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Two-electron interference in two-photon attosecond double ionization of neon
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The pump-probe experiments enabled by x-ray free-electron lasers (XFEL) will allow us to directly observe
correlated electronic motion with attosecond time resolution by detecting photoelectron pairs in coincidence. In
helium, the transition between the nonsequential and sequential regime in two-photon double ionization (TPDI)
is well explained by a virtual-sequential model. Much less is known, however, about the TPDI process in more
complex atoms. Recently, we extended the virtual-sequential model to arbitrary light pulses [Chattopadhyay
et al., Phys. Rev. A 108, 013114 (2023)]. This extension employs multichannel scattering states for the single
ionization of both the neutral and the ionized target, which we initially applied to helium. In the present study, we
show that our extended virtual-sequential model reproduces the qualitative features of the angularly integrated
observables with available experimental results for neon, a considerably more complex target. We observe an
intriguing feature of inverted two-particle interference in the joint-energy distribution of Ne compared to He.
This phenomenon, attributable to the presence of a final doubly ionized state with triplet symmetry coupled to
the two photoelectrons, should be observable with current experimental technologies.
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I. INTRODUCTION

Our understanding of the attosecond dynamics of pho-
toionization has been revolutionized by the development,
in the last two decades, of coherent extreme ultraviolet
(XUV) and x-ray light sources [1-4]. Several effective at-
tosecond pump-probe schemes have been developed to probe
time-resolved dynamics in atoms and molecules. Prominent
examples are attosecond transient absorption spectroscopy
(ATAS) [5,6], attosecond streaking [7-9], and the recon-
struction of the attosecond beatings by the interference of
two-photon transitions (RABBITT) [10,11]. In some of these
schemes, such as streaking and ATAS, the dynamics ex-
cited by weak pump XUV pulses is probed by an intense
IR field, which alters the dynamics under study. Trans-
formative advances in the generation of strong ultrashort
x-ray pulses at free-electron-laser (XFEL) facilities and XUV
pulses have opened the door to the use of attosecond-
pump attosecond-probe techniques to investigate correlated
attosecond dynamics in atoms and molecules with unprece-
dented time resolution [12-17]. In addition, XUV and
X-ray pump-probe spectroscopies can be site-specific and able
to provide both high temporal and high spatial resolution
of the excitation and ionization of localized core orbitals.
Double ionization is a relevant process inherent to all pump-
probe experiments conducted with pairs of ionizing pulses.
When photoelectrons are measured in coincidence, double
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ionization provides unique information on the collective elec-
tron dynamics in the sample, due to its high sensitivity to
electron correlation [18-20] and to the entanglement of the
photofragments [21]. The sequential regime of two-photon
double ionization (TPDI) has been explored by measuring the
recoil ion momentum distribution with a free-electron-laser
(FEL) facility [22-24]. Another study with a high-harmonic
generation source was able to distinguish between the nonse-
quential and sequential regimes by tuning the central photon
energy [25]. An experiment performed with the Fermi FEL
facility further highlighted the role of autoionizing states in
the TPDI of Ne [26]. Recently, Orfanos et al. has investigated
the TPDI of Ne with two XUV photons produced at the
Extreme Light Infrastructure Attosecond Light Pulse Source
(ELI-ALPS) facility [27].

Since two-photon double ionization can be interpreted and
computed within the framework of time-dependent perturba-
tion theory (TDPT), it is uniquely well suited to elucidate
multielectron dynamics in multiphoton processes. Further-
more, in contrast to direct simulations, TDPT allows us to
disentangle the contribution from different intermediate ion-
ization pathways. To make headway in this direction, we
recently developed a finite-pulse virtual-sequential model
(FPVSM) for the two-photon double ionization of polyelec-
tronic atoms [28]. As a proof of principle, we used this
method to study several angularly integrated observables in
the ionization of helium, finding excellent agreement with
available time-dependent Schrodinger equation (TDSE) sim-
ulations [29-31]. To the best of our knowledge, for more
complex atoms, the time-resolved dynamics associated with
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the TPDI process has been investigated for beryllium [32]
and magnesium [33] only, within a two-active electron model.
A method that accounts for many-body effects in both the
neutral and the intermediate ions, such as our FPVSM, offers
insight into the TPDI of atoms as complex as neon, both in
the sequential (SDI) and in the nonsequential (NSDI) regime,
where the two photons are absorbed before the intermediate
ion relaxed to a well-defined state.

It is well known that a single quantum particle can give
rise to fringes associated with the interference between alter-
native quantum paths, as in the famous double-slit experiment.
In 1989, Horne et al. [34] described, for pairs of entan-
gled photons, a similar quantum phenomenon, now known
as two-particle interference, where no interference fringes are
visible in the distribution of either photon, when considered
separately, whereas the coincidence signal does exhibit in-
terference. The spatially separated entangled particles give
rise to nonlocal phenomena and have been measured using
interferometric techniques in the quantum optics community
[35]. This phenomenon, however, is not limited to bosons.
Instead, it is expected for any set of identical particles under
the appropriate conditions. The interference due to exchange
symmetry has no classical counterpart. The two-particle in-
terference between electrons was theoretically predicted by
Végh and Macek [36] in Auger-photoelectron coincidence
spectroscopy and later identified with synchrotron sources in
xenon [37,38]. However, in the absence of time-resolved the-
oretical descriptions or measurements, some essential features
of the two-particle interference are lost. In 2009, Palacios
et al. described the signature of two-particle interference in
the TPDI of the helium atom, by solving numerically the
TDSE for the atom exposed to a sequence of ultrashort ion-
izing pulses [29,39]. These studies showed how the ionization
probability as a function of the energies E| and E, of the two
electrons detected in coincidence would give rise to interfer-
ence fringes parallel to the diagonal E, = E;. This result is
expected for electronic pairs coupled to singlet spin multi-
plicity, whose spatial part is even under the permutation of
the two particles. In a recent work [28], the FPVSM success-
fully reproduced the characteristic feature of the two-particle
interference observed in ab initio simulations [29,39], which
illustrates the predictive potential of the method, despite its
modest computational cost. Thanks to advances in the gen-
eration and control of attosecond pulses, the possibility of
studying two-electron interference with coincident detection
is on the horizon.

In this work, we extend the model to polyelectronic atoms.
This extension allowed the study of the joint electron dis-
tribution for electronic pairs with arbitrary multiplicity. As
predicted by McCurdy [40], the presence of a final doubly
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charged state with triplet spin multiplicity in two-photon dou-
ble ionization should give rise to a two-particle interference
pattern with inverted troughs and peaks, compared to the ion-
ization to singlet-coupled photoelectron pairs. We confirm this
prediction by applying the FPVSM to the TPDI of the neon
atom. Furthermore, we have used the FPVSM to reproduce
the measurement, by Kurka er al. [23], of the ion-resolved
single-ultrashort-pulse TPDI of the neon atom in the sequen-
tial regime, finding a good agreement, confirming the ability
of the model to make quantitatively accurate predictions.

The paper is organized as follows. In Sec. II, we ex-
tended the FPVSM starting from TPDI amplitude derived in
Ref. [28]. In Sec. III, we discuss the close-coupling (CC)
expansion to compute the bound-continuum transition matrix
elements for the neutral and intermediate parent-ion states
of neon. In Sec. IV, the FPVSM is used to compute the
joint-energy distribution for the ionization of neon by a single
XUV pulse, in both the nonsequential and sequential regime.
In Sec. V, we discuss the two-particle interference in the
presence of the final grandparent ion with triplet and sin-
glet symmetry. Finally, a two-color pump-probe scheme is
proposed to detect the two-particle interference in the TPDI
process. In Sec. VI, we present our conclusions. Atomic units
(h=1, m,=1, gq. = —1) and the Gauss system are used
throughout unless stated otherwise.

II. THEORY

In this section, we illustrate the formulas for the photo-
electron joint-energy distribution in the two-photon double-
ionization of a polyelectronic atom by means of a sequence
of ultrashort pulses, within the approximations entailed by
the virtual-sequential model [28]. Since most atomic pho-
toionization studies are conducted on rare-gas targets, we
will consider the two-photon double-ionization process for an
atom X assumed to be initially in a 'S ground state g, giving
rise to two electrons with well-defined asymptotic energy,
orbital angular momentum, and magnetic and spin-projection
quantum numbers,

24 - -
Xg + yl + V2 XA,MA,ZA + eE[@[H’I]U] + eEz@zmgO'z'

where A identifies the electronic state of the doubly charged
ion, with M4 and X4 being its magnetic and spin-projection
quantum numbers. The generalization of these formulas to
initial states with arbitrary initial angular momentum and
spin, however, is straightforward. Within the assumptions of
the finite-pulse virtual sequential model [28], the transition
amplitude has the following expression in terms of reduced
bound-continuum transition matrix elements for the neutral
and ionized system and of the external-field parameters,

FEA+ B+ B — B~ o))
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where F(t) = Y ;&Fi(r) is the external field, forn~1ed by
several jndependent pulses with fixed polarization, F;(w) =
\/#27 f e F:(t)dt are the Fourier transforms of the individual

pulse amplitudes, Pj, exchanges all the subsequent indices
for photoelectrons 1 and 2, CCV are Clebsch Gordan co-

efficients, and I, = +/2a+ 1 The state vector |V ,p PO ))
represents a scattering state of the neutral atom, with over-
all 'P° symmetry, whose only outgoing component (final
state) is formed by a parent ion X' in the state |®,) and

a photoelectron with orbital angular momentum ¢ and en-
2Sa+1] a(_
ergy E. Similarly, the state vector W,,, E,L =) represents a

scattering state of the parent ion, with the same multiplic-
ity and opposite parity as |®,), total angular momentum
L, whose only outgoing component is formed by a doubly
charged ion X?* in a state labeled A and a second photo-
electron with orbital angular momentum £’ and energy E’'.
The reduced matrix elements are defined as (¢ ||O: || V) =
;! DM Cf%iﬂ(¢L’M/|Ol;L|WLM>- In the numerical im-
plementation of these formulas, it is convenient to represent
the external field as a combination of Gaussian pulses. Indeed,
for Gaussian pulses, the frequency integral can be expressed
analytically in terms of the Faddeeva function, which can be
evaluated numerically at a negligible computational cost.
Since the virtual-sequential model does not take into
account the postionization interaction between the two pho-
toelectrons, the amplitudes estimated with (1) cannot be used
to compute the angularly resolved photoelectron distribu-
tion. However, it is well known that the same amplitudes
have been shown to produce accurate predictions for the
joint-energy photoelectron distribution dP/dE|dE, [28,41],
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The expressions (¥ ||O||¢) indicate reduced dipole matrix el-
ements; the sets of six or nine quantum numbers delimited
by curly brackets indicate six-J symbols and nine-J symbols,
respectively [42]; and the coefficients f,(E,) are defined as

fu(Ey) = Z/OO de
ij YT

Fj(Ex+E) + E, — E, — 0)Fi(»)
E,+w-— Ea—E,,~|—zO+ '
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As mentioned above, for Gaussian pulses the frequency in-
tegrals F; can be expressed in closed form in terms of the
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which is obtained by angularly integrating the fully differ-
ential distribution and by summing over the spin-projection
quantum numbers,
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where €| and 2, are the two photoelectron solid emission
angles. The angular integration is equivalent to the summation
over the photoelectrons’ azimuthal and magnetic quantum
numbers. Since the orientation of the doubly charged ion is
normally not measured, we also need to sum over the mag-
netic and spin quantum number of the ion,

dPA 2
dE]dE2 = Z Z ’Aiz,)Ezlzﬂlz(Tz,Elllml(Tl<—g‘ : (3)
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By substituting (1) in (3), it is possible to show that the joint-
energy distribution can be expressed in the following form,
which is manifestly symmetric:

dPy
dEldEz( 1, Ey) = dEldE( 1 2)+dEdE( 2, Ep)
dp; ar;
—=—(E,, E E>, E
+dE1dE2( 1 2)+dE1dE (B2, Ey).
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The expressions for the two functions dP'? /dE\dE, can be
evaluated using standard techniques of angular-momentum
algebra [42]. For simplicity, we have assumed that all fields
are linearly polarized along 2, €/* = §,,9 Vi. The result is
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Faddeyeva function. The detailed formulas are provided in
Appendix B of Ref. [28]. In the simulation of a pump-probe
experiment employing a fixed pump pulse Fj(¢) and a probe
pulse with a controllable delay t, F»(¢t;t) = F>(t — 1), the
Fourier transform of the probe is F(w; 1) = F>(w;0)e".
Thus, the coefficients f,(E,) acquire a parametric dependence
on the delay. As discussed in detail in Sec. V, this delay
dependence manifests itself in interference fringes in the joint
photoelectron energy distribution. In particular, when the two
Gaussian pulses do not overlap, the nonsequential contribu-
tion to the ionization is exponentially suppressed, with the
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only residual appreciable contribution to the integral coming
from the pole in Eq. (7). Thus, for t sufficiently larger than
the duration of the two pulses,

fu(E)) ~ B (Es — E, + E2)F(E, + Ey — Ep)
X expli(Ey — E, + Ex)t —im /2] (8)

fu(Ex) =~ F5(Es — E, + ENF(E, + E; — Ey)
X 1w exp[i(Eqx + E| — Ey)t — i /2]. )

If we focus on the contribution to the joint photoelectron
distribution by a single intermediate ionic channel a, the
component dP)/dE\dE, in (5) does not depend on the
time delay, since it contains the factor f,(E>)f,(E»)*. For
the same intermediate channel, on the other hand, the
component de /dE\dE, in (6) depends on the pulse delay

through a global factor e 2%, where AE = E, — E.
The product of the reduced ionization amplitudes
approximately contribute an additional phase factor

. . . 1por__
¢!t~ )AL HIAGu=iB | where Ty, = Dparg(W,y 1|01 ]1g)

2Saq+1 g a .
and Tae, = BEarg(\IlAe;EL ( )||(91||(I>a) are  Wigner
photoemission delays in the ionization of the neutral to
the al, channel and of the ion a to the A¢, channel; Ay, =

1po(_ Ipo(_
arg(w%f;gll IO1llg) — arg( W,y 1 )'LO} lg) and Ay =
a+lyfa(_ a+1yfa@_ .
arg(W,, Oy ®y) — arg(W,, L0 @,).  This

additional phase is expected to be small compared to 27.
Thus, to a good approximation, we have

dF; (E1, Er;T) + dri (E», E1;7)
p— , 3T I p— s 3T
dE\dE, " " 7? dE\dE, !

= (—1)* cos(AE 1)g(E), E»), (10)

where g(E, E>) is a positive quantity. For singlet final states
and AE = 0, this term adds to the background amplitude due
to dP/i J/dE|dE,, whereas for triplet final states it subtracts
from it. Notice that the two-particle interference takes place
only when both the energies and the photoemission angles of
the electron pair in the first path coincide with those in the
second path. This circumstance is automatically taken into
account in the present formalism.

III. ELECTRONIC-STRUCTURE CALCULATIONS

This section details the parameters used to compute the
multiconfiguration bound and continuum states of the neutral
neon target and of the intermediate singly ionized system,
Ne™, and it compares the results for the energy and the pho-
toionization cross sections with experimental values from the
literature.

Both the bound and the continuum states of the system
are obtained using the CC with pseudochannel method imple-
mented in the NEWSTOCK atomic photoionization code [43].
The energetics and associated CC expansion scheme for the
TPDI of Ne is shown in Fig. 1. In the case of a single pulse, or
a sequence of identical pulses, the nonsequential mechanism
dominates when the XUV photon energy is between 31.3 eV
and 40.9 eV. Beyond the sequential threshold of 40.9 eV, the
TPDI process is dominated by the sequential absorption of
two XUV photons.

<«—— Ne* + e~ close-coupling —» «——— Ne?* + e~ close-coupling ——»
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FIG. 1. Energetics and close-coupling scheme for two-photon
double ionization of Ne. The total symmetries, S, P, and D, are
indicated by light blue (online), orange (online), and green (online)
of neutral and the ionized atom. Black arrows indicate direct one-
photon ionization from the ground state of the respective system. The
nonsequential regime (dark blue, online) dominates when two XUV
photons with energy 31.3 eV < w < 40.9 eV doubly ionize the Ne
atom. At energies well above the sequential threshold, w > 40.9 eV,
the sequential mechanism (purple, online) dominates.

In contrast to the TPDI of He, the Ne?* ion produced in
the TPDI of Ne exhibits states with different multiplicities: the
triplet ground state, 15°2s>2p* (*P¢), and two excited singlet
states, 15%2s22p* (!D¢) and 15225?2p* (1S¢), which are 3.3 and
6.9 eV above the ground level, respectively. This circumstance
gives rise to a richer spectrum and it allows us to recognize
the permutational symmetry of the spatial photoelectron wave
packet in the two-particle interference of the ion-resolved
joint-energy distribution of the two photoelectrons, as dis-
cussed in Sec. V.

To build the CC space for the single ionization of the
neutral atom, we need to specify the set of localized config-
urations that are needed to reproduce electronic correlation
at short range, the set of correlated parent ions used in the
CC expansion, and the single-particle space for the ejected
photoelectron. At the energies considered in this work, the two
1s core electrons do not contribute to the dynamics, nor does
their correlation play any appreciable role in the ionization.
For the present work, therefore, we assume that the 1s shell is
doubly occupied and frozen. For simplicity, in the following,
we will omit the 1s* part of the atomic configurations. The
configuration-interaction (CI) space for the Ne%t parent ion
is generated by all parity-preserving single and double exci-
tations from the reference configurations 2s’2p° (odd states)
and 2s2p° (even states) to n = 3 orbitals. The states and the
orbitals are optimized with the state-averaged multiconfigura-
tion Hartree-Fock method (MCHF) that is part of the ATSP2K
package [44]. The parent-ion energies are listed in Table 1.
To correctly represent the ionization continuum, the CC ex-
pansion must include all the optically accessible channels
that are open at the energy of interest. In this work, we con-
sider photons with energy up to 49 eV. This energy is above
the excitation threshold of the first four Ne™ doublet states,
which have dominant configuration 2s?2p° ?P°), 25s2p°(>S¢),
2522p*35(2P¢), and 25*2p*3s(>D°). For this reason, the close-
coupling space comprises all the channels generated by these
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TABLE 1. Comparison of relative Ne™ energies (in eV) with
NIST data.

TABLE II. Comparison of relative Ne’* energies (in eV) with
NIST data.

Configuration NEWSTOCK NIST [45] AE Configuration NEWSTOCK NIST [45] AE
2522p° (PP%) 0.000 0.000 0.000 2522p* CP¢) 0.000 0.000 0.000
252p° (28°) 26918 26.910 0.008 2522p* ('D%) 3.315 3.204 0.111
2522p*3s (PP°) 28.619 27.859 0.760 2522p* (159) 6.919 6.912 0.007
25*2p*3s 2D°) 31.553 30.549 1.004

states. The partial-wave channels (PWCs) are obtained by
augmenting the set of ionic states with single-electron states
with orbital angular momentum ¢ < 3, giving rise to neutral
states with either 'S¢ or ! P? symmetry. The radial part of the
photoelectron orbitals is expanded in a B-spline basis of order
7, within a quantization box with a radius of 300 a.u., and with
an asymptotic node separation of 0.4 a.u. Past calculations
have shown that, with this choice, the resonance parameters
computed with NEWSTOCK are in excellent agreement with
the experimental data [46]. The PWCs are complemented
by the set of localized configurations obtained by adding
one electron to the full set of configurations used to gen-
erate the parent ions. This additional set of states, known
as pseudochannels, ensures that correlation is treated consis-
tently at short and long range. The partial-wave channels are
schematically shown in Fig. 1. To ascertain the validity of the
bound-continuum dipolar couplings, in Fig. 2 we compare the
total one-photon single-ionization cross section of Ne com-
puted in this work with existing experimental results [48] as
well as with theoretical predictions obtained with XCHEM [47],
in the energy region between 43 and 49 eV, which comprises
the second single-ionization threshold. The few experimental
data available in this region agree very well with our back-
ground cross section. The spectrum features several resonant
peaks. The position of those that correspond to the 2s2p°np
autoionizing series are in excellent agreement with the XCHEM
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FIG. 2. Total photoionization cross section from the Ne ground
state computed with NEWSTOCK in length (blue, online) and velocity
gauge (red, online) compared with the length (gray, online) and in
velocity gauge (dark cyan, online) results obtained from XCHEM [47]
and experimental results [48] (black, online). Results are between the
25?2p° (*P°) and 252p° (°S¢) thresholds. See text for details.

calculations. The calculations in the present work, however,
show also a resonance around 46.2 eV, due to an intruder
state (2s>2p*3s3p) associated with the 2P¢ closed channel.
The resonance is not reproduced by the spectrum computed
with XCHEM in Ref. [47] since in that work the 2P¢ channel
was not included.

The procedure followed to simulate the second ionization
step, Nej +y — Ne/zfr + e~ coincides with the one that was
used for the ionization of the neutral. The Ne?™ CI space
comprises all single and double excitations from 2s*2p* and
252p33s to n = 3 orbitals. The grandparent ionic states and
the orbitals are determined with a state-average MCHF calcu-
lation on the three states with dominant configuration 2s>2p*,
whose energies are listed in Table II. The PWCs are obtained
by augmenting these three ionic states with the same single-
electron orbitals used for the neutral, to give rise to states
with 2§¢ or 2D symmetry, as sketched in Fig. 1. Figure 3
shows the present predictions for the one-photon ion-resolved
single-ionization cross section from the 2P° ground state of
Ne™ to each of the three Ne?* 25%2p* 3P¢, 'D¢, and 'S¢
channels, from the first threshold to 44.3 eV above the D¢
threshold. Below the ! D¢ threshold, the spectrum is dominated
by the 25s22p*(! D¢)nd and 25*2p*(S¢)ns autoionizing series.
The results obtained in length and velocity gauges are in
even better agreement than in the ionization of the neutral.
This result is expected, since, when the charge increases, the
correlation energy converges to a finite value [49] and hence
the ratio between the correlation energy and the electronic
excitation energy decreases, thus making the configuration

25

w ™
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= NewStock Velocity gauge
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T T T T T T
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Photon Energy (eV)

FIG. 3. Total photoionization cross section from the Net ground
state (2P°) computed with NEWSTOCK in length (blue, online) and
velocity gauge (red, online). Results are between the 2s*2p* (*P°)
and 25%2p* (' D¢) thresholds. See text for details.
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FIG. 4. Partial photoionization cross-section from the Ne™
ground state (>P°) computed in length gauge for the 2s?2p* 3P¢
channel (blue solid line) the 25s*2p* 'D¢ channel (red dashed line)
and the 25%2p* 'S¢ channel (purple dash-dotted line).

expansion converge faster. This circumstance has been numer-
ically confirmed for the TPDI of helium-like systems [50].

Figure 4 shows the partial ionization cross section for all
the open channels up to 52 eV, well above the 'S¢ threshold.
While the cross section to the P¢ state dominates, the branch-
ing ratio to the other two channels is appreciably large. Above
the 'S¢ threshold, the relative ion yield 3P¢:' D¢:'S¢ is approx-
imately 70%:22%:9%. See Sec. IV for further discussions. In
the present work, all the TPDI observables are computed in
length gauge.

IV. ONE-PULSE TWO-PHOTON DOUBLE IONIZATION

In this section, we present our results from the FPVSM
starting from the opening of the nonsequential threshold at
31.3 eV and up to the sequential threshold of 40.9 eV to
illustrate the features of the electron-correlation-dominated
nonsequential regime. In this regime, the intermediate states
play a significant role, as in the case of He. We use 500 as
Gaussian pulses for the simulation with a peak intensity of
4 % 10'0 W /cm?. Figure 5(a) shows the TPDI scheme in the
nonsequential regime with § as the energy difference from the
sequential threshold. As shown in Fig. 5(b), at the opening of
the nonsequential threshold, the signal emerges at § = 9.5 eV.
At the central photon energy w = 34 eV, the joint-energy
distribution exhibits a broad range of energy sharing, as shown
in Fig. 5(c). This unique feature, which is similar to what
was already observed in He [28,51], is a hallmark of TPDI
processes below the sequential threshold. Additional sharp
features appear in the joint photoelectron energy distribution.
As noted in Ref. [28], these are artifacts of the FPVSM due
to the fact that, in our model, the intermediate ionic state
is available instantaneously, even if the lifetimes of the au-
toionizing resonances may be longer than the pulse duration.
Similar features can be observed also in Figs. 9 and 10 in
the next section. As we approach the sequential threshold of
40.9 eV, the two pronounced peaks at 19.3 eV appear as shown
in Fig. 5(e). Close to the sequential threshold of 40.9 eV and
above, this characteristic two-peak structure suggests that an

Ne 5 10 15 20 5
E; V)

10 15 20
E; V)

FIG. 5. (a) TPDI scheme for Ne in the nonsequential regime.
6 is the energy difference from the sequential threshold (ST).
Joint-energy distribution of two photoelectrons in the nonsequential
regime with a fixed pulse duration of 500 as and intensity of 4 x 10'°
W /cm? for different central photon energies: (b) 31.5 eV, (c) 34 eV,
(d) 38 eV, and (e) 40.9 eV. See text for details.

independent-particle model is sufficient to explain the joint
photoelectron energy distribution.

In the case of XUV-photon energies above the sequential
threshold, several open intermediate channels dominate the
sequential regime, giving rise to rich dynamics following
TPDI. Contrary to He?*, the multiplicity of the grandparent
ionic ground state of Ne?* is different. It has triplet symmetry,
and the two ionic excited states with the same configuration
25?2p* belong to singlet symmetry as shown in Table II.
From a theoretical perspective, the signal corresponding to
the multiple grandparent ionic states in the joint-energy dis-
tribution in the presence of a single pulse, therefore, is a
unique characteristic of any model. Figure 6(a) shows the
sequential TPDI scheme to probe the final three grandpar-
ent ionic states of Ne>* with different multiplicities with a
suitable XUV or x-ray pulse. To investigate the presence of
multiple grandparent ionic states, we use a laser pulse with
a central energy of 48 eV and a duration of 10 fs, and the
result is shown in Fig. 6(b). This choice of laser parameters is
dictated by the CC expansion of the ionized atom, and from
a measurement perspective, all three grandparent ionic states
can be probed with the current XFEL facilities. The FPVSM
produces a qualitative picture with all three grandparent ionic
states as shown in Fig. 6(b). The three pairs of peaks corre-
spond to three different final grandparent ionic states, which
are prominent in the joint photoelectron energy distribution.
The leading signal appears at E; + E»= 35.5 eV and belongs
to the 3P¢ ground grandparent ionic state, with a peaked value
two orders of magnitude larger than the signal corresponding
to the 'S¢ state. This large difference is a consequence of the
pulse spectrum barely reaching above the 'S¢ threshold.

If the photon energy were to be increased by 3 eV, the
yield fraction to the 3P¢, 'D¢, and 'S¢ states would be
70%:22%:9%. The separation of the peaks §; and §; is consis-
tent with the energy difference between the *P¢ and ' D¢ state
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FIG. 6. (a) TPDI scheme for Ne in the sequential regime. §; is
the energy difference between the 2s22p*(*P¢) ground state of the
Ne?t and the excited state 2522p*('D¢), and 8, is the separation
between 2s22p*(' D¢) and 252 p* (' 5¢) excited states. (b) Joint-energy
distribution of two photoelectrons in the sequential regime with a
fixed pulse duration of 10 fs and intensity of 4 x 10'® W/cm? with
a central photon energy of 48 eV. (c) Comparison of the singly
differential cross section with Ref. [23] for different pulse durations.
The gray curve is the experimental result, and the black curve is
the energy-integrated singly differential cross section obtained from
Fig. 1(a) of Ref. [23]. The blue curve is the corresponding simulation
with a pulse duration of 25 fs (blue solid), 10 fs (cyan dash dotted),
and 5 fs (magenta dashed). (d) Digitized section of experimental
result from Fig. 1(a) of Ref. [23]. (¢) Simulation with the same set of
laser parameters as provided in Ref. [23]. See text for details.

and between the ' D¢ and 'S¢ state. To visualize the signals for
all three grandparent ionic states, we use a logarithmic scale.
The dotted lines highlight the different states along the total
energy axis. For a photon energy of 51 eV, a pulse duration
of 10 fs, and an intensity of I = 4 x 10'© W/cm?, our model
predicts a yield of 2.5 x 1072, 1.2 x 1072, and 1.5 x 1073
cm?* seV 2 for the 3P¢, 1D¢, and 1S¢ of Ne?* final states. To
the best of our knowledge, there are no reference data in the
literature for these values that we could use for a comparison.
At the comparatively modest intensities available with current
XUV light sources, the influence of higher-order multiphoton
double ionization processes is arguably negligible, so that the
yield reported above can be expected to scale quadratically
with the light intensity.

At extremely high intensities, of the order of 10'8-10"
W /cm?, double ionization is no longer dominated by second-
order processes alone. Instead, several other paths contribute,
giving rise to a change in the shape of the joint electron
distribution, as shown in Ref. [52]. For tabletop XUV-pump

XUV-probe laser setups, the peak intensity is arguably several
orders of magnitude smaller. Even for a seeded FEL like
FERMI, the declared max peak power is much smaller: 104
W /cm?. In ideal conditions, FERMI’s peak power would be of
the order of 10'°~10'7 W /cm?, obtained by assuming a pulse
duration of 60 fs, a pulse energy of 3 mJ [53], and a spot size
of 10 um x 10 um [54].

In a 2009 experiment, Kurka et al. measured the ion-
resolved (*P¢ and ' D) photoelectron signal in the two-photon
double ionization of neon using a free-electron-laser pulse
with central energy of 44 eV, overall duration of 25 fs, coher-
ence duration of 54 1 fs, and intensity of 5 x 10'> W/cm?
[23]. Figure 6(c) compares the experimental results with our
theoretical predictions for the singly differential cross section,
computed for different durations of the XUV pulse. We dig-
itized the experimental results in two different ways: (1) by
digitizing the singly differential signal reported in the original
paper (thick gray line); (2) by digitizing the two-dimensional
(2D) color plot of the signal in the joint-energy distribution,
and subsequently numerically integrating the result along the
E, coordinate. In the latter case, the area of the peak at 3.2 eV
is as much as three times larger than the peak near the thresh-
old. Our simulation with a pulse duration of 25 fs gives a much
smaller proportion for the peak at lowest energy, because the
width of the spectrum is evidently not sufficient to appreciably
reach above the threshold of the excited ion. On the other
hand, the 25-fs pulse is not Fourier limited. Indeed, the coher-
ence duration of 5 fs indicates that the spectral width of the
pulse is larger. When a pulse with a duration of 5 fs is used,
the first peak increases appreciably in size. Further reduction
of the pulse duration does not improve the agreement and it
distorts the profile of the main peak at 3.2 eV. In the absence
of a detailed knowledge of the spectral profile of the pulse,
which may itself feature peaks, it is difficult to draw further
conclusions on the quantitative agreement between theory and
experiment. Given the circumstances, therefore, a branching
ratio agreement within a factor of 2 from the experiment is to
be expected. Figures 6(d) and 6(e) compare the measured and
theoretical signal in the joint photoelectron energy distribu-
tion, respectively. Given the absence of clear error bars in the
experiment, the qualitative agreement of our numerical results
with the experiment highlights the semiquantitative predictive
power of FPVSM in the ion-resolved sequential TPDI regime.

V. PUMP-PROBE TPDI

While there are numerous studies of quantum interference
in single-ionization attosecond spectroscopy [55], the analo-
gous two-particle interference in double photoionization has
not been studied. The current lack of such experiments is pos-
sibly a consequence of the difficulty of producing attosecond
pulses with sufficient flux to measure XUV-pump XU V-probe
coincidence observables. The effort to improve these mea-
surements, however, is justified both by the direct information
on correlated electronic motion and by its ability to detect
effects that critically depend on the permutational symmetry
of the two photoelectrons. In the case of He, TDSE simu-
lations show clear interference fringes in the joint-electron
distribution, due to two-particle interference [29], which the
FPVSM reproduces well [28].
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FIG. 7. Two-electron quantum interferometric scheme: At time
t = 0, a first XUV photon ionizes the neutral Ne atom. Due to the
finite width of the pulse spectrum, both photoelectrons with energy
E; (path 1, blue online) and E, (path 2, red online) are generated.
After a delay 7, a second XUV photon ionizes Net. Once again,
the finite spectral width generates a distribution of energies for the
second electron illustrated by the shaded blue (path 1) and red (path
2) bell shapes, which overlap. If the energy of the second photon is
such that, in the overlap region, the total photoelectron energy equals
the sum E; and E, of the two electrons ejected by the first pulse, the
two paths lead to the same final state, but differ in the order with
which the electron with energy E;, and the electron with energy E,
are emitted. These two paths interfere constructively or destructively
depending on whether their relative phase A¢ = (E, — E;)t is an
even or odd multiple of .

In Fig. 7, we illustrate the scheme to study the two-particle
interference in the TPDI process. Here, we consider a pump-
probe scheme with two XUV pulses with a delay 7,

E(t) = Exuv, (1) + Exuv, (t — T), (11)

where g’XUVl ,»(#) indicate the transverse electric fields of the
two pulses. Due to the finite spectral width of the pulses, the
final triplet state can be reached through multiple pathways.
For the schematic representation, we have shown only two
paths leading to the final triplet ground state of the grand-
parent ion. The different paths (red and blue arrows, online)
produce photoelectrons with energies E| and E, depending on
the ionization from the lower- or upper-frequency edge of the
pump or probe pulse. In the interval between the two pulses,
the energy of the system along the two paths differs by AE =
E, — E1, and hence the two paths acquire a phase difference
A¢ = (E; — Ey)t. Because of the same final state for the
two paths, the associated amplitudes interfere constructively
or destructively if A¢ is an even or odd integer multiple of
7, respectively [see Eq. (10)]. To demonstrate the features of
the two-particle interference, we use two pulses with central
energies w; = 24 eV and w, = 48 eV and a duration of 1 fs
and intensity of 4 x 10'© W/cm?. We chose two specific CC
schemes to study the two-particle interference to highlight the
presence of the final grandparent ionic state with different
multiplicity. In our first scheme, the CC expansion for the

E, (eV)

E, (eV)

FIG. 8. Joint photoelectron energy distribution as a function of
the pump-probe delay, in the presence of only the 2s*2p* (> P¢) grand-
parent ionic state in CC expansion of the intermediate 2s22p° 2P°)
ion. Results are shown for different time delays: (a) T =1 fs, (b)
T =2f1s,(c) T =4fs,and (d) T = 6 fs. See text for details

target Ne>* ion includes the 2s*2p*(*P¢) final grandparent
ionic state. With only the final grandparent ionic state with
triplet multiplicity coupled to the d wave in the CC expansion
from the intermediate ion of 2s%p’(?P°), the results of the
joint-energy distribution for different time delays are shown
in Figs. 8(a)-8(d). The photoelectron joint-energy distribution
shows inverted interference fringes compared to what was
found in the case of He [28,29]. The constructive interfer-
ence appears for £, # E|, and the destructive interference
occurs for E; = E;. This compelling feature of the inversion
of the fringes is explained by Eq. (10). In the second case,
the CC expansion for the target Ne>* ion includes only the
2522 p*(15¢) grandparent ionic state coupled to the s wave. The
corresponding results of the joint-energy distribution for dif-
ferent time delays are shown in Figs. 9(a)-9(d). Remarkably,
the interference fringes are inverted for different time delays
compared to the previous case. The constructive interference
appears for E, = E|, and destructive interference occurs for
E, # E; similar to the case of He. Similarly, this feature of
the inversion of the fringes can be explained using Eq. (4).
However, the spin of the grandparent ion S4 appears only in
the third term [Eq. (6)]. To illustrate, let us consider the ioniza-
tion of Ne to the 25?2p* (!S°) ionic state by a sequence of two
consecutive pulses, which gives rise to a two-particle interfer-
ence with a maximum along the diagonal £, = E,. In this

case, the prefactor, %ﬁ’;), of Eq. (6) becomes positive and
thus the maximum of the interference appears along E| = E,.
Thus, FPVSM shows the two-particle interference pattern in
the TPDI process can be used as a tool to detect the spin state
of the final grandparent ion. Let us now focus on the two-color

pump-probe scheme to observe the two-particle interference
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FIG. 9. Joint photoelectron energy distribution as a function of
the pump-probe delay in the presence of only 25s?2p*('S¢) grandpar-
ent ionic state in the CC expansion of the intermediate 252p°(®P°)
ion. Results are shown for different time delays: (a) T =1 fs, (b)
T =2f1s,(c) T =41s,and (d) T = 6 fs. See text for details.

that includes the 2s°2p*(*P¢) grandparent ionic state in the
CC expansion of the intermediate 2s22p°(>P°) ion. Based on
this CC expansion, we propose a scheme employing three
pairs of central frequencies as shown in Figs. 10(a)-10(c) to
illustrate the nature of the quantum indistinguishability in de-
termining the two-electron interference in the TPDI process.
So far, in the case of He as well as Ne, we considered specific
laser parameters of duration a few hundreds of attoseconds to
a few femtoseconds to simulate the two-particle interference
and associated dynamics with variable pump-probe delay. A
suitable range of laser parameters is required to get more
insight into quantum interference, as producing XUV pulses
with attosecond duration is still challenging. In the pump-
probe TPDI process, the first ionization occurs by absorption
of an XUV photon to produce a photoelectron with energy
A? = w) — IPn.. After a time delay 7, the second ionization
event occurs by absorption of another XUV photon, which
can create a photoelectron with energy Al = @y — IPy.+.
Howeyver, the atom and the intermediate ions can absorb both
photons from the first or second pulse and vice versa. Thus,
in Figs. 10(a) and 10(d), the signals corresponding to 2.5 eV
appear when the first low-energy photon is absorbed by the
neutral atom and the other peak at 8.5 eV appears when the in-
termediate ion absorbs the high-energy photon. The other pair
of peaks at 27.5 eV appears when the neutral atom absorbs the
high-energy photon. There is no interference in this specific
case, because the signals corresponding to the different tran-
sition paths are well separated. Indeed, the total amplitude, as
expressed in Eq. (1), is a linear combination of the product
of the dipole amplitudes between the different steps of ioniza-
tion. As the energy difference between the pump and probe

@ = ®) = ©

Al o
i
|
|
|
Al @ - - £
I ] I
1 I
A? : :
- -
| )
. .
A} A A E,
30 d =26V (@ o =28¢eV
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25 @, =49 eV @ =47V
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10 15 20 25 30 5 10 15 20 25 30

FIG. 10. Two-particle interference in the joint photoelectron en-
ergy distribution in TPDI pump-probe spectroscopy employing three
choices of photon energies, (24 eV, 49 eV), (26 eV, 49 eV), and
(28 eV, 47eV). (a—) Scheme to observe two-particle interference
in TPDL Here, AY = @ — IPye, A} = @y — [P+, and A) = @, —
IPNe; w1, w, are the central photon energies, and IPy. and IP;\}e
are the ionization potential of the neutral and the intermediate ion,
respectively. (d—f) Joint photoelectron energy distribution with three
different pairs of central frequencies in the presence of only 3P¢
final grandparent ionic state. (g—i) Same joint photoelectron energy
distribution in the presence of all three grandparent ionic states, 3P¢,
'D¢, and 'S°. (a, d, g) Joint photoelectron energy distribution with
no interference: A < A} < AY. (b, e, h) and (c, f, i) Joint photo-
electron energy distribution with two-particle interference regime:
A9 < AY < A Interference fringes appear as A approaches Al.
All the simulations are performed with a time delay, T = 4 fs, and
intensity of 4 x 10'© W/cm?. See text for details.

central frequency is larger than the difference between the
ionization potentials of the neutral atom and the intermediate
ion, the two-photon amplitudes do not overlap and result in a
well-separated pair of peaks in the joint photoelectron energy
distribution. Thanks to the finite spectral width of the XUV
pulses, as A? approaches A}, the interference fringes appear
due to the overlap of the two-photon amplitudes in the joint
photoelectron energy distribution as shown in Figs. 10(c) and
10(f). As A% = A%, the two-particle interference is visible due
to the pairs of interfering pathways created by the sequence of
pulses. Since in coincidence experiments the state of the ion
is not resolved, it is fair to wonder whether the contribution
from other channels could mask the two-particle interference.
If the energy separation between thresholds is larger than the
energy width of the ultrashort pulses, a coincidence detection
should be able to distinguish between the channels, since the
sum of the energies of the two electrons would be different.
To confirm this point, Figs. 10(g)-10(i) show the joint-energy
distribution in the same conditions as Figs. 10(d)-10(f) in
the presence of all channels. As expected, the interference in
Figs. 10(h) and 10(i) is still clearly visible.
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FIG. 11. Joint photoelectron energy distribution with photon en-
ergies 28 eV and 47 eV and intensity of 4 x 10'° W/cm? in the
presence of only 3P¢ final grandparent ionic state. The two-particle
interference is visible for arbitrarily long pulses in the joint-energy
distribution, as long as the interference condition A = A} is met
and the electrons can be detected with sufficient energy resolution.
Results are shown for different durations (7) and different time
delays (t): (@) T=41fs, 1 =81fs; (b) T=61s, 7 =121s;(c) T
=8fs, 7t =16fs; and (d) T = 10 fs, T = 20 fs. See text for details.

Another relevant question is whether the phenomenology
discussed in the present work is measurable with current tech-
nology. For the simulations of Figs. 8 and 9, we employed
pulses with a duration of only 1 fs. For a delay of 2 fs, the
interference is visible as long as the energy resolution is of
at least 0.5 eV and the time-delay jitter is not larger than
about a third of the total delay. Several attosecond tabletop
laser setups can already realize and even exceed these con-
ditions [17,56,57]. Furthermore, since A¢ = (E, — E;)t, the
two-particle interference can be observed also with longer
pulses, which imply a smaller value of E, — E}, provided that
the delay between them is also increased in proportion. By
doing so, the requirement on the jitter is reduced as well. For
example, one can still observe the same interference pattern by
scaling up the pulse duration to 10 fs and the delay to 20 fs,
provided that the jitter is no more than 3 fs, and the energy
resolution of the photoelectron detector is at least 100 meV,
which is well within the capabilities of modern COLd Tar-
get Recoil-Ton Momentum Spectroscopy (COLTRIMS) [58].
Figures 11(a)-11(d) show the result of a simulation employing
pulses with durations of 4, 6, 8, and 10 fs, respectively. The

two-particle interference fringes are visible with the same
contrast as long as the interference condition is met, the
pump-probe time delay is increased proportionally to the du-
ration of the pulses, and the resolution in the measurement
of the photoelectron energy is at least of the order of o, <
T~ 'eVfs, where T is the pulse duration. These long-pulse
conditions are ideal for seeded free-electron-laser facilities
such as FERMI@Elettra, which generate coherent light pulses
in the XUV range, with pulse duration and time-delay jitter of
the order of tens of femtoseconds and of a few femtoseconds,
respectively [59], with a recent report of jitter as small as
1.5 fs [53].

VI. CONCLUSIONS

The present work demonstrates the predictive power of
the FPVSM [28] in the pump-probe two-photon double ion-
ization of neon, as a representative of polyelectronic atoms.
The method reproduces well the main features of the joint-
energy distribution in the TPDI of Ne in the nonsequential
regime. In the sequential regime, the model correctly predicts
the individual contributions to the photoelectron signal from
different intermediate ionic states observed in Kurka et al. ’s
2009 experiment [23], thus validating the utility of this model
for complex targets. The accuracy of this method for poly-
electronic atoms opens the way to its application to the TPDI
of molecular targets using only molecular single-ionization
methods, such as the one recently implemented in ASTRA
code [60].

The approximations in FPVSM allow the modeling and
proposal of a practical two-electron interference experiment
using neon as the target. Our simulations show the emergence
of a clear two-particle interference in the joint photoelectron
distribution when the associated ion is left in either a singlet
or a triplet state. The interference pattern in the triplet channel
has inverted troughs and peaks, compared to the singlet chan-
nel, which reveals the underlying permutational symmetry
of the spatial part of the photoelectron-pair wave function.
Remarkably, the three channels with different spin couplings
are not predicted to obscure the two-electron interference,
even though they have opposite interference patterns, which
indicates that this phenomenon should be observable with
existing technology.
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