at that time, although it has no classical equivalent
[15,38]. Because we are taking the momentum for which
rescattering is most probable, this is likely an overestimation
of the actual probability for this process.

Third, there must be a high ionization probability for the
second electron. This is inferred similarly to the first condi-
tion, with the difference that, instead, we take |1/Im[¢]| and
the saddle-point equation (10). One should also prioritize the
first ionization event after recollision, as those in subsequent
half-cycles will be suppressed by bound-state depletion.

Putting all these criteria together, we can define the dom-
inance parameter as a product of the partial dominance
parameters for the rescattered and direct electrons

D(pi, 0;) = DV (p)DP(0)), (38)

'The classically allowed region can be identified by nearly vanish-
ing Im[#']. At the boundary of this region, there is a sudden increase
in [Im[#']| and Re[#'] nearly coalesce. For details see Ref. [38].
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FIG. 5. Estimates of the partial dominance parameter D'!)(p;) (top row), the real part of the rescattering time calculated for p;; = O(middle
row) and the partial momentum distribution [Eq. (17)] calculated for the first electron as a function of the parallel momentum without prefactors
(bottom row) for three events in the center of a pulse with CEP ¢; = 65°, for the (a)-(c) 3p — 4p, (d)-(f) 3p — 4d, (g)—(1) 3p — 4s, and
(G)»-() 3s — 3p transitions. The values of the dominance parameter and the momentum map have been normalized with respect to the most
dominant event for each channel. The remaining pulse parameters are the same as in Fig. 4.

where the indices p;, o; refer to specific events (classified as
pairs and orbits, respectively—see Fig. 4) and

iz 11~ llpi™ — pip™)
DOy = —"—— (9
max

[Im(r,, ™)
Divix

D (o)) = (40)

The denominator Dgfg;x), n=1,2,is the maximum dom-
inance parameter for the corresponding electron, for the
channel in question, which we have used as a normaliza-
tion. In the partial dominance parameter D" (p;) for the first
electron, as the orbits occur in pairs, we have considered
the average of Im[t”] within a pair p; of orbits at vanishing
parallel and perpendicular momenta. Vanishing perpendicular
momenta are used to obtain the largest possible classically
allowed region as nonzero values simply shift the ionization
potential [18]. For the second electron, we have taken the
minimum of the imaginary part of the tunneling time because
this will lead to the greatest probability.

We now discuss the dominance parameter for each electron
separately. Figure 5 shows the dominance parameter for the
first electron and four of the six excitation channels, together
with the real parts of the ionization times and the partial
momentum distributions for the first electron (first, second,
and third rows, respectively). The 3p — 5s and 3p — 3d
transitions have been omitted in Fig. 5 because they strongly
resemble (are almost identical to) the 3p — 4d and 3p — 4s
transitions, given their very similar energy gaps. This ren-
ders the analysis redundant unless prefactors are incorporated.

Indeed, we have verified that the partial distributions and
dominance of pairs are almost identical.

For all channels, the least dominant contribution comes
from ps arising from the rescattering of the first electron
towards the edge of the pulse. This can be seen from the real
parts of the rescattering times, displayed in the middle row of
Fig. 5. The behavior of these times provides a good illustration
of whether there is or not a classically allowed region. If a
classically allowed region is present, Re[¢'] will surround the
momentum value for which rescattering is most probable, and
nearly coalesce at two values of p;; which mark the minimal
and maximal momentum for which rescattering has a classical
counterpart. If there is no classical counterpart, Re[#'] associ-
ated with a particular pair of orbits will be practically the same
[70]. For 3s — 3p, we see a classically allowed region for ps
owing to the relatively small energy gap AE©) [Fig. 5(b)].

For the 3p — 4d, 3p — 4s, and 3p — 4p transitions the
energy gap between the ground and excited state of the second
electron is larger, and the classically allowed region collapses.
This is reflected in the value of the dominance parameter
[Figs. 5(d), 5(g), and 5(j)], which is lower than when a classi-
cally allowed region exists. For Fig. 5(g), pair 5 has the lowest
dominance parameter. This happens because the classically
allowed region is substantial for the other pairs [see Fig. 5(h)],
which brings it down due to the normalization employed.
Still, one should note that Fig. 5(i) exhibits a faint blue peak
associated with ps, while the probability density associated
with this event is vanishingly small in Fig. 5(f). As the energy
gap between the ground and excited states in Table I increases,
the residual kinetic energy for the first electron, and, conse-
quently, the CAR will decrease. This will bring the dominance
parameter associated with pair 3 slightly up. We do not take
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pair 5 into account in the final momentum maps if the CAR
collapses.

The contributions from p3 and p4 appear to be strongly
competing for all channels studied—this is also indicated by
comparable widths of the classically allowed regions for all
channels. This can be intuitively understood by looking at
Fig. 4(a), as these are the two events closest to the peak of
the pulse. The ratio of the dominance parameter values for ps3
and py4 is directly proportional to the difference in width of the
classically allowed regions for these events.

However, the partial momentum distributions MV (py)
for the three events, displayed in the bottom row of Fig. 5,
show that, in reality, the contributions from p, prevail in all
channels. This agrees with Fig. 4(a), which shows that the
local extremum associated with p4 leads to the largest absolute
value of the electric field E(¢) and intuitively translates into
a large ionization probability for the first electron. However,
Im[t”] is very similar for both p; and p4, and this leads
to competing dominance parameters. On the other hand, the
partial distributions illustrate the collapse of the classically
allowed region for ps accurately. This region is present in
Fig. 5(b), which leads to a small but visible peak in Fig. 5(c)
associated with ps. In Fig. 5(i) the peak is suppressed as
the CAR collapses [see Fig. 5(h)]. Furthermore, the peaks
of the distributions are roughly centered at the most probable
momenta, in agreement with Ref. [38].

The results discussed above indicate that the dominance
parameter is an oversimplification of the actual contribu-
tions. However, it provides a good indication of which events
to exclude in the final momentum distributions. When the
dominance parameter is less than 0.4, we can neglect the con-
tribution of that event. However, when the value is greater than
0.9, it is difficult to ascertain which pair is most dominant.

Next, we consider the dominance parameter for the second
electron. Estimates of this parameter are shown in Figs. 6(a)
and 6(e) for the 3s — 3p and 3p — 4d transitions, respec-
tively. In both cases, we see that o is the least dominant orbit,
followed by os then o4. Physically, this agrees with Fig. 4(a)
which shows that o¢ lies towards the edge of the pulse while
o4 is at the center. It is noteworthy that the ratio between o4
and o5 values is larger than for the corresponding events for
the first electron, with values for o5 around 0.8. This implies
that these events are not competing, and we can state that
04 has a higher tunneling probability than os. This was not
the case for p3 and p4. Because we are taking the minimum
imaginary time ¢ to calculate the dominance parameter, we
find that the plots look almost identical for both excitation
pathways, despite the difference in their binding energies.

Nonetheless, upon closer inspection of how 1/Im[#] nor-
malized concerning the maximum value varies with py; for
each of these orbits [Fig. 6(b)], we can see that, for o4, it is
centered and almost completely symmetric about the origin
D2 = 0. This is expected as o4 is located near the center of
the pulse. However, for o5 and og, the maxima deviate from
the origin, explained by the asymmetry of the pulse. More
importantly, we note that the gradient is not the same on either
side of the maxima. In the negative (positive) momentum
region, the normalized values of 1/Im[¢] approach each other
for 05 and o (04 and 0s), with a large deviation in the positive
(negative) region. This implies that the dominance of orbits is
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FIG. 6. Estimates of the dominance parameter D (o;) for the
second electron using the minimum imaginary ionization time ¢
(top row), the dominance parameter as a function of the parallel
momentum of the second electron (second row), the imaginary part
of the ionization time calculated for p,; = 0 (third row) and the
partial momentum distribution as a function of the parallel momen-
tum without prefactors (bottom row) for three events in the center
of a pulse with CEP ¢, = 65°, for the (a)-(d) 3p — 3p and (e)-(h)
3p — 4p transitions. The values of the dominance parameters and
the momentum map have been normalized to the most dominant
event for each channel. The remaining pulse parameters are the same
as in Fig. 4.
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momentum dependent and a single value, as in Figs. 6(a) and
6(e), is not enough to capture the entire physics. Therefore the
dominance parameter must be used as an indicator of which
events to exclude from the momentum map rather than a way
to find the location of the brightest primary maxima.

The asymmetry effect is much stronger for the 3p — 4d
pathway [Fig. 6(f)] than for 3s — 3p [Fig. 6(b)], because
the second electron tunnels from a much more loosely bound
state, leading to a steeper gradient. Thus, the imaginary parts
of the tunneling times will follow each other more closely
once they move away from the origin [see Fig. 6(g) in com-
parison with Fig. 6(c)]. This broadens the dominant partial
momentum distribution M@ (p,|) from o4, and enhances the
remaining contributions, as expected from a narrower po-
tential barrier. Interestingly, practically identical dominance
parameters lead to different distributions. Regardless, the es-
timates arising from the dominance parameter give a clear
hierarchy of which events contribute the most.

In Fig. 7, we inspect the combined estimates for both
electrons (note that we consider degenerate energies E,, for
3s, 3p here). Figures 7(a) and 7(b) show the total dominance
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FIG. 7. Estimates of the total dominance parameter D(p;, ox) for three events in the center of a pulse with (a) CEP ¢, = 65° and (b) ¢; =
155° for the 3p — 4p, 3p — 4d, 3p — 4s, and 35 — 3p transitions. For each pair p3, p4, and ps, only the ionization event immediately after
has been taken. The incoherent-incoherent momentum maps without prefactors have been calculated for each channel and are displayed in
panels (c)—(f) for ¢, = 65° and panels (g)—(j) for ¢, = 155°. The axes are indicated with white dashed lines. The values of the dominance
parameters and the momentum map have been normalized with respect to the most dominant event for each channel. The + and - signs in
panels (a) and (b) specify the momentum regions occupied by a particular event. The remaining pulse parameters are the same as in Fig. 4.

parameter for the channels discussed previously, for CEP
¢1 = 65° and ¢; = 155°, respectively. For ¢; = 65°, accord-
ing to Fig. 7(a) the pso4 event is prevalent, followed by p4os
and psog for all channels. This happens because, for p304, the
second electron is freed near a very prominent field maximum
[see red rectangle in Fig. 4(a)] bringing up the dominance
of this event significantly. For psog, the ionization time for
the second electron is too close to the end of the pulse for
it to be as dominant as the other two events, decreasing this
value. The dominance of this event is larger for 3s — 3p, as
the collapse of the CAR suppresses this event for the other
excitation pathways. The second electron brings down the
value for the pjos event for all channels too. However, there
are also differences due to the excited states’ binding energies.
The dominance of p4os for the 3p — 4d pathway is smaller
than that of the other channels, due to a smaller CAR for this
event.

When the CEP is increased to ¢; = 155° [Fig. 7(b)], the
dominance parameter indicates that, for most excitation chan-
nels, psos prevails, followed by p;o04. Furthermore, the values
obtained for the least dominant event psog¢ are higher than for
¢ = 65°. Physically, this may be understood by inspecting
Fig. 4(b), which shows that p40s has moved towards the center
of the pulse, with an increase in the field amplitude for the
second electron’s ionization time (see black rectangle therein).
Although p; has moved further to the left edge of the pulse, o4
is still towards the center, bringing up D(ps, 04). Meanwhile,
D506 has a larger field amplitude for both electrons’ ionization
times. For this phase, we also have a classically allowed region
for the psog event for all channels except 3p — 4d (which is
the most loosely bound), explaining the increase in the relative
size of the psog dominance parameter.

To assess the validity of the dominance parameter
estimates, we look at the correlated two-electron momentum
distributions without any prefactors [Figs. 7(c)-7(f) and
7(g)-7()]. This will give a good idea of the key variables
used to construct this parameter without introducing further

biases, leading to distributions whose shapes are roughly
described by the constraints in Fig. 1. For ¢; = 65°, an overall
feature is that the agreement is better for more deeply bound
excited states. Concretely, the distribution for the 3s — 3p
pathway, shown in Fig. 7(c), agrees with the prediction of
the dominance parameter. The distribution is brightest in the
lower-left quadrant, associated with contributions from pzo4
and psoe. The strong tail in the positive momentum region
comes from the psos event. Similarly, the 3p — 4s transition
populates both negative and positive momentum regions [see
the probability density displayed in Fig. 7(e)]. Since the CAR
collapses for this region, the loss of relevance of ps and o5 be-
coming more prominent leads to distributions almost equally
occupying the four quadrants of pyy, po plane, although they
are still slightly brighter in the lower left quadrant.

For the 3p — 4p transition [Fig. 7(f)], we see a similar
distribution. However, now the brightest intensity has shifted
to the positive momentum region despite p3o4 predicted to
be the most dominant. This shift is even more pronounced
for 3p — 3d distribution, depicted in Fig. 7(d), for which
the intensity is more strongly located in the top right quad-
rant, despite the strong tail in the negative momentum region.
These shifts can be accounted for by the gradient arising from
the o5 event not being taken into account by the dominance
parameter. As discussed previously this effect is most strongly
observed for smaller binding energies. Further evidence of a
strongly asymmetric gradient is the fact that the maxima of
the distributions move further and further away from the axes
Dn = 0 as the binding energy decreases. From these distribu-
tions, a main limitation of the dominance parameter becomes
evident: a single value is not sufficient to explain the domi-
nance of events in a few-cycle pulse, given that the variables
used to construct it are strongly dependent on the momentum
region. For instance, the dominance parameter D®)(o,,) for the
second electron considers only the minimum Im[7], which, for
the SFA, is around p,; = 0, but this quantity varies drastically
away from this value. Furthermore, the threshold for when
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FIG. 8. The imaginary part of the ionization prefactor V},, for the second electron, as a function of the momentum components py, p2.
(upper panels), and corresponding mapping into the py, p,; plane. From left to right, the panels refer to (a), (g) channel 1, (b), (h) channel 2,
(c), (1) channel 3, (d), (j) channel 4, (e), (k) channel 5, and (f), (1) channel 6. The white circle shows the direct ATI cutoff.

orbits become ‘“competing” or large enough to contribute is
fairly arbitrary for the combined dominance parameter. When
the value is less than 0.2 we can safely omit the pair from
the distribution. If the value is greater than 0.6 the events
are competing but due to how sensitive the parameter is with
respect to the estimates of the width of the CAR, the parameter
is prone to over- or underestimation.

For ¢; = 155° [bottom panels in Fig. 7], the top-right
quadrant of the momentum plane is occupied for all channels
arising from the dominance of the p40s event. In all cases, we
see a tail in the negative momentum region arising from the
P304 event. As the binding energy increases, this tail becomes
longer and more localized along the axes, so that the entire
distribution becomes more cross shaped. However, because,
for a few-cycle pulse, the gradient of Im[¢] is not symmetric
around its minima, as it would be for a monochromatic field,
there will never be a perfect symmetry around the axes. With
decreasing binding energy, the gradients of Im[¢] as functions
of py become steeper and we see the maxima of the distribu-
tion deviate away from the axes. It should be noted, however,
that the parameter does not consider, at least explicitly, the
brightness of the distributions.

B. Prefactor effects and mapping

The shape of the momentum distributions in Fig. 7(c)-7(j)
is altered by the ionization (Vp,.) and excitation (Vp,¢.x,) pref-
actors, whose expressions are given in the Appendix. For full
derivations see Refs. [5,18]. The prefactors introduce addi-
tional momentum biases which will modify the length, width,
and maxima of the correlated distributions. They also bring
additional phase shifts to those discussed in Sec. III.

The six channels investigated in this study (Table I) involve
the excitation of the second electron to states of very different
spatial geometry. This geometry is reflected in the prefactor
shapes via the radial and angular nodes. However, these nodes
do not directly map onto the two-electron momentum distri-
butions. In this section we perform a more detailed analysis on
the mapping of the V},. and V}, .z, prefactors into the pypy
plane to understand how the maxima and nodes translate to
the momentum distributions explicitly.

First, we consider the ionization prefactor Vp,,, displayed
in Figs. 8(a)-8(f) for the six channels. This prefactor is the
most important in determining the shapes of the electron
momentum distributions, and has specific nodes. There are [,
angular nodes associated with the spherical harmonics in the
wave function ¥y, 1, (X2) = Rp,1, (12 )Yl:" (62, ¢o) of the second
electron, where the subscripts e indicate that it belongs to
an excited state. The figure shows that, for s excited states
[Figs. 8(d) and 8(f)], there are no angular nodes for the pref-
actor, as expected. For p states [Figs. 8(a) and 8(e)], there is
a single angular node and a strong suppression along the p,
axis, which leads to a phase shift with regard to p;; — —py.
Finally, for d states [Figs. 8(b) and 8(c)], there are two nodes
that cross each other at the origin approximately at angles
£55°. Clear positive and negative regions can be seen from
the imaginary part of the prefactor, corresponding to phase
shifts of 7.

Further to angular nodes, there is an n, — [, — 1 number
of radial nodes which manifest as circles in the pyp, plane
and a phase jump of 7 if a radial node is crossed. The relevant
radial nodes for our problem must be located at energies lower
than that of the direct ATI cutoff, indicated by the white circle
at p%” + p3, = 4U,. Changes in the shapes of the momentum
distributions will be caused by nodes within the direct ATI
cutoff. The greater the number of nodes, the more phase shifts
are present.

The mapping to the pjpy, plane is performed by in-
tegrating |V, |* over the plane spanned by the momenta
perpendicular to the laser-field polarization. We account for
particle exchange leading to fourfold symmetry in the plots.
Explicitly, we consider

Vi I = / / dp12dpas 11 l1pas | (Ve (01 PV, (02)P).

(41)

A similar mapping can be done for the excitation prefactor,
resulting in |Vp1”£1kg|2 with the difference that the integrand in
(41) is replaced by Vp . kg(P1) and its symmetrized version
taking p; < p».
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FIG. 9. Absolute values of the excitation contribution (V,.) accounting for the excitation prefactors Vj, ., for the first electron [panels
(a)-(c)] and its corresponding mapping into the py;p, plane [panels (d)—(h)] for three different pairs ps, p4, ps, respectively using the pulse
parameters in Fig. 4 and CEP ¢; = 65°. The ionization and rescattering times associated with the short orbit were used to compute these
plots. Panels (a)—(f) are associated with channel 3, while panels (g) and (h) show mappings for channels 4 and 5 with p, because this is most
dominant for ¢; = 65°. The mapping axes have been transposed relative to the other figures to make a clearer connection with the location of
the events in the pulse (upper or lower half). The orbital angular momenta L indicated in panels (e), (g), and (h) are obtained from the sums

over [, and [, given in Eq. (A1) in the first Appendix.

The outcomes of these integrals are displayed in the bottom
row of Fig. 8. From the mappings of Figs. 8(g)-8(i), we
see that, in agreement with Ref. [5], s states lead to cross-
shaped distributions in momentum space, with maxima at
the origin and along the axes [Figs. 8(j) and 8(1)]. However,
their widths will depend on the number and energy positions
of the radial nodes. Figures 8(g) and 8(k) show that, for
D states, the strong suppression along p,; = 0 survives the
transverse momentum integration. For these states there are
pronounced maxima along all diagonals py; = £p», between
:EZ\/UT, and 4\/UT,. In the region of interest (i.e., within the

ATI cutoff), there are maxima at around /U, and \/U,/2
for these states, respectively. For d states, the X-shaped nodes
intersecting at the origin are mapped to maxima along the axes
with the brightest point at the origin similar to the s states.
However, unlike the s states, there are additional secondary
maxima parallel to the axes as well. For every orbital angular
momentum, any additional radial node within the ATI cut-
off leads to narrower distributions. This effect is particularly
prominent for highly excited states with small binding ener-
gies. For example, Fig. 8(1) corresponding to a 5s transition,
shows a narrower cross compared with Fig. 8(j) with a 4s
transition.

Next, we consider the excitation prefactor. From the ex-
plicit expression of V., given in the Appendix, we can
see that the shape of this prefactor is not trivial given that
q = p1 — k where k has an implicit dependence on the times
t' and t” [see Eq. (8)]. This makes this prefactor orbit depen-
dent, giving very different shapes for the long and short orbits.

These pairs of orbits are incorporated collectively in a uniform
saddle-point approximation because they nearly coalesce at
the boundaries of the classically allowed region [67]. The
nodes of this prefactor are mostly washed out, even before
integration over transverse momentum is performed [5,18].
However, V}, 1, moves the centers of the electron momentum
distributions and care must be taken if the driving field is a
pulse. The contribution of this prefactor to the overall mo-
mentum distribution can be better understood by looking at
how it changes the transition amplitude, when incorporated in
the uniform approximation. This contribution [referred to as
“excitation contribution” (V,.) henceforth] is obtained by sub-
tracting the amplitude calculated using the coefficient with the
prefactor from the amplitude calculated using the coefficient
without the prefactor. The mapping is done as in Eq. (41).

In V., any radial or angular nodes from the excitation
prefactor are washed out with insignificant differences be-
tween different excitation pathways. Instead, the prefactor
serves to cause a slight shift of the transition amplitude up
or down, depending on the location of the event in the pulse.
Figures 9(a)-9(c) show V,. for three different pairs, for the
3p — 4d pathway. The locations of these rings are pulse de-
pendent, with p3 and ps located in the region with negative p,
and py in the positive py region. This is implied by Fig. 4(a)
for this phase. The size of the rings is also dependent on the
width of the CAR for each pair and agrees with Fig. 5(e). The
mappings for each pair in Figs. 9(d)-9(f) are therefore also
pulse dependent, with sizes proportional to the width of the
CAR. This can be explicitly seen in Figs. 9(g) and 9(h), which

063110-15



S. HASHIM et al.

PHYSICAL REVIEW A 109, 063110 (2024)

3p=>4p |(f) 3p?55 -
& ) -

0.88

o
N
N

int
o
)

©
w0
v}

o
IS
i

0.33

P (p1y.p2;) (arb. units)

0.22

0.11

0.00

3s-3p (n) 3p-3d (0)

)
.
-

'

sp-4d (p)

3p-4p  (r)

345 (q)

- -1 =1

1 0 1 o 1
Py IV Up P1y/\Up

=1

0 1
Py /v Up

=1 =1

0 1 0 1 0 1
P1y/\/Up Py /v Up Pyl Up

T — T — | — —— | —— T —
-04 0.0 0.4 0.7 -09 -04 0.0 0.4 0.9 -04 0.0 04 0.7 -03 0.0 0.3 0.6 0.9-0.3 0.0 0.3 0.6 0.9 -09 -0.5 0.0 0.4 0.9
P (p1y.p2y) (arb. units)

FIG. 10. Correlated two-electron momentum distributions as functions of the momentum components p,;, p, parallel to the driving-field
polarization, calculated for a single excitation channel using a sin® pulse of 4.3 cycles, intensity I = 1.5 x 10" W/cm?, angular frequency
o = 0.057 a.u. and CEP ¢, = 65°. The first and second rows correspond to fully incoherent and coherent sums of amplitudes as given in
Egs. (14) and (13), respectively. The third row shows the difference between the maps in the first two rows, showing the interference arising
from summing events and particle exchange terms coherently. All six RESI channels described in Table I are shown from panels (a)—(f), (g)—(1),
and (m)—(r). The signal in each panel has been normalized with regard to its maximum. The diagonals p;; = p,; and the p;; axes are indicated

with red dashed lines in each panel of the upper and middle rows.

show the mapping of the excitation contribution with py4, the
most dominant pair, for two more excitation channels, whose
energy gaps are smaller than that considered in Fig. 9(e). The
shapes are almost identical, but occupy broader regions in mo-
mentum space. This indicates the excitation prefactor has little
impact on the shapes of the final momentum distributions,
other than through narrowing them—the amount it narrows
is proportional to the binding energy.

V. PHOTOELECTRON MOMENTUM DISTRIBUTIONS

In this section, we focus on the correlated electron mo-
mentum distributions for each of the channels in Table I and
the few-cycle pulse given by Eq. (37), bringing together the
dominant events, the different types of intrachannel interfer-
ence and the phase shifts and momentum biases associated
with prefactors. We start by discussing the main features
(Sec. VA), and then delve deeper into quantum interfer-
ence (Secs. VB, VC, and V D). Guided by the results from
Sec. IV A, we take the three most dominant (combined) events
for both CEP 65° and CEP 155°. Although the event pso6 does
not have a CAR for most channels computed with CEP 65°,
it has been included in this investigation for completeness and
contributes very little to the total momentum distribution.

A. Prefactors, dominance, and quantum interference

Figures 10 and 11 exhibit the fully incoherent [Eq. (14)]
and coherent [Eq. (13)] single-channel sums for CEPs 65°
and 155°, respectively. The incoherent sums, plotted in
Figs. 10(a)-10(f) and 11(a)-11(f), exhibit the symmetry about
the diagonal pi = p,, although the fourfold symmetry as-
sociated with monochromatic fields is absent. Furthermore,
they display the expected shapes, depending on the second
electron’s excited states. Distributions computed for s excited
states are localized at the axes p,; = 0 [see Figs. 10 and 11,
panels (d) and (f)], distributions involving p excited states
exhibit a strong suppression at the axes and maxima around
the diagonals py = %py [see Figs. 10 and 11, panels (a) and
(e)], and distributions for which the second electron leaves
from a d state, shown in Figs. 10 and 11, panels (b) and (c),
exhibit maxima around the axes and the diagonals.

Moreover, the distributions including the excitation and
ionization prefactors are much narrower than those in
Sec. IV A, where only the momentum space constraints were
taken. This is due to the n, — [, — 1 radial nodes and /, angular
nodes in Vj, ., which will be mapped to vertical or horizontal
nodes in |Vp2u,e|2 (see Fig. 8). Many nodes in the momen-
tum regions of interest will split the momentum distributions,
or translate into narrower electron momentum distributions.
For instance, according to Fig. 8, narrow distributions are
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FIG. 11. Correlated two-electron momentum distributions as functions of the momentum components py;, p,; parallel to the driving-field
polarization, calculated for a single excitation channel for the same pulse parameters employed in Fig. 10 and ¢; = 155°. The first and second
rows correspond to fully incoherent and coherent sums of amplitudes as given in Eqgs. (14) and (13), respectively. The third row shows the
difference between the first two rows, showing the interference arising from summing events and particle exchange terms coherently. All six
RESI channels described in Table I are shown from panels (a)—(f) and (g)—(1). The signal in each panel has been normalized with regard to its
maximum. The diagonals p;; = p,; and the p; axes are indicated with red dashed lines in each panel of the upper and middle rows.

expected for channels 3, 4, 5, and 6. This is very visible in
Figs. 10(c) and 10(e), for which the distributions split into
several maxima, and in Figs. 10(d) and 10(f), for which the
distributions are very narrow. Due to a higher number of
nodes, the distribution in Fig. 10(f) has more substructure and
is narrower than that in Fig. 10(d).

The dominance of specific events within a pulse potentially
dictates the length of the distributions, which is associated
with the CAR, and the brightest peaks. For example, for the
3s — 3p transition and CEP 65° [Fig. 10(a)], the combination
of a classically allowed region for ps [Fig. 5(b)] and a high
ionization probability for the o4 event of the second electron
[Fig. 6(d)] causes the primary maxima of the correlated two-
electron distribution to be stronger in negative momentum
regions. In contrast, the distribution resulting from the 3p —
4p transition [Fig. 10(e)] shows much stronger maxima in the
top right quadrant (the positive momentum region) because
the CAR for the pair ps has collapsed and the psos event
dominates. The p3o04 transition, by itself, is not strong enough
to cause the spread of the maxima in the lower half quadrant,
as understood by the PMD in Fig. 5(1) and 7(f). Competing
events, together with the prefactor, may give the impression
that a specific distribution is fourfold symmetric. This is the
case, for instance, in Fig. 10(d), for the 3p — 4s transition.

Varying the CEP changes the spread of the signal quite
drastically for all channels, and can change the quadrant in
which the maxima is localized. This is directly linked to the
change in dominance of events, as discussed previously. The

overall locations of the maxima and nodes in the distributions
remain the same as with ¢; = 65°. However, the shapes for
almost all the distributions in Fig. 11, most notably panels (d)
and (f) (the s states) become much shorter; we no longer see
the long extended distributions along the axes. Instead, they
are concentrated mostly at the origin with some secondary
maxima along the positive axes. Similarly, in Figs. 11(c)
and 11(e), we have less of a tail in the lower-left quadrant,
and the majority of the distribution, although narrower, is in
the positive momentum region. This is reflective of the p4os
event being much stronger for this phase, compared with their
¢1 = 65° counterparts where the p3o4 and psos events are
competing.

Figures 10(g)-10(1) and 11(g)-11(1) show coherent sums
over symmetrization and events for ¢; = 65°, 155°, given
by Eq. (13). This means that, for the dominant events of
the pulse considered here, the interference types outlined in
Fig. 3 and the phase types specified in Sec. III are present.
Throughout, one can see superimposed interference fringes
near the diagonals and the origin. To visualize the fringes
more clearly, the difference between the fully coherent and
fully incoherent sums is plotted in the third row of these
figures.

Overall, there exists an intricate tapestry of patterns, which,
however, share some common features. In all panels, we
can see a bright fringe along the diagonal, surrounded by
hyperbolas, and are reflection-symmetric about the diagonal
p1 = p2;- These features are particularly clear in the third

063110-17



S. HASHIM et al.

PHYSICAL REVIEW A 109, 063110 (2024)

TABLEII. All the 15 phase differences present for the few-cycle pulse, associated with just exchange (row 1), temporal shifts (row
2) and a combination of both exchange and shifts (row 3). From left to right, the first column provides the phases for the interfering
processes involving the three most relevant events in the pulse given by Eq. (37) (see also Fig. 4), p;04, p40s, and psog. The second
column shows a schematic representation of these phases. The colors used in the diagrams and the labeling of the events are the
same as in the section discussing the dominant orbits, i.e., p;04 is represented in red, psos in black and psoe in blue. When more
than one event is interfering, the two events are placed between the corresponding diagrams. The third column indicates the type of
interference i.e., whether it transpires due to particle exchange, temporal shifts of either 7 /w or 27 /w or a combination of both. The
specific shifts, 7, of z, ¢’, t” for each phase u are stated—the shifts associated with p;o4 (7;, ;) are taken to be zero. The final column
indicates when the corresponding type of interference can be observed i.e., with a fully coherent sum of symmetrization or events, or
combination of incoherent and coherent symmetrization and events. In the fourth column, the first and second indices are associated

with the symmetrization and event, respectively.

Phases Schematic Representation Type S-E
Intracycle Exchange
1. g | Yrar
abd — oo I— - No temporal shift A7 =0
2. Ay i .7
’ I} i Oy I 1.7=0,74=0 e
3. ayr,dar P304 D405 Ps0¢ 2 T = Jw, Ty =)W
3. ir =27 /w, Tar = 27w
No Exchange
4. oy a) Oy i b) oy a) Intracycle shift At = 7/w
5 agw 0 TR —— = """ 4. 71=0,7 =7/w
6 5(11', i 5. 174q=0,1,=7/w
- UT,r P304P405 P304P506 ic. cc
7. oar,u Ogry | 6. ir =27/w, T, = T/w
—————————— ——— —-—--gr ==
8. air, ] Oy, .adfd 7. Tar =27 /w, Ty = T/w
9. Qar.d ' P4Os D504 b) Intercycle shift AT = 27 /w
8. mir =27w/w, 1 =0
9. TdT = QTF/L{), Td = 0
a) Intracycle shift At = 7/w
10. (077 a)J o'l,u i b) é a‘dTl 10. 7, = 0’ Tu = 7r/w
11. ara ) --------- 'a_ml —' _____ 1. 74 =0, 7 = 7/w
12. T u P304P405 P304P59 12. i = 27T/W77'u = 71'/(,‘_) ce
13- aarr _IalTu 77777 ) - 13. 747 =27 /w, T = T/w
14. aur,a I Oy7y U7y b) Intercycle shift At = 27 /w
15. aar P405 P5% 14. 7ip = 2 jw, 74 =0

15. 1qr =27 /w, 71 =0

quadrant of Figs. 10(m), 10(n), and the first quadrants of
Figs. 11(m), 11(n), 11(0), and 11(q). Furthermore, because
the half-cycle symmetry is broken, these features are not
symmetric about (py, p2;) = (—pi), —p2y) and there is no
bright interference fringe along the antidiagonal p = —py.
These are key differences from the single-channel interference
observed for monochromatic fields [5,6]. Other features are
phase shifts associated with the prefactor, which can be seen
very clearly for excitations to p states [see panels (m) and (q)
of Figs. 10 and 11], and convoluted patterns in the second and
fourth quadrant.

Next, we have a closer look at the different types of inter-
ference present in Figs. 10 and 11. According to Sec. IV A,
there are at most three relevant events within the pulse, p3o4,
p40s, and psog, each of which is roughly shifted by half a
cycle from the previous one. Pairwise, they may interfere in
fifteen main ways, which are listed in Table II. This table
can be used as a road map to understand the subsequent
discussions. The left column of Table II gives the phase dif-
ferences discussed in Sec. III. The second column illustrates
schematically how these phases can be applied to the specific
pulse studied in this work, following the convention used in
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Fig. 3. The colors and labeling of events are as in Sec. IV A.
The third column details the specific sources of pairwise
interference, including electron exchange, and the temporal
shift A, which quantifies the relative (approximate) position
of interfering events in a pulse. Another analytical device
employed to temporally order the events within the pulse is
the temporal locations 7,,. They are not directly employed in
the numerical computations, but serve as a measure of where
the times ¢, ¢/, t” are located for a specific event. For instance,
for p3o4 we take T, where u = [, d to be zero given that this
is the first dominant event in the pulse to be considered. The
later event p4os is separated by half a cycle from ps3o04, so
that one can approximately state that the relevant times are
t+n/wt +m/w,t”" +m/w wheret, = 7 /wand u = r, u.
Similarly for pso¢, T, = 2 /w where u = IT, dT.

There exist three main types of interference. Phase differ-
ences numbered from 1 to 3 are associated with individual
events within the pulse, but for which the electron momenta
have been exchanged. Because we are only considering one
event, the temporal shift At = 0. Next, there are phase differ-
ences associated solely with temporal shifts, numbered 4 to
9. For pairs of events that are separated by half a cycle (i.e.,
P304 + psos and psos + ps0g), the relative temporal shift as-
sociated is, therefore, At = 7w /w. For the intercycle events,
the relative temporal shift is At = 27 /w. Finally, the last
five phase differences (10 to 15) account for a combination
of electron exchange and temporal shifts.

B. Exchange interference

Figure 12 shows similar coherent sums and difference
plots as in Figs. 10 and 11, but summing only the exchange
processes coherently. This isolates the interference effects
arising from the al(,";’f;fz‘) and oy, p, (¢, 1) phase differences in
Egs. (19) and (20). In all plots, we observe superimposed
hyperbolas and a bright fringe along the diagonal. Upon in-
spection of Eq. (19), field-independent hyperbolae arise when
al(,el’f;fz‘) = 2nm while the bright fringe (the “spine”), which
increases in width along the diagonal can be attributed to the
field-dependent «yp, p,(#,¢’) phase. As expected for a pulse
with no half cycle symmetry, the structures are asymmetric
with regard to (pyy, p2y) <> (—pi1), —p2)) and there is no
bright fringe along the antidiagonal. Interestingly, the asymp-
totes and focal points of the hyperbolae do not lie at the
diagonals, but at the axes. This feature was also present for
monochromatic driving fields [5], and it is likely caused by
the transverse momentum integration. It is also noteworthy
that many of the intricate patterns in the second and fourth
quadrants of the pjpy plane are absent, which is evidence
that they stem from other types of quantum interference. We
note that for CEP 65° [Figs. 12(e)—12(h)] the fringes are well
distributed in the four quadrants and the patterns are more
intricate suggesting competing events within the pulse, while
the distributions and the interference structures for CEP 155°
[Figs. 12(i)—12(1)] are primarily located in the first quadrant
of the parallel momentum plane, and their cleanness suggests
a dominant event.

To understand the effects in Figs. 12(e)-12(l) in greater
detail, the interferences associated with o 4, @, and o7 47
are separated. Therein, we choose the 3s — 3p channel as

71.0

(a) 3s>3p [(b) 3p~>4d (c) 3p>4p |[(d) 3p->5s

0 0 -1 0 1 -1 0 1

Pu /Uy Py Uy PuiNU,  PylUp

FIG. 12. Correlated two-electron momentum distributions as
functions of the momentum components pyj, p, parallel to the
driving-field polarization, calculated for a single excitation channel
for the same pulse parameters employed in Fig. 10. The first row
corresponds to amplitudes where events are summed incoherently,
and symmetrization is done coherently as given in Eq. (15), calcu-
lated for ¢, = 65°, and illustrates that the interference fringes are
different from those in Fig. 10. The second and third rows shows
the difference between the first row and its counterpart for CEP 155°
and the corresponding fully incoherent sums [see panels (a), (c), (e)
and (f) in Figs. 10 and 11], with CEP 65° and 155°. These rows
show the interference arising from summing particle exchange terms
coherently and events incoherently. The difference between the fully
coherent and incoherent distributions for the channels considered
here is shown in panels (m), (0), (q) and (r) of Figs. 10 and 11 for
CEPs 65° and 155°, respectively. The signal in each panel has been
normalized with regard to its maximum.

Fig. 12(e) shows obvious hyperbolic structures and central
nodes at the axes, and the 3p — 4p excitation channel for
which there are also visible hyperbolas and extra nodes
stemming from the higher principal quantum number n, = 4
[Fig. 12(g)]. Figures 13(a)-13(c) and 13(d)-13(f) show «; 4,
o, and o7 47 for the two chosen excitation pathways incor-
porating both the Vj, e and Vj, . prefactors. Both prefactors
have been omitted in Figs. 13(g)-13(i) for the excitation
channel 3p — 4p to highlight the phase jumps and nodes
associated with the ionization prefactor, arising from locations
of the radial nodes and the mapping of the angular nodes of
Vos.e [Fig. 8(g) and 8(k)], respectively. These are indicated by
the red dotted lines in Figs. 13(a), 13(b), 13(d), and 13(e). The
effects of the prefactor are present and the same for all three
interference types discussed in this work.

For 3s — 3p, one can see that the fringes stemming from
the pso4 event are the brightest and occupy the largest mo-
mentum region, located primarily in the third quadrant of the
D1 P2 plane but also spilling in the other quadrants (see the
left column in Fig. 13). This is consistent with the findings in
Fig. 7, which indicate that this event is dominant. Figs. 13(b)
and 13(c) shed light on the other events. The fringes arising
from the second dominant event, i.e., p405 lead to well-defined
hyperbolas in the first quadrant of the parallel momentum
plane. These occupy a slightly smaller momentum region but
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FIG. 13. Interference patterns associated with the purely ex-
change phase differences for the three most dominant events within
a pulse for the 35 — 3p transition incorporating both the excitation
and ionization prefactors (top row) and the 3p — 4p transition, with
both prefactors (middle row) and with neither prefactor (bottom row).
The same pulse parameters are employed as in Fig. 10, and the
carrier-envelope phase is ¢; = 65°. The signal in each panel has been
normalized with regard to its maximum. The diagonals p;; = p are
indicated with black dashed lines in the bottom row. The locations of
the nodes and phase shifts arising from the prefactors are marked by
red dotted lines in panels (a), (b), (d), (e). The box in panel (f) shows
the location of finely spaced hyperbole.

0
Py Uy

are also quite bright, in agreement with the findings that both
events are comparable. Lastly, pso¢ is much less dominant
than the other two events, which is reflected in the much
smaller momentum region in which the fringes caused by
a7 g7 are significant. For the excitation pathway 3p — 4p
[Figs. 13(d)-13(f)], the RESI distributions are more symmet-
ric. This is due to the events p3o4 and psos competing and
the collapse of the CAR for pso¢ due to a higher energy gap
between the ground and excited states [see Figs. 7(a) and
7(f)], together with the influence of the prefactors, which have
additional radial nodes.

We retain the diagonal symmetry of the interference pat-
terns for all three phases, indicated by the black dashed lines
in Figs. 13(g)-13(i). Additionally, within the direct ATI cutoff,
the hyperbolae associated with " can only be seen for
n = O—these are most clear in quadrants opposite to where
the events are dominant—an example is indicated by the box
in Fig. 13(f). This is because ap, p,(f,¢") plays the smallest
role in these regions, and thus the bright spine no longer masks
or skews the hyperbolae caused by (.

Further information about the hyperbolae can be gleaned
from the interference patterns at larger momentum values. In
Fig. 14, we see additional hyperbolae with shifted centers,
presumably arising from greater values of » indicated by the
purple boxes in panel (b). These hyperbolae have asymptotes
at or parallel to the diagonal and antidiagonal [see Fig. 14(d)]
with decreasing fringe spacing. At the locations where two
hyperbolae meet, we see a convex shape [see arrows in
Fig. 14(b)]. The narrowest fringe spacings form a rough cross
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FIG. 14. Interference patterns associated with the purely ex-
change phase differences for the three most dominant events within
a pulse for the 3s — 3p transition (top row) and the 3p — 4p tran-
sition (bottom row) for a larger momentum region than in Fig. 16.
The same pulse parameters are employed as in Fig. 10, and the
carrier-envelope phase is ¢, = 65°. The signal in each panel has been
normalized with regard to its maximum. The locations of phase shifts
arising from the prefactors are marked by red dotted lines in panel
(a). Purple dashed boxes in panel (b) show the different hyperbole
arising from o*" = 2n7r with n > 0. The arrows indicate where
these hyperbolae meet leading to convex shapes in the interference
pattern. The asymptotes of one such hyperbola are marked in panel
(d) with purple dashed lines along the diagonal and parallel to the an-
tidiagonal. Panel (e) marks a cross shape with purple lines, between
which we see the finest fringes.

[marked in Fig. 14(e)], the shape of which is not unlike the
mapping of the excitation prefactor in Fig. 9 with the center
of the cross located in the momentum quadrant where the
associated event is dominant. We also note that at locations
of phase shifts, the fringes become slightly jagged [see red
dotted line in Fig. 14(a)].

Finally, this analysis reveals several additional key obser-
vations regarding the combination of the three events (and
thus the three exchange phases) shown in Figs. 12(e)-12(1).

First, faint hyperbolae observed in the second and fourth
quadrants result from the incoherent combination of events
and are associated with ai(f";h) These shapes are therefore not
actually interference effects but a consequence of combining
the interference effects from «; 4, @, , and o7 47 incoherently,
since their fringe direction in the second and fourth quadrants
varies depending on the events’ locations in the pulse. The
spine, along with alternating intense positive and negative
fringes in the diagonal [both of which arise from o, p, (7, )]
contribute to the first and third quadrants, with the most dom-
inant events leading to the brightest and biggest contributions.

Second, in the quadrants where both ") and ap, , (¢, ')
are present, the effect of ap, p, (¢, ¢') tends to be stronger caus-
ing the bright fringes to obfuscate the hyperbolae. However,
al(f]’ff,};) appears to bend these parallel fringes creating large
bright hyperbole-like structures on either side of the spine.
Where ap, p,(f,t") is less strong (i.e., in the second and fourth
quadrants) there are more clearly observable hyperbolae.

063110-20



DETANGLING THE QUANTUM TAPESTRY OF ...

PHYSICAL REVIEW A 109, 063110 (2024)

(a) 3s>3p |(b) p->4d |(c) 3p->4p |(d)

<)
>

1. P2y) (arb. units)

o 1 -1 0 1 -1 0 1 0 1

PL Uy Py VU, PuiU,  PyiU,

FIG. 15. Correlated two-electron momentum distributions as
functions of the momentum components p;;, py, parallel to the
driving-field polarization, calculated for a single excitation channel
for the same pulse parameters employed in Fig. 10. The first row
corresponds to amplitudes where events are summed coherently and
symmetrization is performed incoherently, as given in Eq. (16), and
was calculated for ¢; = 65°. The second and third rows show the
difference between the first row and its counterpart for CEP 155° and
the corresponding fully incoherent sums [see panels panels (a), (c),
(e) and (f) in Figs. 10 and 11], with CEP 65° and 155°. These rows
show the interference arising from summing particle-exchange terms
incoherently and events coherently. The difference between the fully
coherent and incoherent distributions for the channels considered
here is shown in panels (m), (0), (q) and (r) of Figs. 10 and 11 for
CEPs 65° and 155°, respectively. The signal in each panel has been
normalized with regard to its maximum.

C. Event interference

Next, we isolate the effects of the phase differences as-
sociated with the temporal shifts: «; ,, o7, o, and their
identical but transposed (symmetrized) counterparts: oy,
o4t Oqr,q. Figure 15 shows the momentum distribution
with incoherent symmetrization and coherent events, as well
as the differences between these distributions and the fully
incoherent sum for both CEPs. This enables us to investigate
interference effects emerging from four different phase dif-
ferences: af;‘e), ozX‘:)(t/, "), a(AP:"d)(t, t"), and ag’;’m)(t, ).
Figs. 15(e)-15(1) show distributions with alternating positive
and negative fringes, which are brightest in the region(s)
associated with the dominant event(s) for each excitation path-
way, for both CEPs. There appears to be a darker “box” in
the center of the distributions—most prominent for channels
with a higher number of angular nodes. All other prefactor
effects, such as nodes and relative distribution size, remain.
A faint circular substructure is also somewhat visible, partic-
ularly in Fig. 15(k). This is associated with '™ [Eq. (26)]
which gives rise to circular fringes with a target-dependent
radius. This is expected because Eq. (26) is that of a hyper-
sphere. The radius of the largest circular fringe is obtained at
vanishing perpendicular momenta. These distributions occupy
similar momentum regions to the fully coherent distributions
in Figs. 10(m)-10(r) and Figs. 11(m)-11(r).
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FIG. 16. Interference patterns associated with the temporal-shift
phase differences utilizing interfering pairs of the three most dom-
inant events within a pulse for the 3s — 3p transition (top, middle
rows) and the 3p — 4p transition (bottom row). The top row shows
the unsymmetrized distributions, while the middle and bottom rows
account for the transposed counterpart of the phase differences. The
same pulse parameters are employed as in Fig. 10, using a CEP
of 65° for the 3s — 3p transition (top and middle row) and a CEP
of 155° for the 3p — 4p transition (bottom row). The signal in
each panel has been normalized with regard to its maximum. The
gradients of the fringes are marked in panels (b) and (e) with solid
black lines. The red dotted box in panel (b) indicates the location
of fine fringes coming from &®'"*?(z, "), which are obfuscated by
the larger “wings” in the symmetrized distributions in panels (e) and
(h). The solid blue boxes in panel (d) indicate the noninterference
checkerboard patterns coming from af: )(t', ). Purple dashed cir-
cles in panel (f) indicate the largest circular fringes resulting from
o' = 271 where n = 3, 4. The symmetry along the diagonal of
the symmetrized distributions can also be seen by the dash-dotted
lines in panel (g)—(i).

As with the exchange-only case, we now isolate the effects
of oy, a7, oy, for the 3s — 3p transition with CEP 65°
[Fig. 15(e)]. However, this time 3p — 4p is taken with CEP
155° [Fig. 15(k)]. Figures 16(a)-16(c) show the separated
phases «, 4, 0tqr.us 0tqr.a With the 3s — 3p transition. The
gradient of some of the fringes is indicated by the lines
in Fig. 16(b). As expected for up-down interference, the
majority of the lines in Figs. 16(a) and 16(b) are roughly
located in the up-down direction. In quadrants two and four
(depending on the events in question), we see thinner fringes,
coming from different directions and combining [Fig. 16(b)].
For their identical but transposed phases, we would expect
these distributions to also be transposed. An incoherent
sum of the temporal-shift phases with their transposed
counterparts, oy, g+ Qgru + T Oar.a 0Ty 1S
provided in the second row for 3s — 3p, and in the third row
for 3p — 4p. In the first quadrants of Figs. 16(e) and 16(h),
we see widening v-shaped fringes which overlap to form
complex fine crisscrossed patterns. These are actually not
due to interference, but arise as a consequence of incoherent
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FIG. 17. Interference patterns associated with a pure temporal-
shift phase difference agf ) computed for pairwise combinations of
the most dominant events that separated by half a cycle for the 3s —
3p transition and CEP 65°. All other pulse parameters employed are

the same as in Fig. 10.

symmetrization—in Fig. 16(e), the gradients of the fringes
associated with ay7 , and o individually are indicated with
lines. The fine fringes in the red box in Fig. 16(b) are almost
completely obfuscated by the thicker fringes in that quadrant
coming from the symmetrized phase difference, forming a
“wing” shape along the antidiagonal in Figs. 16(d), 16(e),
16(g), and 16(h). These patterns occur mostly for intracycle
shifts as in the first two columns of this figure.

With intercycle shifts, i.e., 47 ¢ and o7, almost circular
fringes are observed arising from afge), the largest radius of
which is positive only for n > 2 for the target in question.
The largest fringes are plotted with n = 3, 4 in Fig. 16(f) and
appear to be a fairly good match. The other rings may arise
from varying values of transverse momenta. We note that the
fringes are not centered at the exact origin, since the temporal
shift of 27 /@ from p304 to psog is an approximation for the
few-cycle pulse.

2 . . .
We note that otX?(t’, t") depends only on the ionization
and rescattering times of the first electron. Therefore, we can

detangle the interference stemming from agf )(t',1") by cal-
culating o (4, ) and a;r - (+a47,,) for the first and second
electron separately. The distribution with the first electron
only contains effects from all four phase differences asso-

. . . . 2 .
ciated with temporal shifts including o' (¢, 1) while the

distribution from the second electron excludes the a(AA: @, 1")
contribution. For more details, see Fig. 24 in Appendix B.
The one-electron unsymmetrized distributions (i.e., associ-
ated with interference along either the py or py axes) consist
of straight fringes parallel to the associated axis, varying in
intensity. When incoherently symmetrized, these fringes form

a cross shape. At the point where the fringes intersect, we see a

checkerboard-type pattern. When oz(AA: )(t', ") is isolated, as in
Fig. 17, this pattern becomes even more detailed and complex
due to the subtraction of the two individual electrons’ fringes.
We can therefore deduce that this checkerboard, indicated by
the blue boxes in Fig. 16(d), for instance, is not actually an in-
terference effect but a symptom of incoherent symmetrization.

The wings of the distribution are likely to be brought about
by ag’;‘m)(t, t') [Eq. (28)], the only purely temporal-shift
phase which is both momentum and field dependent. Thus,
intuitively, when the momenta are large and have the same
sign (as in quadrants one and three), one expects that this
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FIG. 18. Interference patterns associated with the temporal-shift
phase differences utilizing interfering pairs of the three most domi-
nant events within a pulse for the 3s — 3p transition (top row) and
the 3p — 4p transition (bottom row). A larger momentum region is
taken than in Fig. 16. The same pulse parameters are employed as in
Fig. 10, using a CEP of 65° for the 3s — 3p transition (top row) and
a CEP of 155° for the 3p — 4p transition (bottom row). The signal
in each panel has been normalized with regard to its maximum. The
blue lines in panel (c) along the axes are drawn to emphasize the
presence of the slightly off-axes circular fringes presumably coming
from af‘r‘e) . Panel (e) annotates the heart shape of the interference
which is also present in panels (a) and (b).

phase difference will be large and the fringes will be finer.
In contrast, if both momenta are small (close to the origin), or
if they are large but have opposing signs (second and fourth
quadrant), a small ot(ApT"pZ)(t, t') will lead to thicker fringes.
This effect contributes to the appearance of the dark “box”
visible in some distributions of Fig. 15—there are simply
fewer interference fringes at play around the origin.

Figure 18 shows the temporal-shift phases for both chan-
nels, in a larger momentum space. As before, the wings can
be seen. In addition to the wings, the intracycle shifts also
exhibit heart shapes in the first or third quadrants (depend-
ing on the dominance of events involved), with “static-like”
patterns in the opposing quadrant. In Fig. 18(d) the heart
disappears, presumably because for CEP 155°, p;o4 loses
dominance. The origin of this shape is unclear. However,
this behavior indicates that they may arise from a combina-
tion of the field-dependent temporal-shift phase differences.
Checkerboards appear only for small momentum values in-
dicating oe(AA: )(t',1") is only influential in the regions where
the events are strongest, which makes sense as this phase
difference is field dependent only.

The intercycle shifts [Figs. 18(c) and 18(f)] show multi-
ple sets of circular fringes due to a(Aege), located along the
axes, and faintly even in the quadrants. They are centered
slightly off axis due to the asymmetry of the pulse. Since o'’
[Eq. (26)] gives the equation of a hypersphere, it is not trivial
to obtain the centers and sizes of these extra circular fringes.
Additionally, due to the strong dependence of &P (¢, ") on
the field shape, it is difficult to predict or untangle the effects
of this phase difference explicitly. However, all remaining
patterns stem from this term or from a combination of the
other phase differences.
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FIG. 19. Interference patterns associated with the combined ex-
change and temporal-shift phase differences utilizing interfering
pairs of the three most dominant events within a pulse for the
3s — 3p transition and a carrier-envelope phase of ¢; = 65°. The
distributions shown are unsymmetrized (top row) and symmetrized
(bottom row). The same pulse parameters are employed as in Fig. 10.
The signal in each panel has been normalized with regard to its
maximum. The dashed black lines in panel (a) indicate an example
of a cut in the distribution, which also translates to the symmetrized
distribution in panel (d).

D. Exchange and event interference

The remaining six phases associated with a combination
of exchange and temporal shift terms, oy ,, o1, o7 g and
their identical transposed counterparts o4, tyq7, a7, are
considered in Fig. 19, which shows the unsymmetrized and
incoherently symmetrized effects arising from these phases.
Due to the localization of the events within specific momen-

-4 -2 0 2 4 -4-2 0 2 4
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—4 0.6

tum quadrants, we expect this phase to contribute the least to
the total coherent distributions. However, the effect is stronger
than for the monochromatic wave, as the asymmetry of the
pulse (and the effect of prefactors) causes the events to oc-
cupy regions near the origin and sometimes spill into other
quadrants. This enhances the events’ overlap.

Figures 19(a)-19(c) show fringes parallel to the p, axes.
This is expected since only oeg’r”_’m) [Eq. (31)] contributes
now. The locations of the brightest spots and their widths are
dependent, however, on the exact pulse field symmetry. The
distributions also appear to be cut [an example is given by the
dashed line in panel (a)].

The question then remains: which of these three types of
interference contribute most to the total coherent-coherent dis-
tribution? A comparison of exchange, event (temporal shift)
and combined exchange and shift interferences to the total
coherent interference is shown in Fig. 20. The top row shows
the momentum region of interest and the bottom row dis-
plays a larger momentum region containing the secondary
effects.

The pure exchange phases are the most influential, leading
to the spine and to small hyperbolic patterns in the total co-
herent distributions. These features will remain most resistant
to focal averaging. The pure temporal shifts serve to make the
spine a bit more jagged and blurred, while also shifting the
locations of the brightest maxima within the fringes them-
selves. The noninterference effects coming from summing
symmetrization incoherently further enhance the complexity
of the fringes in the first and third quadrants. The most notable
impact of temporal shifts emerges in the second and fourth
quadrants, where the large wings overshadow the smaller,

0.9
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FIG. 20. Interference patterns arising within the region of interest (top row) and in a larger momentum region (bottom row) considering a

fully coherent sum of events and symmetrization [panels (a) and (e)],

and isolating interference effects due to exchange [panels (b) and (f)],

temporal shifts [panels (c) and (g)] and those arising from a combination of exchange and event interference [panels (d) and (h)] for the same
pulse parameters employed in Fig. 10. The two most dominant events for the channel (3s — 3p) and CEP (65°) have been taken. The signal in
each panel has been normalized with regard to its maximum. The contribution to the fully coherent interference pattern at larger momentum
values, arising from a combination of exchange and shift, has been indicated by arrows in panels (e) and (h).
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overlapping hyperbolic patterns from pure exchange phase
differences.

Predictably, the combined effect of exchange and temporal
shifts yields the smallest influence, lightly reinforcing some
effects from the other types of phase differences, such as
overlapping fringes in quadrants two and four. Notably, even
the discernible“cut” observed when isolating this phase dis-
sipates within the total coherent plot. For larger momentum
regions, the heart and static patterns disappear although the
effect of exchange and shift combined in skewing the fringes
becomes slightly more noticeable [indicated by the arrows in
Figs. 20(e) and 20(h)]. We have verified that these results hold
for other events, and also the other excitation channels.

VI. CONCLUSIONS

In conclusion, we investigate quantum interference in
recollision excitation with subsequent ionization (RESI) for
few-cycle pulses, focusing on two-electron interference pat-
terns associated with a single excitation channel. This type
of interference stems from quantum phase shifts which can
be derived analytically, thus adding predictive power and
transparency to the problem. This considerably extends our
previous investigations for monochromatic fields [5,6] and
reveals much more convoluted patterns. The added complex-
ity results from three key differences regarding the driving
field. First, the field cycles are not equivalent, which means
that there will be different kinds of interfering events and
many types of fringes. Second, the dominant events within the
pulse will be strongly influenced by the carrier-envelope phase
(CEP). Third, the symmetries associated with monochromatic
driving fields will be broken. A monochromatic field re-
mains invariant under a translation of half a cycle followed
by a reflection about the time axis, also known as the half-
cycle symmetry; a time reflection around its extrema, and a
time reflection around its zero crossings [62]. These three
symmetries translate into fourfold symmetric RESI distribu-
tions for monochromatic fields, if all transition amplitudes
are summed incoherently. For a few-cycle pulse, only sym-
metries associated with electron exchange will be retained.
Furthermore, because the field gradients will be unequal
around its maxima or zero crossings, the electron-momentum
distributions may be skewed towards a specific momentum
region.

With that in mind, we relaxed some key assumptions in
Ref. [5], including the field shape and polarization, and de-
rived a myriad of phase shifts for arbitrary driving fields,
which gave rise to generalized interference conditions. These
phase shifts stem from exchanging the momenta of the two
electrons, which is necessary due to their indistinguishability,
from events occurring at different times within the pulse, and
from electron exchange and temporally shifted events. The
analytic conditions obtained show a multitude of features,
some of which are field independent, and some of which
depend on its polarization, shape and symmetry. We have also
identified building blocks for those phase shifts. With pure
exchange, these are al(f]’fg‘) and ap, p,(t, "), where the first
term has a linear time dependence and the latter depends on
the field via the temporal arguments. With different events and

purely temporal shifts, we have identified '™, « Ar)(t "),

a1, 1”), and PP (7, 1') as the sources of interference.
The term af?e) is associated with the electronic bound-state

and kinetic energies, a(A )(t',1") is a field-dependent term
ond) (7 1) gives pondero-

motive energy shifts and oz(p‘ lm(t,t ) a term encompassing
both the field and momentum dependence. Finally, with both
exchange and temporally shifted events both types of phase
shifts will be present, but, instead of a(pl Pt ¢), it is de-

scribed by the a(ApT‘e‘”) (¢,t') term, which contains temporal
shifts and momentum exchange.

Particular cases of these conditions give the previous ex-
pressions derived in Ref. [5] for monochromatic fields. This
includes hyperbolic structures and spine-like fringes which
are reflection symmetric upon the diagonal p;; = p; of the
p11P2; plane. Nonetheless, because the half-cycle symme-
try is broken, such features are no longer symmetric about
(p1y> p2y) < (—=p1y, —p2) and a bright interference maxi-
mum along the antidiagonal p;j = —py is also absent. The
specific case explored in this work, namely, a linearly polar-
ized few-cycle pulse, can be rewritten as a three-color field
[55]. Thus, many of the present studies can be modified to a
continuous bichromatic field or a long pulse with two colors.
Additionally, some conclusions can be anticipated for this
latter case. For instance, the intercycle patterns are expected
to be more prominent for a continuous wave or long enough
pulse. Furthermore, for linearly polarized fields of frequencies
rw and sw such that r + s is even (odd), the half-cycle symme-
try is retained (broken); thus, one expects that the interference
fringe predicted to exist in the antidiagonal will be present
(absent). More systematic studies of how the field symme-
tries affect the two-electron interference building blocks and
patterns would require the arguments and the formalism in
Ref. [62].

Furthermore, the bound-state prefactors Vj,. and Vp ke
introduce additional phase shifts and momentum biases. The
prefactor Vp,. associated with the ionization of the second
electron determines the shapes of the distributions, and V}, ¢ ke
influences more their centers and widths. However, although
the nodes are blurred for the latter prefactor, the field depen-
dence embedded in it means that it will get skewed for a pulse
due to the unequal cycles and gradients. Here, we provide an
analysis of how both prefactors can be mapped to the pipa
plane. In this work, we use argon as a target, for which there
are six excitation pathways to s, p, and d states. This facilitates
a comparison with our previous work.

Specifically for a pulse, it is crucial to identify dominant
events, whose interference one must study. In our previ-
ous paper [38], we studied this dominance using qualitative
arguments. Here, we propose a parameter that brings to-
gether three key factors influencing an event’s dominance:
the ionization probabilities of the first and second electrons,
which can roughly be associated with the minimal values
of (Im[¢"])~! and (Im[¢])~!, and the momentum region for
which rescattering of the first electron has a classical coun-
terpart. The dominance parameter is a good indicator of
what should be discarded and of what physically happens in
the pulse.

Howeyver, it has a series of limitations, which boil down to
a single number not being sufficient to quantify dominance.

involving only the first electron, «
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The prevalence of a particular event depends strongly on the
momentum region. Therefore, if they are too discrepant, one
cannot use D(p;, 0;) to predict where the single main maxi-
mum lies. Instead, it indicates which event dominates in the
same region. Furthermore, the gradient of Im[¢] is asymmet-
rical with regard to its minimum. Away from the minimum,
imaginary parts of the times associated with different events
follow each other closely. This is particularly true for high-
lying bound states, for which these gradients are steep. The
results in Sec. IV A show that the dominance parameter is not
reliable in these cases.

Another issue is that it does not allow us to compare an
event leading to a bright signal in a small momentum re-
gion with another, less bright probability density occupying
a larger region. A question remains on how to determine
what contributes more to the final map. Finally, the prefac-
tors also skew the momentum distributions and sometimes
mask the dominance. Still, if D(p;, 0;) is too low for a spe-
cific event, such as those at the trailing edges of the pulse,
the event can be discarded without compromising the key
results.

For the two specific CEPs employed in this work, we have
identified at most three dominant events in agreement with the
qualitative findings in Ref. [38]. Applying the equations and
criteria in Sec. III, we found 15 pairwise phase differences,
which are given in Table II. These phase differences were
then used as a guide to disentangle the interference patterns
obtained by subtracting the fully coherent from the fully in-
coherent single-channel distributions. The complexity of the
problem makes it sometimes impractical to obtain analytic
expressions in all cases. Nonetheless, one may still observe
an approximate hierarchy, as far as the interference types are
concerned.

Overall, the interference due to exchange-only processes
is more pronounced and behaves as predicted, with a bright
maximum along the main diagonal and hyperbolic patterns.
We also observe that the bright fringe along the antidiago-
nal and the symmetry upon exchanging the signals of both
parallel momenta are absent. This agrees with the analytical
predictions of Sec. III, which states that these features are only
present for fields with half-cycle symmetry. The interference
effects due to temporal shifts reinforce exchange-only effects
for the most part, except for the wing-shaped patterns in the
second and fourth quadrants. They also lead to ring-shaped
patterns, as predicted for temporal shifts of a full cycle, which
resemble those in Ref. [10]. The phase differences associated
with electron exchange and temporal shift have the subtlest
effect of all. Unfortunately, it is difficult to find a hierarchy of
the building blocks that constitute these types of interference.
Key challenges are to determine in which momentum regions
the building blocks are more or less significant and how this
might change with the pulse parameters given their strong
dependence on the pulse symmetry. This will be of extreme
importance in a more realistic scenario, in which the beam
profile and geometric phases must be considered. Further-
more, we have also identified patterns associated with three or
more interfering pathways, which are difficult to disentangle.

Regardless, the exchange-only patterns are expected to
be robust as many of them do not depend on the field.
This also explains their robustness against focal averaging

observed in Ref. [6]. This suggests that these patterns would
be the most prone to survive in a realistic setting. To some
extent, this is backed by a comparison with existing ex-
periments [63], in which traces of hyperbolic features and
fringes along the diagonals p;; = %£py are present. Because
the experiments had CEP-averaged pulses, we were able to
apply the simplified model developed for monochromatic
fields and compensated for the different frequency bandwidths
that exist in few-cycle pulses by employing ad hoc phases
and amplitudes. Thereby, interchannel interference was also
considered.

However, one may in principle find ways to enhance the
other types of interference by manipulating the field pa-
rameters. This can be achieved, for instance, by adapting
the knowledge obtained for controlling one-electron PMDs
in tailored fields to RESI [55,71-74]. It is also plausi-
ble that intercycle interference was observed in a TDSE
calculation, in form of ring-shaped structures [46]. How-
ever, a direct comparison with the present results is not
possible because those calculations were performed for a
parameter range in which EI is dominant. Interference be-
tween the EI and RESI pathway has also been reported
in Refs. [47,48,50].

Finally, several issues have been left out of this article.
First, there is evidence from our previous work that interchan-
nel interference can lead to striking results and also survive
focal averaging. So far, this type of interference has been stud-
ied in a simplified way, employing coherent superpositions of
excitation channels whose phases and weighting were chosen
in a partly ad hoc way. To tackle this problem more rigorously,
it will be necessary to seek an alternative strategy to the
analytic derivations performed here as intrachannel interfer-
ence is much more influenced by the bound-state geometry.
Thereby, key questions are how to establish whether specific
channels are comparable and if the fringes resulting from this
type of interference have high contrast.

Second, a realistic model will require incorporating the
residual binding potential in the electrons’ continuum prop-
agation. Our studies of ultrafast photoelectron holography,
using a fully Coulomb-distorted path-integral method in a sin-
gle electron context [61,75,76], provide us with some insight
into what to expect for RESL

For the first electron, the SFA with a single act of rescat-
tering will be a good approximation for the actual dynamics
and, in order to account for Coulomb corrections, one may
need at most a phase shift in the action. A recent compari-
son shows that the rescattered SFA is a good approximation
for backscattered electron trajectories, which are those rel-
evant to the first electron [77]. These studies indicate that
the kinematic constraints such as rescattering ridges remain
practically unchanged. There are, however, small changes
close to the ionization threshold, and shifts in the interference
patterns arising from the two types (long and short) scattering
returning orbits in a pair. These shifts are very small for the
shortest, most relevant orbit pair, and the corresponding inter-
ference patterns are washed out upon transverse momentum
integration [37].

The dynamics of the second electron are expected to be
more influenced by the Coulomb potential, due to its kinetic
energy in the continuum being lower. A key issue is that,
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along the field polarization, the electron can no longer escape
with vanishing velocity due to the influence of the Coulomb
potential [78]. Thus, there would be a suppression at the
axes p, in the RESI distributions stemming from this effect.
Furthermore, the longer direct orbit, which is degenerate for
the SFA, splits into two field-dressed Kepler hyperbolae if
the Coulomb potential is present [75]. One of them can still
be considered “direct,” while the other will exhibit a hybrid
character and will interact more with the core. Holographic
patterns stemming from these three types of orbits show that
their interference is strongly influenced by the binding poten-
tial [76,79]. Nonetheless, as these effects are angle dependent,
it is hard to predict what will survive upon transverse mo-
mentum integration. Because both electrons’ ionization times
will change due to the presence of the Coulomb potential, we
expect that two-electron interference effects involving time
delays will be more sensitive to its presence than those re-
sulting from electron exchange only. The Coulomb potential
could also break some of the symmetries that arise from the
field.

Third, in NSDI there is the matter of final-state electron-
electron repulsion. This effect has been incorporated for the
electron-impact (EI) ionization pathway in Refs. [15,16] and
affected the electron-momentum distributions. However, for
electron-impact ionization, the second electron is freed with-
out time delay, which justifies this repulsion being relevant. In
contrast, for RESI, the second electron leaves at a later time,
so that final-state electron-electron repulsion is expected to be
much weaker.

Fourth, there is focal averaging [80] and the effect of Gouy-
Maslov phases, which will potentially produce shifts in the
interference fringes and introduce momentum biases. Focal
averaging has been considered in Ref. [6] and Gouy-Maslov
phases have been studied in the context of photoelectron
holography [81-84]. A comparison with experiments will re-
quire taking these matters into account and will be the topic
of future work.
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APPENDIX A: PREFACTORS

In this Appendix, we provide a summary of how the
prefactors influence the electron momentum distributions
when integrated over the momentum components perpen-
dicular to the driving-field polarization. This is important
in both understanding the shapes of the two-electron
correlated momentum distributions and in locating the
phase shifts present in the quantum interference plots. They
were calculated assuming that all bound states involved
are hydrogenic and include all normalization and phases
necessary for computing coherent superpositions. For details
we refer to our previous publications [5,18,64].

1. Expressions

Here we give the general expressions for the prefactors.
The excitation prefactor reads

Lo+l

Voeke = D Z(—z)LA Y (0. )

L=l—1| M=—L

((lga ley Ov 0 | Lv O) (lg’ le» mg9 —m, | Lv M)I
X rs
JC2LF D)
(AT)

where
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1r=ZZ Sk,
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- 1 3 q°
Xdl‘kdlkg 2Fl< a, = (a1+1);§+L;_?)7
(A2)
and
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(n+1)!
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ay=3+kg+k+1l,+1.+L, by=n—-1-1.
The ionization prefactor V,, is given by
bele k Ly 1l
24(2E, )+ pl
Vpre =A -t ‘ d
P2.e ZZ( ) (bnele —k)‘k' 1k
[(ay) 1 P
——Fi| zas, 1 lo;——— ),
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where
Ay = 2(—i)" Co1,Y," Op,, #p,);
a =2+k+21,.

In the above equations, I'(-) and ,F;(-) denote Gamma func-
tions and Hypergeometric functions, respectively.

2. Excitation prefactor shifts and mapping

Equation (4) shows a dependence of the excitation pref-
actor on g = (q°)!/?, where q = p; — k, where k represents
the intermediate momentum of the first electron. Also, the
shape of this prefactor is strongly influenced by the orbital
angular momentum L resulting from the sum over the angular
momenta [, and [, of the second electron’s ground and excited
states in Eq. (A1). The magnetic quantum number m = 0 is
used throughout for simplicity, although the expressions are
general.
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FIG. 21. The unshifted excitation prefactor and corresponding
mapping calculated using the short orbit and the most dominant pair
p4 for the (a)—(c) 3p — 4s, (d)-(f) 3p — 4p, and (g)-(1) 3p — 4d
transitions. The left column shows (a), (g) the imaginary part of the
prefactor for odd orbital quantum number L and (d) the real part
for even L. The same pulse parameters have been employed as in
Fig. 10, with CEP 65°. Arrows in panels (e) and (h) indicate extra
maxima present due to the higher orbital quantum number L and
white boxes in panels (f) and (i) indicate how these maxima translate
to the mapping in the py p,; plane.

A general “unshifted” form of this prefactor was calculated
by setting q = p;. Figures 21(b), 21(e), and 21(h) show the
absolute value of this unshifted prefactor for three values of
orbital angular momentum L. With odd L, there are nodes
along py; = 0. These prefactors are also purely imaginary
[Figs. 21(a) and 21(g)] due to the properties of the spheri-
cal harmonics and Clebsch-Gordon coefficients. They have
opposite and alternating phases above and below the central
node. With even L, this node at p;; = 0 is replaced with a
maximum, and the prefactor becomes real [Fig. 21(e)]. The
nodes are now at around :I:/Uj,. There are still alternating
phases above and below the nodes. It should be noted that
the unshifted prefactor is not orbit dependent, i.e., remains the
same for both the long and short orbits.

The locations of the maxima and nodes strongly translate to
the corresponding mappings of the excitation prefactor itself.
For the s and d states, there is suppression along the py
axis and brightest maxima at +,/U,. The p state leads to
brightest maxima at the origin forming a cross shape. With
larger L, there are two additional maxima indicated by arrows
in Figs. 21(e) and 21(h), leading to secondary maxima at their
corresponding locations indicated by the boxes in Figs. 21(f)
and 21(1).

The effect of the radial nodes is lost when we shift
the prefactor. Thus, they are neglected in this discussion.
It is difficult to predict the effect of shifting the momen-
tum p; by K, not least because the intermediate momentum
has an imaginary component. The shifted prefactor is also
now orbit-dependent and therefore shapes for only the non-
divergent solution are shown here. For further details on

@)

L=2 (¢)

=3 (h)

0

P Uy P1. U, Py Uy
FIG. 22. The “shifted” excitation prefactor and corresponding
mapping calculated using the short orbit and the most dominant pair
p4 for the (a)—(c) 3p — 4s, (d)—(f) 3p — 4p, and (g)-(1) 3p — 4d
transitions. The left column shows the (a), (g) imaginary part of the
prefactor for odd orbital quantum number L and the (d) real part for
even L. The same pulse parameters have been employed as in Fig. 10,

with CEP 65°.

the divergence of orbits and the uniform approximation, see
Refs. [18,70].

The imaginary parts of the shifted prefactor, with the short
orbit and taking the dominant p4 pair, are shown in Figs. 22(a)
and 22(g). For odd L, the central node has now shifted to
—2,/U,. The phases above and below the node still alternate
but have swapped sign, possibly due to k being complex

0.2 .
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FIG. 23. (a)-(c) The shifted excitation prefactor and (d)—(f) cor-
responding mappings calculated using the short orbit for the 3p —
4d channel using the three most dominant events. The same pulse
parameters have been employed as in Fig. 10, with CEP 65°.
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FIG. 24. Pure temporal-shift interference patterns separated for
the (a)—(d) first electron and the (e), (f) second electron shown
(a), (b) unsymmetrized and (c)—(f) symmetrized and computed for
pairwise combinations of the most dominant events that separated by
half a cycle for the 3s — 3p transition and CEP 65°. All other pulse
parameters employed are the same as in Fig. 10.

which introduces extra phase shifts. For even L, there now
exists an imaginary component for the prefactor with a node
at —2,/U, coming from the k shift as with the odd L case
and the central maximum in the real part of the prefactor
shifts to —2,/U, [Fig. 22(d)]. The real parts of the shifted
prefactor for all L have some stretching distortion towards
lower values of pyj. This is because the real part of k dom-
inates and increases linearly with the x axis with an average
of around \/U_p so prefactors are also shifted by around this
amount.

The prefactor has also significantly narrowed in the mo-
mentum plane, so much so that the absolute value of the

shifted prefactor loses its characteristic geometry-dependent
shape when mapped, since the nodes have been washed out.
The mappings therefore lead to a bright maximum around
—2,/U,. The position of this maximum is dependent on where
the event in question is located in the pulse, since k depends
on the ionization and rescattering times of the first electron.
Figure 23 shows how the maximum of the shifted prefactor,
and thus its mapping changes with event for a given channel.

APPENDIX B: UNTANGLING INTERFERENCE
DUE TO o) (', t")

Here, we consider the interference due to temporal shifts
for each electron separately in order to untangle effects aris-
ing from a1 explicitly. We employ this to determine
whether the checkerboard patterns are due to quantum in-
terference or incoherent symmetrization effects. This can be
done by computing o ,, 7., 2;7,; and their transposed coun-
terparts with just the pairs (first electron), or just the orbits
(second electron). These momentum distributions with the
first electron will contain all four of the phase differences
associated with the temporal shifts. However, those with the
second electron will be missing the interference resulting
from " (¢, t") since this is dependent only on the times
for the first electron. In Fig. 24, the interferences coming
from the ps, ps and p4, ps interfering pairs for the first elec-
tron are shown, unsymmetrized [Figs. 24(a) and 24(b)] and
symmetrized [Figs. 24(c) and 24(d)]. The symmetrized in-
terference coming from o4, 05 and os, og interfering orbits
are shown in Figs. 24(e) and 24(f). The differences between
Figs. 24(c) and 24(e) and Figs. 24(d) and 24(f) are taken to
find the contribution of interferences from a(AZ)(t’, "), for the
two sets of events.

Figures 24(a) and 24(b) show alternating horizontal stripes
for the unsymmetrized case, which when symmetrized lead
to a cross with small checkerboards at the intersection of the
horizontal and vertical stripes, in the quadrant associated with
the more dominant of the pair of interfering pairs [Figs. 24(c)
and 24(d)] for the first electron. Similarly, checkerboards in
the quadrants associated with the more dominant of the two
orbits for the second electron can be seen in Figs. 24(e) and
24(f). When the difference between the electron one only and
electron two only distributions are found, these checkerboards
overlap and cause more intricate and complex patterns.

[1] C. Figueira de Morisson Faria and X. Liu, Electron-electron
correlation in strong laser fields, J. Mod. Opt. 58, 1076 (2011).

[2] W. Becker, X.J. Liu, P.J. Ho, and J. H. Eberly, Theories of pho-
toelectron correlation in laser-driven multiple atomic ionization,
Rev. Mod. Phys. 84, 1011 (2012).

[3] P. B. Corkum, Plasma perspective on strong field multiphoton
ionization, Phys. Rev. Lett. 71, 1994 (1993).

[4] X. L. Hao, J. Chen, W. D. Li, B. Wang, X. Wang, and
W. Becker, Quantum effects in double ionization of argon

below the threshold intensity, Phys. Rev. Lett. 112, 073002
(2014).

[5] A. S. Maxwell and C. Figueira de Morisson Faria, Quantum
interference in time-delayed nonsequential double ionization,
Phys. Rev. A 92, 023421 (2015).

[6] A. S. Maxwell and C. Figueira de Morisson Faria, Con-
trolling below-threshold nonsequential double ionization
via quantum interference, Phys. Rev. Lett. 116, 143001
(2016).

063110-28


https://doi.org/10.1080/09500340.2010.543958
https://doi.org/10.1103/RevModPhys.84.1011
https://doi.org/10.1103/PhysRevLett.71.1994
https://doi.org/10.1103/PhysRevLett.112.073002
https://doi.org/10.1103/PhysRevA.92.023421
https://doi.org/10.1103/PhysRevLett.116.143001

DETANGLING THE QUANTUM TAPESTRY OF ...

PHYSICAL REVIEW A 109, 063110 (2024)

[71 W. Quan, X. L. Hao, Y. L. Wang, Y. J. Chen, S. G. Yu, S. P.
Xu, Z. L. Xiao, R. P. Sun, X. Y. Lai, S. L. Hu, M. Q. Liu,
Z. Shu, X. D. Wang, W. D. Li, W. Becker, X. J. Liu, and
J. Chen, Quantum interference in laser-induced nonsequential
double ionization, Phys. Rev. A 96, 032511 (2017).

[8] A. S. Maxwell, L. B. Madsen, and M. Lewenstein, Entangle-
ment of orbital angular momentum in non-sequential double
ionization, Nat. Commun. 13, 4706 (2022).

[9] M. Lewenstein, N. Baldelli, U. Bhattacharya, J. Biegert, M. F.
Ciappina, U. Elu, T. Grass, P. T. Grochowski, A. Johnson, T.
Lamprou, A. S. Maxwell, A. Ordéifiez, E. Pisanty, J. Rivera-
Dean, P. Stammer, I. Tyulnev, and P. Tzallas, Attosecond
physics and quantum information science, in Proceedings of the
8th International Conference on Attosecond Science and Tech-
nology, edited by L. Argenti, M. Chini, and L. Fang (Springer,
Cham, 2024), Vol. 300, p. 2744.

[10] B. Wang, Y. Guo, J. Chen, Z.-C. Yan, and P. Fu, Frequency-
domain theory of nonsequential double ionization in intense
laser fields based on nonperturbative QED, Phys. Rev. A 85,
023402 (2012).

[11] E Jin, J. Chen, Y. Yang, X. Liu, Z. C. Yan, and B. Wang, Non-
sequential double ionization of helium in IR + XUV two-color
laser fields II: Collision-excitation ionization process, J. Phys.
B: At. Mol. Opt. Phys. 51, 035601 (2018).

[12] Y. Yang, M. Liu, X. Hao, and J. Chen, Quantum interferences
between rescattering orbits with multiexcitation channels in the
recollision excitation process of nonsequential double ioniza-
tion, Phys. Rev. A 103, 033111 (2021).

[13] Y. Bai, X. Hao, W. Li, W. Yang, and J. Chen, Coulomb-
corrected quantum-trajectories method for recollision-impact
double ionization in an intense laser field, Phys. Rev. A 108,
013115 (2023).

[14] C. Figueira de Morisson Faria, H. Schomerus, X. Liu,
and W. Becker, Electron-electron dynamics in laser-induced
nonsequential double ionization, Phys. Rev. A 69, 043405
(2004).

[15] C. Figueira de Morisson Faria, X. Liu, A. Sanpera, and M.
Lewenstein, Classical and quantum-mechanical treatments of
nonsequential double ionization with few-cycle laser pulses,
Phys. Rev. A 70, 043406 (2004).

[16] C. Figueira de Morisson Faria, X. Liu, W. Becker, and H.
Schomerus, Coulomb repulsion and quantum-classical corre-
spondence in laser-induced nonsequential double ionization,
Phys. Rev. A 69, 021402(R) (2004).

[17] C. Figueira de Morisson Faria and M. Lewenstein,
Bound-state corrections in laser-induced nonsequential
double ionization, J. Phys. B: At. Mol. Opt. Phys. 38, 3251
(2005).

[18] T. Shaaran, M. T. Nygren, and C. Figueira de Morisson Faria,
Laser-induced nonsequential double ionization at and above
the recollision-excitation-tunneling threshold, Phys. Rev. A 81,
063413 (2010).

[19] T. Shaaran, B. B. Augstein, and C. Figueira de Morisson Faria,
Excitation two-center interference and the orbital geometry
in laser-induced nonsequential double ionization of diatomic
molecules, Phys. Rev. A 84, 013429 (2011).

[20] C. Figueira de Morisson Faria, T. Shaaran, X. Liu, and W. Yang,
Quantum interference in laser-induced nonsequential double
ionization in diatomic molecules: Role of alignment and orbital
symmetry, Phys. Rev. A 78, 043407 (2008).

[21] X. Liu and C. Figueira de Morisson Faria, Nonsequential double
ionization with few-cycle laser pulses, Phys. Rev. Lett. 92,
133006 (2004).

[22] W. Quan, X. Liu, and C. Figueira de Morisson Faria, Non-
sequential double ionization with polarization-gated pulses,
J. Phys. B: At. Mol. Opt. Phys. 42, 134008 (2009).

[23] B. Bergues, M. Kiibel, N. G. Johnson, B. Fischer, N. Camus,
K. J. Betsch, O. Herrwerth, A. Senftleben, A. M. Sayler, T.
Rathje, T. Pfeifer, I. Ben-Itzhak, R. R. Jones, G. G. Paulus, F.
Krausz, R. Moshammer, J. Ullrich, and M. F. Kling, Attosecond
tracing of correlated electron-emission in non-sequential double
ionization, Nat. Commun. 3, 813 (2012).

[24] B. Yu, D. Zhang, Y. Li, and Q. Tang, Electron correlations in
nonsequential double ionization of helium at intensity below the
recollision threshold, J. Mod. Opt. 59, 679 (2012).

[25] L. B. Fu, G. G. Xin, D. F. Ye, and J. Liu, Recollision dynamics
and phase diagram for nonsequential double ionization with
circularly polarized laser fields, Phys. Rev. Lett. 108, 103601
(2012).

[26] L. Zhang, X. Xie, S. Roither, D. Kartashov, Y. L. Wang, C. L.
Wang, M. Schoffler, D. Shafir, P. B. Corkum, A. Baltuska, I.
Ivanov, A. Kheifets, X. J. Liu, A. Staudte, and M. Kitzler,
Laser-sub-cycle two-dimensional electron-momentum mapping
using orthogonal two-color fields, Phys. Rev. A 90, 061401(R)
(2014).

[27] C. A. Mancuso, K. M. Dorney, D. D. Hickstein, J. L.
Chaloupka, J. L. Ellis, F. J. Dollar, R. Knut, P. Grychtol, D.
Zusin, C. Gentry, M. Gopalakrishnan, H. C. Kapteyn, and
M. M. Murnane, Controlling nonsequential double ionization
in two-color circularly polarized femtosecond laser fields, Phys.
Rev. Lett. 117, 133201 (2016).

[28] C. Huang, W. Guo, Y. Zhou, and Z. Wu, Role of Coulomb
repulsion in correlated-electron emission from a doubly excited
state in nonsequential double ionization of molecules, Phys.
Rev. A 93, 013416 (2016).

[29] M. Kiibel, C. Burger, N. G. Kling, T. Pischke, L. Beaufore, I.
Ben-Itzhak, G. G. Paulus, J. Ullrich, T. Pfeifer, R. Moshammer,
M. F. Kling, and B. Bergues, Complete characterization of
single-cycle double ionization of argon from the nonsequential
to the sequential ionization regime, Phys. Rev. A 93, 053422
(2016).

[30] X. Ma, M. Li, Y. Zhou, and P. Lu, Nonsequential double ioniza-
tion of Xe by mid-infrared laser pulses, Opt. Quantum Electron.
49, 170 (2017).

[31] A. Chen, M. Kiibel, B. Bergues, M. F. Kling, and A.
Emmanouilidou, Non-sequential double ionization with near-
single cycle laser pulses, Sci. Rep. 7, 7488 (2017).

[32] C. Huang, M. Zhong, and Z. Wu, Anomalous ellipticity depen-
dence in nonsequential double ionization of ArXe, Sci. Rep. 8,
8772 (2018).

[33] Q. Song, H. Li, J. Wang, P. Lu, X. Gong, Q. Ji, K. Lin, W.
Zhang, J. Ma, H. Li, H. Zeng, F. He, and J. Wu, Double ioniza-
tion of nitrogen molecules in orthogonal two-color femtosecond
laser fields, J. Phys. B: At. Mol. Opt. Phys. 51, 074002 (2018).

[34] H. Pang, X. Huang, and C. Huang, Sub-cycle dynamics of
nonsequential double ionization of Ar atom by few-cycle
counter-rotating two-color circularly polarized laser fields, Int.
J. Mod. Phys. B 34, 2050304 (2020).

[35] Z. Liu, C. Huang, T. He, J. Liao, Y. Li, and B. Yu, The Coulomb
effect in nonsequential double ionization by counter-rotating

063110-29


https://doi.org/10.1103/PhysRevA.96.032511
https://doi.org/10.1038/s41467-022-32128-z
https://doi.org/10.1103/PhysRevA.85.023402
https://doi.org/10.1088/1361-6455/aa9e7f
https://doi.org/10.1103/PhysRevA.103.033111
https://doi.org/10.1103/PhysRevA.108.013115
https://doi.org/10.1103/PhysRevA.69.043405
https://doi.org/10.1103/PhysRevA.70.043406
https://doi.org/10.1103/PhysRevA.69.021402
https://doi.org/10.1088/0953-4075/38/17/014
https://doi.org/10.1103/PhysRevA.81.063413
https://doi.org/10.1103/PhysRevA.84.013429
https://doi.org/10.1103/PhysRevA.78.043407
https://doi.org/10.1103/PhysRevLett.92.133006
https://doi.org/10.1088/0953-4075/42/13/134008
https://doi.org/10.1038/ncomms1807
https://doi.org/10.1080/09500340.2012.659766
https://doi.org/10.1103/PhysRevLett.108.103601
https://doi.org/10.1103/PhysRevA.90.061401
https://doi.org/10.1103/PhysRevLett.117.133201
https://doi.org/10.1103/PhysRevA.93.013416
https://doi.org/10.1103/PhysRevA.93.053422
https://doi.org/10.1007/s11082-017-1002-y
https://doi.org/10.1038/s41598-017-07635-5
https://doi.org/10.1038/s41598-018-27120-x
https://doi.org/10.1088/1361-6455/aab198
https://doi.org/10.1142/S021797922050304X

S. HASHIM et al.

PHYSICAL REVIEW A 109, 063110 (2024)

two-color elliptical polarization fields, Phys. Chem. Chem.
Phys. 26, 4572 (2024).

[36] S. Chen, J. Chen, G. G. Paulus, and H. P. Kang, Strong-field
frustrated double ionization of argon atoms, Phys. Rev. A 102,
023103 (2020).

[37] T. Shaaran, C. Figueira de Morisson Faria, and H. Schomerus,
Causality and quantum interference in time-delayed laser-
induced nonsequential double ionization, Phys. Rev. A 85,
023423 (2012).

[38] C. Figueira de Morisson Faria, T. Shaaran, and M. T. Nygren,
Time-delayed nonsequential double ionization with few-cycle
laser pulses: Importance of the carrier-envelope phase, Phys.
Rev. A 86, 053405 (2012).

[39] T. Shaaran, K. Z. Hatsagortsyan, and C. H. Keitel, Coulomb
effect in laser-induced recollision excitation, Phys. Rev. A 98,
023410 (2018).

[40] T. Shaaran, N. Camus, J. Dura, L. Fechner, A. Thai, A. Britz,
M. Baudisch, T. Steinle, A. Senftleben, C. D. Schroter, J.
Ullrich, T. Pfeifer, C. H. Keitel, J. Biegert, K. Z. Hatsagortsyan,
and R. Moshammer, Role of high ponderomotive energy in
laser-induced nonsequential double ionization, Phys. Rev. A 99,
023421 (2019).

[41] Z. Chen, Y. Liang, and C. D. Lin, Quantitative rescattering
theory of correlated two-electron momentum spectra for strong-
field nonsequential double ionization of helium, Phys. Rev. A
82, 063417 (2010).

[42] Z. Chen, Y. Wang, T. Morishita, X. Hao, J. Chen, O.
Zatsarinny, and K. Bartschat, Revisiting the recollisional
excitation-tunneling process in strong-field nonsequential dou-
ble ionization of helium, Phys. Rev. A 100, 023405 (2019).

[43] Z. Chen, A. Zhou, T. Morishita, Y. Bai, X. Hao, O. Zatsarinny,
and K. Bartschat, Anticorrelation in nonsequential double ion-
ization of helium, Phys. Rev. A 103, 053102 (2021).

[44] Z. Chen, S. Li, H. Kang, T. Morishita, and K. Bartschat, Ellip-
ticity dependence of anticorrelation in the nonsequential double
ionization of Ar, Opt. Express 30, 44039 (2022).

[45] M. Lein, E. K. U. Gross, and V. Engel, Intense-field double
ionization of helium: Identifying the mechanism, Phys. Rev.
Lett. 85, 4707 (2000).

[46] J. S. Parker, B. J. S. Doherty, K. T. Taylor, K. D. Schultz, C. L.
Blaga, and L. F. DiMauro, High-energy cutoff in the spectrum
of strong-field nonsequential double ionization, Phys. Rev. Lett.
96, 133001 (2006).

[47] S. Baier, C. Ruiz, L. Plaja, and A. Becker, Nonsequential double
ionization of the hydrogen molecule in a few-cycle laser pulse,
Phys. Rev. A 74, 033405 (2006).

[48] S. Baier, C. Ruiz, L. Plaja, and A. Becker, Single and double
ionization of the hydrogen molecule in an intense few-cycle
laser pulse, Laser Phys. 17, 358 (2007).

[49] Q. Liao, P. Lu, Q. Zhang, W. Hong, and Z. Yang, Phase-
dependent nonsequential double ionization by few-cycle laser
pulses, J. Phys. B: At. Mol. Opt. Phys. 41, 125601 (2008).

[50] B. Eckhardt, J. S. Prauzner-Bechcicki, K. Sacha, and J.
Zakrzewski, Phase effects in double ionization by strong short
pulses, Chem. Phys. 370, 168 (2010).

[51] X. Liu, H. Rottke, E. Eremina, W. Sandner, E. Goulielmakis,
K. O. Keeffe, M. Lezius, F. Krausz, F. Lindner, M. G. Schitzel,
G. G. Paulus, and H. Walther, Nonsequential double ionization
at the single-optical-cycle limit, Phys. Rev. Lett. 93, 263001
(2004).

[52] M. BusuladZi¢, A. Gazibegovi¢-BusuladZzié, and D. B.
Milosevié¢, Strong-field ionization of homonuclear diatomic
molecules by a bicircular laser field: Rotational and reflection
symmetries, Phys. Rev. A 95, 033411 (2017).

[53] O. Neufeld, D. Podolsky, and O. Cohen, Floquet group theory
and its application to selection rules in harmonic generation,
Nat. Commun. 10, 405 (2019).

[54] S. Yue, S. Brennecke, H. Du, and M. Lein, Probing dynamical
symmetries by bicircular high-order harmonic spectroscopy be-
yond the Born-Oppenheimer approximation, Phys. Rev. A 101,
053438 (2020).

[55] D. Habibovi¢, W. Becker, and D. B. MiloSevi¢, Symmetries
and selection rules of the spectra of photoelectrons and high-
order harmonics generated by field-driven atoms and molecules,
Symmetry 13, 1566 (2021).

[56] M. Lein, Molecular imaging using recolliding electrons, J.
Phys. B: At. Mol. Opt. Phys. 40, R135 (2007).

[57] B. Augstein and C. Figueira de Morisson Faria, High-order har-
monic generation in diatomic molecules: Quantum interference,
nodal structures and multiple orbitals, Mod. Phys. Lett. B 26,
1130002 (2012).

[58] D. B. Milosevi¢, Circularly polarized high harmonics generated
by a bicircular field from inert atomic gases in the p state: A
tool for exploring chirality-sensitive processes, Phys. Rev. A 92,
043827 (2015).

[59] Y. Kang, E. Pisanty, M. Ciappina, M. Lewenstein, C. Figueira
de Morisson Faria, and A. S. Maxwell, Conservation laws for
electron vortices in strong-field ionisation, Eur. Phys. J. D 75,
199 (2021).

[60] A.S. Maxwell, G. S. J. Armstrong, M. F. Ciappina, E. Pisanty,
Y. Kang, A. C. Brown, M. Lewenstein, and C. Figueira de
Morisson Faria, Manipulating twisted electrons in strong-field
ionization, Faraday Discuss. 228, 394 (2021).

[61] C. Figueira de Morisson Faria and A. S. Maxwell, It is all
about phases: Ultrafast holographic photoelectron imaging,
Rep. Prog. Phys. 83, 034401 (2020).

[62] T. Rook and C. Figueira de Morisson Faria, Exploring sym-
metries in photoelectron holography with two-color linearly
polarized fields, J. Phys. B: At. Mol. Opt. Phys. 55, 165601
(2022).

[63] M. Kiibel, K. J. Betsch, N. G. Kling, a. S. Alnaser, J. Schmidt,
U. Kleineberg, Y. Deng, I. Ben-Itzhak, G. G. Paulus, T. Pfeifer,
J. Ullrich, R. Moshammer, M. F. Kling, and B. Bergues, Non-
sequential double ionization of Ar: From the single- to the
many-cycle regime, New J. Phys. 16, 033008 (2014).

[64] T. Shaaran and C. Figueira de Morisson Faria, Laser-induced
nonsequential double ionization: Kinematic constraints for the
recollision-excitation-tunneling mechanism, J. Mod. Opt. 57,
984 (2010).

[65] G. S. J. Armstrong, M. A. Khokhlova, M. Labeye, A. S.
Maxwell, E. Pisanty, and M. Ruberti, Dialogue on analytical
and ab initio methods in attoscience, Eur. Phys. J. D 75, 209
(2021).

[66] K. Amini, J. Biegert, F. Calegari, A. Chacén, M. F. Ciappina,
A. Dauphin, D. K. Efimov, C. Figueira de Morisson Faria,
K. Giergiel, P. Gniewek, A. S. Landsman, M. Lesiuk, M.
Mandrysz, A. S. Maxwell, R. Moszynski, L. Ortmann, J. A.
Pérez-Herndndez, A. Picén, E. Pisanty, J. Prauzner-Bechcicki
et al., Symphony on strong field approximation, Rep. Prog.
Phys. 82, 116001 (2019).

063110-30


https://doi.org/10.1039/D3CP05536A
https://doi.org/10.1103/PhysRevA.102.023103
https://doi.org/10.1103/PhysRevA.85.023423
https://doi.org/10.1103/PhysRevA.86.053405
https://doi.org/10.1103/PhysRevA.98.023410
https://doi.org/10.1103/PhysRevA.99.023421
https://doi.org/10.1103/PhysRevA.82.063417
https://doi.org/10.1103/PhysRevA.100.023405
https://doi.org/10.1103/PhysRevA.103.053102
https://doi.org/10.1364/OE.475497
https://doi.org/10.1103/PhysRevLett.85.4707
https://doi.org/10.1103/PhysRevLett.96.133001
https://doi.org/10.1103/PhysRevA.74.033405
https://doi.org/10.1134/S1054660X07040111
https://doi.org/10.1088/0953-4075/41/12/125601
https://doi.org/10.1016/j.chemphys.2010.03.005
https://doi.org/10.1103/PhysRevLett.93.263001
https://doi.org/10.1103/PhysRevA.95.033411
https://doi.org/10.1038/s41467-018-07935-y
https://doi.org/10.1103/PhysRevA.101.053438
https://doi.org/10.3390/sym13091566
https://doi.org/10.1088/0953-4075/40/16/R01
https://doi.org/10.1142/S021798491130002X
https://doi.org/10.1103/PhysRevA.92.043827
https://doi.org/10.1140/epjd/s10053-021-00214-4
https://doi.org/10.1039/D0FD00105H
https://doi.org/10.1088/1361-6633/ab5c91
https://doi.org/10.1088/1361-6455/ac7bbf
https://doi.org/10.1088/1367-2630/16/3/033008
https://doi.org/10.1080/09500340903414619
https://doi.org/10.1140/epjd/s10053-021-00207-3
https://doi.org/10.1088/1361-6633/ab2bb1

DETANGLING THE QUANTUM TAPESTRY OF ...

PHYSICAL REVIEW A 109, 063110 (2024)

[67] C. Figueira de Morisson Faria, H. Schomerus, and W. Becker,
High-order above-threshold ionization: The uniform approxi-
mation and the effect of the binding potential, Phys. Rev. A 66,
043413 (2002).

[68] W. Becker, F. Grasbon, R. Kopold, D. B. MiloSevi¢, G. G.
Paulus, and H. Walther, Above-threshold ionization: From clas-
sical features to quantum effects, Adv. At. Mol. Opt. Phys. 48,
35 (2002).

[69] C. Figueira de Morisson Faria, M. Dorr, W. Becker, and W.
Sandner, Time-frequency analysis of two-color high-harmonic
generation, Phys. Rev. A 60, 1377 (1999).

[70] C. Figueira de Morisson Faria and W. Becker, Quantum-orbit
analysis of nonsequential double ionization, Laser Phys. 13,
1196 (2003).

[71] X. Xie, T. Wang, S. G. Yu, X. Y. Lai, S. Roither, D. Kartashov,
A. Baltuska, X. J. Liu, A. Staudte, and M. Kitzler, Disen-
tangling intracycle interferences in photoelectron momentum
distributions using orthogonal two-color laser fields, Phys. Rev.
Lett. 119, 243201 (2017).

[72] V.-H. Hoang, V.-H. Le, C. D. Lin, and A.-T. Le, Retrieval of
target structure information from laser-induced photoelectrons
by few-cycle bicircular laser fields, Phys. Rev. A 95, 031402(R)
(2017).

[73] N. Eicke, S. Brennecke, and M. Lein, Attosecond-scale streak-
ing methods for strong-field ionization by tailored fields, Phys.
Rev. Lett. 124, 043202 (2020).

[74] R.P. Sun, Y. L. Wang, Y. Zhou, S. G. Yu, S. P. Xu, X. Y. Lai, W.
Quan, and X. J. Liu, Precise control of intracycle interference
with a phase-stabilized polarization-gated laser pulse, Phys.
Rev. A 105, L021103 (2022).

[75] X. Y. Lai, C. Poli, H. Schomerus, and C. Figueira de Morisson
Faria, Influence of the Coulomb potential on above-threshold
ionization: A quantum-orbit analysis beyond the strong-field
approximation, Phys. Rev. A 92, 043407 (2015).

[76] A. S. Maxwell, A. Al-Jawahiry, T. Das, and C. Figueira de
Morisson Faria, Coulomb-corrected quantum interference in

above-threshold ionization: Working towards multi-trajectory
electron holography, Phys. Rev. A 96, 023420 (2017).

[77] T. Rook, D. Habibovié, L. C. Rodriguez, D. B. Milosevi¢,
and C. Figueira de Morisson Faria, Impact of the contin-
uum Coulomb interaction in quantum-orbit-based treatments
of high-order above-threshold ionization, Phys. Rev. A 109,
033115 (2024).

[78] L. Cruz Rodriguez, T. Rook, B. B. Augstein, A. S. Maxwell,
and C. Figueira de Morisson Faria, Forward and hybrid
path-integral methods in photoelectron holography: Sub-barrier
corrections, initial sampling, and momentum mapping, Phys.
Rev. A 108, 033114 (2023).

[79] A. S. Maxwell, A. Al-Jawahiry, X. Y. Lai, and C. Figueira de
Morisson Faria, Analytic quantum-interference conditions in
Coulomb corrected photoelectron holography, J. Phys. B: At.
Mol. Opt. Phys. 51, 044004 (2018).

[80] R. Kopold, W. Becker, M. Kleber, and G. G. Paulus, Channel-
closing effects in high-order above-threshold ionization and
high-order harmonic generation, J. Phys. B: At. Mol. Opt. Phys.
35, 217 (2002).

[81] S. Brennecke, N. Eicke, and M. Lein, Gouy’s phase anomaly in
electron waves produced by strong-field ionization, Phys. Rev.
Lett. 124, 153202 (2020).

[82] N. Werby, A. S. Maxwell, R. Forbes, P. H. Bucksbaum, and
C. Figueira de Morisson Faria, Dissecting subcycle interfer-
ence in photoelectron holography, Phys. Rev. A 104, 013109
(2021).

[83] M. B. Carlsen,
A. S. Maxwell,

phases for a
of strong-field ionization,
(2024).

[84] T. Rook, L. C. Rodriguez, and C. Figueira de Morisson Faria,
Influence of catastrophes and hidden dynamical symmetries
on ultrafast backscattered photoelectrons, arXiv:2403.02264
[Phys. Rev. Res. (to be published)].

E. Hansen, L. B. Madsen, and
Advanced momentum sampling and
precise  semiclassical model
New J. Phys. 26, 023025

Maslov

063110-31


https://doi.org/10.1103/PhysRevA.66.043413
https://doi.org/10.1016/S1049-250X(02)80006-4
https://doi.org/10.1103/PhysRevA.60.1377
https://doi.org/10.1103/PhysRevLett.119.243201
https://doi.org/10.1103/PhysRevA.95.031402
https://doi.org/10.1103/PhysRevLett.124.043202
https://doi.org/10.1103/PhysRevA.105.L021103
https://doi.org/10.1103/PhysRevA.92.043407
https://doi.org/10.1103/PhysRevA.96.023420
https://doi.org/10.1103/PhysRevA.109.033115
https://doi.org/10.1103/PhysRevA.108.033114
https://doi.org/10.1088/1361-6455/aa9e81
https://doi.org/10.1088/0953-4075/35/2/302
https://doi.org/10.1103/PhysRevLett.124.153202
https://doi.org/10.1103/PhysRevA.104.013109
https://doi.org/10.1088/1367-2630/ad2410
https://arxiv.org/abs/2403.02264

