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In a double-slit experiment with a bipartite system, the visibility of interference fringes depends
on the availability of which-way information. Here, we report a Bell-like state of photoelectron and
residual ion in the multiphoton dissociative ionization of the D2 molecule. Evidence for entangle-
ment is provided by the correlated emission directions of photoelectron and ion, which is observed
using a COLTRIMS reaction microscope. In the presence of this correlation, the holographic in-
terference fringes contained in the photoelectron momentum distributions are suppressed, indicat-
ing the existence of which-way information. The interference pattern persists when a single ionic
state is populated and thus no which-way information is available. The experimental observations
and conclusions are supported by the numerical solution of the electronic-nuclear time-dependent
Schrodinger equation. Our work demonstrates that coincidence spectroscopy of ions and electrons
is a powerful method for studying fundamental concepts of quantum information science within the

context of ultrafast light-matter interactions.

The quantum eraser experiment [1-3] impressively
demonstrates that the results of measurements depend on
what information is available about a quantum system.
The coherence of a particle is verified by letting it inter-
fere with itself in a double-slit configuration. When the
particle becomes entangled with an auxiliary “marker”
particle that carries information about the interfering
pathways, the interference pattern vanishes, which sug-
gests the loss of coherence. However, the total system of
the two entangled particles remains in a pure and thus
coherent state. The interference fringes can be recovered
through a coincidence measurement of both particles in
a basis that masks the which-way information, and suit-
able postselection of the results. Such quantum eraser
experiments have been realized in a variety of systems,
ranging from photons [3, 4] and phonons [5] to electrons
[6] and atoms [7].

In the context of ultrafast photoionization, entangle-
ment phenomena such as coherence, correlation, control
thereof, and measures of entanglement, have been stud-
ied rather extensively using theoretical methods [8-20].
Using weak XUV fields, significant experimental progress
has been made [21-31]. In particular, two key aspects of
the quantum eraser concept have been demonstrated for
molecular photoionization: first, the preparation and de-
tection of an entangled ion-electron state [22, 32]; and,
second, the entanglement-induced modification of the co-
herence accessible in one subsystem [27]. However, exper-
imental studies of entanglement in strong-field ionization
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remain scarce [33] and so far the two key aspects of the
quantum eraser have only been demonstrated in sepa-
rate experiments. In this work, we combine both aspects
of the quantum eraser, entanglement and interferometric
coherence detection, within a single strong-field multi-
photon ionization experiment.

To realize a photoelectron interferometer, we choose
the process of strong-field multiphoton ionization of a
diatomic molecule. Its inherent interference effects are
best understood in the time domain [34]: during each
half-cycle of the linearly polarized laser field, an elec-
tron wavepacket tunnels from the molecule on alternat-
ing sides with respect to the origin. The free electron
wavepackets are subsequently accelerated and dispersed
by the laser electric field. Owing to their coherence with
one another, the wavepackets interfere. Wavepackets
that are created in subsequent laser cycles lead to the
above-threshold ionization (ATI) peaks [35] in the photo-
electron spectrum. In addition, intra-cycle interferences
[36, 37] arise due to the interference of a wavepacket with
itself or the one created in the following half-cycle. No-
tably, when such wavepackets scatter in the ionic field
[38], rich interference structures known as photoelectron
holography [39, 40] arise in the photoelectron momentum
distribution. The holographic interferences represent a
powerful imaging tool [41], which is sensitive to proper-
ties of the scattering wavepacket [42] and the scattering
potential [43]. Notably, holography arising from inter-
fering wavepackets that originate from opposite sides of
the molecule depends on the parity of the photoelectron
wave function [44-46].

The present work demonstrates that multiphoton in-
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teraction of molecules with an intense visible laser pulse
creates entanglement between the photoelectron and the
remaining molecular ion. Due to entanglement, measure-
ments carried out on the ion sub-system may provide in-
formation on the photoelectron sub-system. The acces-
sible information depends on the choice of measurement
basis, as schematically shown in Fig. 1. A measurement
in the localization basis yields the emission direction of
the dissociating molecular ion. Thus, which-way informa-
tion identifying the emission side of the photoelectron be-
comes available. Consequently, photoelectron wavepack-
ets emitted from opposite sides of the molecule become
distinguishable and do not interfere with each other. A
measurement in the parity basis, however, provides no in-
formation about the ion emission direction. Thus, photo-
electron wavepackets emitted from opposite sides remain
undistinguishable and interfere. Instead, the informa-
tion about the parity would permit postselection of one
of two complementary interference patterns associated
with opposite parities. Our work complements studies of
entanglement-induced decoherence in individual subsys-
tems [27, 31] by elucidating how coherence in an entan-
gled state remains accessible through suitable joint mea-
surements. We demonstrate how the choice of measure-
ment basis for an entangled electron-ion system shapes
the information accessible in ultrafast imaging, linking
quantum-information concepts to strong-field photoelec-
tron spectroscopy.

In the following, we first establish the formation of the
entangled photoelectron—ion state in multiphoton strong-
field ionization and provide evidence for the entangle-
ment. Next, it is shown how the presence of which-way
information suppresses the holographic interference and
how erasure of the which-way information restores the
interference.

An entangled electron-ion pair is created by the inter-
action of a neutral Dy molecule with an intense (intensity
I ~ 10 W/cm?) femtosecond laser pulse at 515nm cen-
tral wavelength, see methods. As illustrated in Fig. 1(a)
and detailed in the Supplementary Information (SI), after
multiphoton ionization the dissociation of the D molec-
ular cation proceeds via two pathways, A and B, which
are distinguished by the parity of the fragment ion. Ow-
ing to parity conservation, the total parity of the bipartite
system is even (odd) when the total number of absorbed
photons is even (odd). Pathway A is defined by the ion
being in the odd-parity 2po, state; therefore, the pho-
toelectron must carry odd (even) parity for even (odd)
photon orders. Conversely, in pathway B, the ion is in
the even-parity lso, state, requiring the photoelectron
to be in an even (odd) state for even (odd) photon or-
ders. Thus, for an even/odd total number of absorbed
photons, the electron-ion wave function can be expressed
as

|¢A+B> = |eu/g> |2p0u> +ﬂ6i¢ |eg/u> |1SO'g>7 (1)
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FIG. 1: Schematic of the experiment. (a) During dissocia-
tive multiphoton ionization of ground-state D2 molecules, an
entangled pair of D} ion and photoelectron is created. This
ion-photoelectron pair is entangled in parity and their state
is denoted as [ha4+B). For an even number of absorbed pho-
tons, electron and ion parities are either both odd (path A,
bond-softening (BS) dissociation) or both even (path B, net-
2-photon dissociation). To visualize the parity of ion and
electron, the sign of the wavefunction is color-coded in yel-
low and pink. The DJ ion dissociates and the resulting D"
ion is detected in coincidence with the photoelectron. Two
key observables are measured: the DT kinetic energy and a
photoelectron interferogram. Both key observables depend on
parity. On the electron detector side, the interference patterns
for gerade (orange, dot-dashed) and ungerade (blue, dotted)
photoelectron wave functions are schematically shown, as well
as their incoherent sum (black). (b) Illustration of the en-
tanglement evidence: a basis transformation shows that the
entangled state |¢aip) manifests itself in the predominant
localization of photoelectron and ion depending on the rela-
tive phase ¢ between the paths A and B. For instance, ¢ =
refers to predominant localization of photoelectron and DT
ion on the same side and thus predominant emission into the
same direction (correlation). Hence, the entanglement in par-
ity between D;‘ ion and photoelectron results in entanglement
in emission direction between DY ion and photoelectron after
dissociation.

even parity; « and § represent real positive amplitudes,
and ¢ is the relative phase of the two contributions. As
|)a+B) cannot be separated into a product state of two
separate wave functions for electron and ion, |15 4p) de-
scribes an entangled state. If the amplitudes o = g,
|t)a+B) corresponds to a maximally entangled Bell state.

The parity of a particle’s wavefunction cannot be di-



rectly measured. However, the amplitudes « and 8 of
the two contributions of opposite parity to the wave func-
tion depend on the nuclear kinetic-energy release (KER).
Thus, o and § are tunable by selecting different KER
regions. The KER (= Ep+ + Ep) results from propaga-
tion of the nuclear wavepacket on the potential energy
curves associated with the electronic states of the molec-
ular ion. Solving the time-dependent Schrodinger equa-
tion (TDSE) yields the KER distributions for each state,
corresponding to the energy-dependent weights a?(KER)
and 3%(KER) of Eq. (1). As seen in the left panel of
Fig. 2(a), pathway A (2poy,, dotted blue) dominates at
KER ~ 1eV, pathway B (1soy, dot-dashed orange) dom-
inates at KER ~ 3eV, and at KER ~ 2eV, pathways
A and B contribute almost equally to the dissociation
yield. The photoelectron parity also cannot be measured
directly, but the momentum distribution is dependent on
parity, as schematically shown in Fig. 1(a).

The correlated nature of the entangled state can be
revealed through a measurement in a rotated basis. The
new basis vectors, |I) = (|g) — |[u))/v2 and |r) =
(|9)+|u))/V/2, describe a wavefunction localized predom-
inantly on the left /right side in position space. Here, |g)
(lw)) refers to |eg) (|ey)) in case of the photoelectron and
to |1sog) (|2pow)) in case of the bound electron in the
molecular ion. The localization of the bound electron on
the left /right nucleus causes the positive charge to be lo-
calized on the other nucleus. For clarity, we use capital
letters when referring to the positive charge. Hence, in
this {/r basis the entangled state of photoelectron and
molecular ion becomes

[Wass) = [(a+ Be'?)(|r, L) £ I, R))

: 2
+(Be'” —a)(|r, R) £ |, L))]/2., .

where the sign +/— corresponds to even/odd number of
absorbed photons. The two-particle state |r, L) (|I, R))
represents a state where the photoelectron is predomi-
nantly localized on the right (left) side, while the posi-
tive charge in the molecular ion is predominantly local-
ized on the left (right) atom. As discussed in the SI, the
predominant localization of the wavefunction on one side
transfers to a predominant emission towards the same
side. In the case of |r, L) and |I,R), DT ion and the
photoelectron are predominantly emitted into opposite
hemispheres. For the states |r, R) and |, L), ion and
photoelectron are predominantly emitted into the same
hemisphere. The basis transformation shows that the en-
tanglement between ion and photoelectron parity results
in a correlation in the I/r basis, which is manifested as
the correlated emission directions of the two particles, as
illustrated in Fig. 1. For a relative phase ¢ = 7, ion and
electron are preferentially emitted into the same direction
(“correlation”); for ¢ = 0, ion and electron are preferen-
tially emitted in opposite directions (“anti-correlation”).

As detailed in the SI, the correlated emission provides
evidence of entanglement. In brief, for a well-defined (i.e.
either even or odd) total parity, the correlated emission
of ion and electron indicates a coherent superposition of
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FIG. 2: (a) Left: KER spectrum for experiment (solid black)
and TDSE, where the calculated probability density is shown
separately for the 1so, (dot-dashed orange) and the 2po,
(dotted blue) state and scaled to the maximum in the ex-
perimental spectrum. The experimental data is presented for
a laser intensity of 9x 103 V\/’/cm2 and pulse duration of 35 fs,
the TDSE for 7.7 x 10" W/cm? and 52.5fs. The TDSE laser
parameters are chosen for best agreement with the experi-
ment (see methods). Right: Measured joint energy spectrum
showing the number of detected photoelectron-ion pairs as a
function of KER and electron energy F.. The experimen-
tal data is filtered to ions emitted along the laser polarization
(0p+ < m/8or Op+ > 7w/8). (b) Emission correlation param-
eter C' as a function of KER for experiment and TDSE (for
an intensity of 7.7 x 10'®* W/cm?). For the experiment, C is
calculated according to Eq. 3. The correlation C' is calculated
for the TDSE by filtering the wavefunction to correlated and
anti-correlated emission directions and integrating the prob-
ability density (i.e. absolute squared of the wavefunction)
over the 2D photoelectron momentum. FExperimental data
for different laser intensities are shown, as indicated in the
figure legend. A moving average filter (width = three bins
~ 0.104eV) is used to reduce noise in the experimental data.
For comparability, the TDSE uses the same moving average
filter. For good visibility of experiment and TDSE in the
same plot, the shown TDSE correlation C' is downscaled by a
factor of 2. The shaded area indicates the propagated stan-
dard deviation (o¢), assuming Poissonian counting statistics
(ox = VN for N coincidence events).

pathways A and B [see Eq. (1)]. For a fully incoherent
classical mixture of the two-particle states in pathways A
and B, i.e. in the absence of entanglement, the emission
directions would be uncorrelated.

To probe the emission direction correlation, the mo-
mentum vectors of the DT ions and photoelectrons, mea-
sured in coincidence, are analyzed. The measured data



are presented as a joint-energy spectrum in Fig. 2. The
data exhibits diagonal lines, which reflect energy conser-
vation of nuclei and electrons. Along each line, the total
energy is constant and its value corresponds to the total
number of photons absorbed from the field, either during
ionization of the neutral or in the subsequent dissocia-
tion of the molecular ion. Hence, also the total parity
is well-defined. The diagonal lines are most pronounced
above a KER of 1.5eV, and somewhat blurred around
KER = 1eV, where the bond-softening process [47] dom-
inates the dissociation yield. These observations place
our experiment in an intermediate regime compared to
previous work where strong energy correlation between
photoelectron and ion was observed for 400 nm light [48]
and little correlation was observed for intense 800 nm
light [49, 50].

The correlation in the emission directions of photo-
electron and the DT ion are quantified by the emission
direction correlation parameter

N, - N_

c="t_"——
Ny +N_~

3)

where N (N_) is the number of electron-ion pairs emit-
ted into same (opposite) directions, i.e., the angle 6
between their momentum vectors is smaller than 7/6
(larger than 57/6). These limits are chosen for best visi-
bility of the correlation pattern. The observations remain
qualitatively unchanged for other choices. C' > 0 corre-
sponds to correlation and C' < 0 to anti-correlation.

Figure 2(b) presents a quantitative comparison of the
measured and calculated emission correlation parameters
as a function of KER. Above 1.8eV, where the ampli-
tudes of the contributions of path A and B become com-
parable, the emission correlation parameter exhibits a
pronounced oscillation as a function of KER. The TDSE
result shows a similar oscillatory behavior, which empha-
sizes the significance of the presented evidence for entan-
glement. As shown in the SI, the emission correlation
parameter is approximately C(|¥atp)) = —2af cosd,
cf. Eq. (C6). The expression is exact, if perfect spatial
left /right localization in the [/r basis is assumed - a con-
dition that does not hold for the photoelectron, neither
in the experiment nor in the TDSE. Consequently, even
fora=pg=1/ V/2, the correlation remains smaller than
1. The phase ¢ is accumulated during propagation on
the potential energy curves, and therefore depends sensi-
tively on the value of the KER. Importantly, the presence
of the oscillation in C' around zero demonstrates the co-
herence of the two contributions in Eq. (1) to the total
electron-ion wave function and thus provides evidence of
entanglement.

Further, Fig. 2(b) shows measured values of C for dif-
ferent laser intensities. With increasing intensity, the
amplitude of the energy-dependent oscillations of C' in-
creases, and their phase is shifted. This behavior is at-
tributed to the non-linear laser-matter interaction in our
experiment. At higher laser intensity, the relative con-
tributions of paths A and B change, affecting the mag-
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FIG. 3: (a,b) Measured (left) and calculated (right) PMD in
atomic units (a.u.) for photoelectrons emitted with D* ions
of different KER. Panel (a) shows the PMD for dissociation
dominated by path A. The minima of the holographic interfer-
ence structures are visually highlighted by white, dotted lines.
In (b), the PMD for dissociation with comparable contribu-
tions from paths A and B is shown. The yield of the experi-
mental data is given in units of counts/a.u.’. The experimen-
tal data corresponds to a laser intensity of 9 x 103 W/ch,
the TDSE results to 7.7 x 10 W/cm?. The pulse duration is
35fs in the experiment and 52.5fs in the TDSE. The TDSE
laser parameters are chosen for best agreement with the ex-
periment (see methods). The experimental data is filtered
to ions emitted along the laser polarization (fp+ < 7/8 or
Op+ > 7m/8). As the ion is modelled only in one dimension,
the molecules are inherently oriented along the laser polariza-
tion in the TDSE.

nitude of C'. The observed phase shift with varying in-
tensity results from the laser-induced Stark shift, which
distorts the potential-energy curves of the 1so, and the
2po,, states. We have performed additional TDSE calcu-
lations that confirm the intensity-dependent behavior of
the amplitude and phase of the oscillations of C(KER).
In particular, because the phase of C' is strongly depen-
dent on intensity, the magnitude of C is significantly re-
duced when the measurement signal is integrated over
the focal intensity distribution. This focal volume av-
eraging has been neglected in the calculations, resulting
in larger values of C' than observed in the experiment.
Moreover, the reduced dimensionality of the TDSE may
contribute to a larger C' as compared to the experiment.
The appearance of emission correlation in the BS regime
in the experimental data is discussed in the SI. Next, the
effect of the entanglement on the detected photoelectron
is investigated.

Figure 3 presents measured and calculated photoelec-
tron momentum distributions (PMD) side-by-side. Ex-
periment and TDSE are in good agreement, though the
calculated PMD exhibits stronger signals at large per-



pendicular momentum as a consequence of the reduced
dimensionality of the calculations (2D). The results pre-
sented in Fig. 3(a) and (b), have been filtered to ions
with different KER values. At both KERs, concentric
rings are observed which correspond to ATI peaks, a con-
sequence of interference between wavepackets created in
subsequent laser cycles. The PMDs shown in Fig. 3(a)
exhibit pronounced angular interference structures, i.e.
the holographic interferences mentioned in the introduc-
tion. Strikingly, the holographic structures are strongly
suppressed in Fig. 3(b), suggesting loss of photoelectron
coherence between scattered wavepackets emitted upon
tunnel ionization in subsequent half-cycles of the laser
field.

To develop an intuitive understanding for the suppres-
sion of the interference pattern, we introduce a simplified
model for photoelectron interference. In the following we
use atomic units (a.u.), where h = e = m, = 4mwep = 1.
Our 2D model is based on two spatially separated, inter-
fering wavepackets ¢ + ¢ _ in analogy to double-slit in-
terference. We approximate the photoelectron wavepack-
ets emitted by tunnel ionization in successive laser half-
cycles by Gaussian wavepackets 14 and _, launched at
either side of the molecule, with

1;/}:i: (xv Z, t) =
Z o (EFD>+2%) /A2 Jilkn /(R D2 T 22 —wn (1£T/4))

(4)
We use d = 10a.u., the approximate distance of the
tunnel exits relative to the center of the molecule, and
Ar = 150 a.u.. The ATI peak structure is included by
writing each wavepacket as a sum of spherical waves with
energies F,, = w, = nws15um + Foffset and wavevectors
kn, = V2F,, where n is the integer photon order and
Eofset < ws1snm-. The wavepackets ¥4 and ¢_ are cen-
tered on alternating sides of the molecule (+d) and are
associated with initial times F7/4, which results from
electric field flipping its sign every optical half-period
T/2. Because of the time offsets, the alternating par-
ities of even and odd photon orders appear naturally.
The states |r) and |I) are approximated by ¢4 and ¥_,
respectively. Similarly, ¢4 + ¢_ corresponds to ‘eg /u>
of dissociation path B, ¥, —1_ corresponds to |eu/g> of
dissociation path A.

Figure 4(a,b) presents calculated PMDs obtained from
(left) the simple model and (right) the TDSE, for paths A
and B. The interference features observed for the simple
interference model qualitatively reproduce several fea-
tures observed in the TDSE calculation. This agree-
ment indicates that most of the holographic interference
structures observed in TDSE and experiment can be as-
signed to the coherent superposition of wavepackets emit-
ted from opposite sides of the molecule in successive laser
half-cycles, as described by the simple model. In the sim-
ple interference model, the only difference between path-
ways A and B is the opposite parity of the photoelectron.
Clearly, this determines the position of interference max-

ima and minima. It can be seen, that the two interfer-
ence patterns complement each other perfectly, meaning
that the maxima obtained for one path overlap with the
minima obtained for the other path (¢f. Fig. 1). The
TDSE calculations confirm this, as the interference pat-
tern for pathway A and B observed in the TDSE results
also complement each other, though not perfectly.

In Fig. 4(c), the PMDs of pathways A and B are added
incoherently. For the perfectly complementary results of
the simple interference model, the interference patterns
completely vanish. For the TDSE results, some modu-
lations remain, but their contrast is drastically reduced
as compared to the individual PMDs of pathway A and
B. We conclude that, in the parity basis, the loss of the
holographic interference pattern can be understood as
the combination of contributions with opposite photo-
electron parity to the PMD.

Alternatively, the loss of visibility of the interference
pattern can be understood in terms of the availability of
which-way information in the left/right basis. The pri-
mary component of our quantum eraser experiment is
the holographic photoelectron interferogram. As illus-
trated by the simple model introduced above, it is best
understood as a type of double-slit interference between
the partial waves ¥, and t¢_. The secondary compo-
nent of the quantum eraser experiment is the measure-
ment carried out on the entangled marker particle, i.e.
the dissociating Dy ion. If this measurement provides
suitable which-way information, the partial waves do not
interfere and the visibility of the interferogram vanishes.
Indeed, as detailed in the SI, the measurement of the
emission direction of the DT ion provides such which-
way information. Our TDSE simulations show that for
KER > 1.8eV, the predominant D' emission direction
oscillates with time at the laser frequency. Therefore,
the measurement of the Dt emission direction can be
interpreted within the time-domain as knowledge of the
optical phase at which ionization occurred, and thus as
knowledge of the sign of the tunnel exit position. In
terms of the simple interference model, the two partial
wavepackets ¥, and v_ are distinguished precisely by
the sign of the tunnel exit positions. Thus, the ion emis-
sion direction represents which-way information: it iden-
tifies the “slit”, i.e. whether the entangled photoelectron
is described by ¥4 or ¥_. Hence, the partial wavepackets
are distinguishable and will not interfere.

Whether or not the measurement delivers which-way
information that is relevant for the distinguishability of
the contributions from |I) and |r) depends on the pres-
ence of an entangled state, i.e. on the ion energy, see
Fig. 2(b). When selecting the KER region around 1.15eV
[¢f. Fig. 3(a)], the total wave function contains contribu-
tions nearly exclusively from path A, i.e. we have o =~ 1.
Hence, the system is not in an entangled state but is de-
scribed by the wavefunction [1a) = |ey/q) [2poy) (path
A), which is a separable product state of states of the
photoelectron and the ion. Because of the lack of entan-
glement, a measurement of the emission direction of the



(a) (b) (c) path A+
1.0 10 o 1.0
g
0.5 107° 0.5
>
3 106 3
) + - = 0.0
° o
Sy 107 Q
-0.5 © -0.5
1075 @
Gaussian Gaussian Y Gaussian TDSE
1.0 wavepacket TDSE wavepacket 10-5 - _1.0 Jwavepacket |¥(1s0,)|?
¥, - w|? |¥(2pay)|? |V, + W |? | Wal?+| W |? +|¥(2pa,)|?
0.5 0.0 0.5 1.0 1.0 0.5 0.0 0.5 1.0 1.0 0.5 0.0 0.5 1.0
Pperp., e [a.u.] Pperp.,e [a.u.] Pperp.,e [a.u.]

FIG. 4: Photoelectron momentum distributions for pathway A, pathway B, and their incoherent sum, as obtained from a simple
interference model (left subplots) and the ab-initio TDSE calculations (right subplots) for an intensity of 7.7 x 10 W/cm?.
Results are presented for pathway A (a), pathway B (b), and their incoherent sum (c), which is identical to the right half of

Fig. 3(b).

ion provides no information about the emission side of
the photoelectron. Thus |I) and |r) (or ¢4 and ¢_ in the
simple model) add coherently, and holographic interfer-
ence is visible in the PMD. In Fig. 3(b), the photoelectron
data is filtered to the KER range, where the photoelec-
tron and the ion are in an entangled state with nearly
equal contributions from paths A and B (a = ). Now,
the ion emission direction provides relevant which-way
information. This causes the contributions from the pho-
toelectron states |I) and |r) to enter the PMD in Fig. 3(b)
only as an incoherent sum, which results in suppression
of the holographic interference pattern.

The eponymous key observation of the quantum eraser
lies in the restoration of the interference pattern by post-
selecting on the measured state of the marker particle.
How can we restore the coherence between |I) and |r) in
the present experiment?

In order to observe the coherence and erase the which-
way information, the measurement of the PMDs needs to
be carried out in the gerade/ungerade basis of the ion.
The eigenstates of this basis mask the emission direction
and, hence, the ion cannot carry which-way information.
Using the electron-ion TDSE solutions, we can directly
filter the PMD to either the 1so, or the 2po,, state of the
ion and recover the holographic interference, as shown in
Fig. 4. Though we cannot directly measure the parity of
the DJ ion in the present experiment, we can select the
measured data for states with either gerade or ungerade
parity by choosing suitable KER regions, where one of
the contributions dominates. In these cases, the holo-
graphic interference is clearly observed, as for example
in Fig. 3(a), where ungerade parity of the ion dominates.

We have demonstrated the preparation of an entan-
gled state consisting of a photoelectron and a dissoci-
ating molecular ion by strong-field dissociative ioniza-
tion of Ds. In our experiment, the emission direction of
the ion after dissociation may carry which-way informa-

tion about the photoelectron. If the parity of the ion
is not detected, the holographic interference pattern in
the PMD is lost. We demonstrate the restoration of the
holographic pattern within the TDSE solutions, namely
by post-selection for the parity of the ion. Experimental
detection of the ion parity, e.g., by using an intense probe
pulse in the XUV [51], would be an ambitious goal for
future studies. Our work exemplifies how fundamental
concepts of quantum information science can be studied
in the context of ultrafast photoionization using coinci-
dence measurements of ions and electrons. Strong-field
and attosecond science provides a powerful toolbox for
the ultrafast preparation of electron-ion pairs in entan-
gled states and the manipulation of ultrafast molecular
dynamics. Emerging attosecond quantum-information
science may shed light on entanglement and decoherence
effects during the first steps of unimolecular reactions.
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interpretation and processing require specialist expertise
in coincidence spectroscopy and TDSE simulations, re-
spectively. The raw data are available from the authors
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The TDSE code employed for the theoretical calcula-
tions presented in Figs. 2, 3, 4, 7, and 8 requires several
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puting facilities, such as the system acknowledged here.
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from the code developers. Access to the code, together
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IV. METHODS

The experiment is carried out using ~ 35fs (FWHM)
laser pulses, centered at 1030 nm and provided at a repe-
tition rate of 100 kHz by a commercial femtosecond laser
system (Active Fiber Systems). Next, the laser pulses
are frequency-doubled in a 300 pm thick beta barium bo-
rate (BBO) crystal. Subsequently, we split off the resid-
ual 1030 nm light, clean the polarization of the gener-
ated 515 nm pulses and compensate any chirp acquired
in the BBO or in transmissive optics. The resulting
~ 35fs (FWHM) pulses are then focused by a back-
focusing spherical mirror with 75 mm focal length into a
cold Dy gas jet inside a COLd Target Recoil Ion Momen-
tum Spectrometer (COLTRIMS) [53]. We choose Dj to
avoid contamination of the signal with fragments emitted

from background Hs gas. Using time and position sen-
sitive detectors on either side of the COLTRIMS, elec-
trons and ions are detected in coincidence. Limiting the
count rate to < 0.2 events/shot allows to distinguish pure
ionization and dissociative ionization by either detecting
DJ or Dt in coincidence with an electron. The neutral
D fragment from dissociative ionization is not detected,
but its momentum is reconstructed based on momentum
conservation. Since the ionization of background Hy gas
overlaps with low energy DT ions, the presented experi-
mental data is limited to KER > 0.5eV.

The intensity of the visible laser field in the focus is
estimated based on the high-energy cutoff of the photo-
electron spectra detected in coincidence with Dj. The
experiment has been conducted for four different intensi-
ties ranging from I515um ~ 9x 1013 W /cm? (Up ~ 2.2eV)
up to Is15nm ~ 1.4 x 10 W /em? (Up ~ 3.5eV).

To simulate the experiment, we use a non-Born-
Oppenheimer grid-based model for the dissociative ion-
ization of the Dy molecule [54]. The dynamics of the
molecule comprises three parts: the nuclei, a bound elec-
tron, and an active electron that can be freed by laser-
induced ionization. The bound electron is treated in
a dipole-coupled two-level system, where the two lev-
els correspond to the two lowest electronic states (1so,
and 2po,) when the system is ionized or the lowest
dipole-coupled states of the neutral molecule (X 12; and
B'YF) when the active electron is in its lowest possible
state. The active electron is described in two dimensions
[r = (z,2)T] and the motion of the nuclei in one dimen-
sion with the coordinate being the internuclear distance
R. Rotation and center-of-mass motion is not considered.
This results in a two-component three-dimensional wave-
function W(t) = (¢,(r, R, 1), (r, R,t))T where g/u de-
notes the gerade/ungerade symmetry of the bound elec-
tron. The active electron and the core interact via a soft-
core potential. Parameters are optimized to fit literature
values for the ionization potentials for both symmetries
(g/u). This results in the time-dependent Schrédinger
equation

~(Caem e MR ) (k) g

where d is the transition dipole moment and & is the
electric field. The diagonal terms are given by

& p? p2 ins ion

Hg/u = ﬂ—"_?—i_‘/rg/i(r’R)—"_ g?u(R)’ (6)
where p is the reduced mass of the nuclei, Vgi%‘ are the
Born-Oppenheimer potential curves of the ion’s lowest
two electronic states and Vql;‘; is the soft-core interaction
potential. A 384 x 384 x 256 grid (Az = Az = 0.4a.u.,

AR = 0.05a.u.) is used when the active electron is near
the nuclei, and a zero-padded 1536 x 1536 x 1024 grid for



large separations (cf. [54]), giving a momentum resolution
of Ap, = Ap, =~ 0.01 a.u. for the PMD.

To calculate the emission direction correlation C' from
the TDSE results, the gerade and ungerade components
of the wavefunction are first transformed to the local-
ized basis, wr/l = (wlsog (pev R) + w2pau (p67 R))/ﬁa cor-
responding to the two opposite emission directions of
the DT fragment at the end of the calculation. Next,
these two wavefunctions are Fourier-transformed with re-
spect to the internuclear distance R, yielding the wave-
function as a function of the photoelectron momentum
Pe = (psz,p-) and nuclear momentum P. For each KER
(= P?/(2u)), the probability densities [t),./;(pe, P)|* are
integrated over the two-dimensional photoelectron mo-
mentum distribution within the angular ranges corre-
sponding to same- and opposite-direction electron—ion
emission. Specifically, N, is obtained by integrating over
photoelectron momenta for which the angle 8 between the
electron and D*-ion emission directions satisfies § < /6,
whereas N_ is obtained for § > 57 /6, analogous to the
analysis of the experimental data. Since the nuclear mo-
tion is restricted to the laser-polarization axis z in the
TDSE, 6 is determined by the photoelectron emission
angle in the (p,p.) plane. The emission direction cor-
relation C is then calculated by inserting N and N_ in
Eq. 3.

To obtain the experimental emission-direction corre-
lation C' as a function of KER [c¢f. Fig. 2(b)], coinci-
dence events are first filtered to ions emitted along the
laser polarization axis (fp+ < 7/8 or Op+ > 7w /8). The
selected events are then sorted into two KER-resolved
histograms, N, (KER) and N_(KER), corresponding to
electron—ion pairs emitted in the same (0 < 7/6) and
opposite (§ > 57/6) directions, respectively. Here, 6
denotes their relative emission angle. The experimen-
tal C(KER) is then obtained by inserting N4 (KER) and
N_(KER) in Eq. 3. While the histograms N, (KER) and
N_(KER) include photoelectrons of all measured kinetic
energies, limiting the ion emission angle and the relative
emission angle of ion and photoelectron excludes elec-
trons emitted approximately perpendicular to the laser
polarization axis.

Laser intensity and pulse duration affect the emission-
direction correlation C, the photoelectron momentum
distribution (PMD), and the relative contributions of dis-
sociation paths A (2po,) and B (1soy). Comparing ex-
periment and theory therefore requires accounting for un-
certainties in the experimental laser parameters and the
absence of focal-volume averaging in the TDSE calcula-
tions.

To guide the choice of simulation parameters, we first

scanned the peak intensity and pulse duration using a
reduced 1D (ion-only), two-level TDSE model. All pulse
durations quoted in this work refer to the FWHM of the
intensity envelope (£2). The BS peak shifted towards
lower energies with increasing intensity and pulse dura-
tion, with mean slopes of (—0.3 + 0.1) eV /(10" W /cm?)
and (—0.012 £ 0.003) eV /fs, respectively. These val-
ues represent the mean and standard deviation of the
slopes over the investigated ranges of 5.6 x 1013 W /cm?
to 1 x 10" W /cm? and 35 fs to 70 fs, reflecting their de-
pendence on both parameters. A shift in the BS peak
position changes the relative contributions of paths A
and B at a given KER, thereby modifying the com-
bined PMD because the two paths exhibit complemen-
tary holographic pattern (compare Fig. 4). A comple-
mentary scan using a 2D (electron-only), fixed-nuclei
TDSE model showed that the above-threshold ionization
(ATI) peaks in the photoelectron energy spectrum shift
approximately according to the intensity-dependent pon-
deromotive potential.

Guided by these scans, we selected a small set of inten-
sity and pulse-duration combinations for high-resolution
calculations with the full 3D TDSE model. As observed
already in the 1D (ion-only) calculations, the relative
contribution of path B increases with increasing laser in-
tensity (see Appendix E), which affects the PMD as men-
tioned above. Moreover, the full 3D calculations show
that with increasing pulse duration the ATI peaks of path
B shift by ~ 3.66 meV /fs and the ATI peaks of path A
by ~ —12.1meV/fs (the ATI peaks of the bound vibra-
tional states, i.e. photoelectrons of non-dissociating D2+,
are not affected by laser pulse duration). Together, these
dependencies constrain the parameter combinations for
which the ATI peaks of both dissociation paths over-
lap and their dissociation yields are comparable in the
range 1.9eV < KER < 2.2eV, as required for agreement
with the experimental PMD in Fig.3(b). The best agree-
ment with experiment was obtained at a peak intensity
of 7.7 x 1013 W/em? and a pulse duration of 52.5fs for
a sin® pulse envelope; these parameters were therefore
used for the TDSE results presented here. In the light
of uncertainties in the experimental laser parameters and
the absence of focal volume averaging in the TDSE, the
discrepancy of 15% between experimental intensity and
used in the TDSE calculations is considered reasonable.

Large Language Models (ChatGPT-5, ChatGPT-6 and
Gemini 3) were employed to improve the readability and
conciseness of the original manuscript text. All scientific
content and conclusions were generated by the authors,
who maintain full accountability for the final text.
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Appendix A: Dissociation pathways

This section describes the interfering dissociative ion-
ization pathways that lead to the formation of the entan-
gled electron-ion state.

Figure 5 shows the potential-energy curves of Dj,
and the interfering pathways leading to entanglement be-
tween photoelectron and remaining molecular ion. Paths
A and B interfere because they lead to identical photo-
electron energy and nuclear KER. The existence of in-
terfering paths is possible because the Franck-Condon
region in the 1so, state of D3 spans across a potential-
energy range that exceeds one photon energy (2.4eV).
For path B, the transition from the neutral to the cationic
ground state (i.e. ionization) occurs at an internuclear
distance Rp close to the potential minimum of 1so,.
For path A, ionization occurs at a smaller internuclear
distance Rp where the potential-energy is precisely one
photon energy higher than for path B, ie. V(R4) =
V(RB) + hw.

Following ionization, the nuclear wavepacket propa-
gates on the 1so, state. On path A, the molecular ion
is excited to the dissociative 2po, state by the absorp-
tion of one photon. Thus, the ion parity for path A is


https://doi.org/10.1103/PhysRevA.74.063407
https://doi.org/10.1103/PhysRevLett.71.1994
https://doi.org/10.1088/1361-6633/ab5c91
https://doi.org/10.1088/0953-4075/37/12/l02
https://doi.org/10.1103/PhysRevA.102.013109
https://doi.org/10.1103/PhysRevA.102.013109
https://doi.org/10.1103/PhysRevA.101.053403
https://doi.org/10.5281/zenodo.23314216
https://doi.org/10.1103/s4cm-rhrm
https://doi.org/10.1103/PhysRevLett.69.2353
https://doi.org/10.1103/PhysRevLett.69.2353

/N energy
2poy,

A\N
A\Y

D,

1so internuclear distance

RaRs

FIG. 5: Schematic showing the relevant molecular potential-
energy curves (black lines) and the interfering paths A and B,
which result in entanglement between photoelectron and ion.
The Franck-Condon region is indicated by the green shaded
area.

odd. For path B, the ion dissociates via net-two-photon
absorption [55], which involves a three-photon excitation
to the 2po, state and subsequent de-excitation to the
1so, state. Thus, the ion parity for path B is even. Since
the potential energies at the initial internuclear distances
(Ra, Rp) differ by one photon energy, the photoelectron
parities for the two paths are different. This leads to the
entangled electron-ion state described by Eq. (1).

Appendix B: Transformation from parity basis to
left /right basis

This section describes how the overlap of even (|g))
and odd (|u)) parity contributions causes a localization
of the wave function on the left or right side in space,
leading to a predominant directional emission of both,
the ion and the photoelectron.

For the DJ ion, the relevant parity states are |g>D; =
|1soy) and |U>D; = |2po,). For the photoelectron, pro-
duced by multiphoton ionization, |g), and |u), consist of
sums of even and odd spherical harmonics, respectively.

To analyze the spatial localization of photoelectron
and ion, we transform to a left/right basis: |I) = (|g) —

|u))/v2 and |r) = (|g) + |u))/v/2. Substituting these
into Eq. (1) yields the entangled ion-photoelectron state

11

in the 7/l basis

[Wats) = [(a+ Be)(|r,r) £ |1,1))

_ (B1)
+(Be'” —a)(Ir, 1) £|L,1))]/2,
where an even (odd) number of absorbed photons results
in the sign + (—) and the two-particle state is denoted
as photoelectron,Dj'). The localization of the bound
electron in DJ on one side results in a consequent local-
ization of the positive charge on the other side. Conse-
quently, one can rewrite Eq. (B1) using |7">D;r = |L)p+
and \l)D; = |R)p+, which results in Eq. (2). Crucially,
this spatial localization on the left or right side dictates
the emission direction. During dissociation, the localiza-
tion of the bound electron on one side means that the D+
ion moves into the opposite direction. Similarly, for the
photoelectron, the interference of even and odd parity
contributions, underlying spatial localization, typically
implies a preferred emission direction [22, 56, 57].

Appendix C: Entanglement evidence

This section describes in detail how the non-zero emis-
sion correlation parameter C' provides evidence for entan-
glement between photoelectron and dissociating molecu-
lar ion. Subsection 1 describes why a non-zero emission
correlation is evidence of coherence in a two-particle state
and thus for entanglement, provided the total parity is
either even or odd. In subsection 2, it is shown that C'
is proportional to the fidelity (i.e. overlap) of the two-
particle state with an ideal Bell state, which makes the
measured oscillation in C with KER an evidence of en-
tanglement. Subsection 3 discusses the implicit assump-
tions and the limitations of the presented entanglement
evidence. Finally, subsection 4 discusses the appearance
of non-zero emission direction correlation in the bond-
softening (BS) region of the KER distribution.

1. Correlated electron-ion emission as evidence of
two-particle coherence

To show that the electron-ion emission direction corre-
lation indeed provides evidence of entanglement, we must
consider all possible states and calculate their expected
emission direction correlation. We define the directional
correlation C as:

(pr.r +11,L) — (Pr,p + DUR)

C= , cl
(pr,r +p1,0) + (Pr.z +P1R) (©1)

where p,. g, for instance, is the probability of both DT ion
and photoelectron being emitted to the right, as obtained
by projecting onto the state |r, R). Here, perfect spatial
left /right localization is assumed in order to simplify the
derivation. In case of the ion, one can safely assume per-
fect localization once the dissociation is complete. This



assumption does not hold for the photoelectron. Hence,
there is a non-zero probability for the photoelectron to
be emitted to right (left) if it is in state |I) (|r)). Con-
sequently, the equations for C, derived in this section,
provide an upper limit and the magnitude of the actual
observable correlation C' is smaller.

While a general, pure separable two-qubit state such
as

[Ysep) = (Cg l9) + Cuu) @ (1g19) +nufu)) — (C2)

photoelectron D;’

can mathematically produce a non-zero emission direc-
tion correlation

C = —2[Re(CgCungnu) + Re(CgCumgmy, )], (C3)

this requires a superposition of different total parities.
In our experiment, however, the total parity is fixed for
a given kinetic energy release (KER) and photoelectron
energy FE.. This holds with the exception to the vicinity
of the BS peak, as discussed in section C4. As seen
in Fig. 2(a), diagonal lines in the joint energy spectrum
signify a defined total absorbed energy, fixing the number
of absorbed photons and thus the overall parity.
Restricting our focus to the KER region between 2eV
and 3eV, the two-particle state has a well-defined par-
ity. The density matrix for an even parity state (py1),
for example, is spanned exclusively by |g,g) and |u,u)
(analogously, p_1 is spanned by |g,u) and |u, g)):

Pgg 0 0 i1 00 0 0
[0 00 0 _ {0 pgu c-1 0
Per=1 0 00 0 | P "7 {0 ¢, pu O
¢ 00 puy 00 0 0

(C4)
Here, pyq, for instance, is the probability to detect the
state |g,g) and cyq is the coherence between |g,g) and
|u,u) in the state described by py;. For an odd-parity
pure state [toqq) = a|g, u) + Be'® |u, g) with real positive
a and (3, for example, the probabilities and coherence in
the respective density matrix are given by pg, = a2,
Pug = B? and c_1 = afe .
Evaluating C for these fixed-parity density matrices in
the left/right basis yields:

C(p+1) = —2Re(c1) , (C5)

where c4q is the coherence between the allowed states
for a fixed total parity (e.g., between |g,g) and |u,u)).
For an incoherent statistical mixture c+; = 0 and thus
the correlation C' vanishes. Conversely, for a pure, en-
tangled state such as |a,B) = alg, g) + Be'® |u, u), the
correlation becomes:

C(lYass)) = —2aBcos ¢ . (C6)

The relative phase ¢ varies with KER due to the differ-
ing shapes of the 1so, and 2po, potential-energy curves
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(paths A and B). While a variation in the population am-
plitudes [ or 3, as hinted in Fig. 1(a)] could induce fluc-
tuations in C', these amplitudes are strictly non-negative
and would only produce oscillations around a non-zero
offset. Therefore, the oscillation of C' around zero ob-
served in Fig. 2(b) must originate from the changing rel-
ative phase ¢. This provides direct, measurable evidence
of two-body coherence and, consequently, entanglement
between the photoelectron and the dissociating ion.

2. Fidelity with maximally entangled Bell states as
an entanglement evidence

In order to obtain a quantitative measure of entan-
glement, one has to calculate the fidelity F' (overlap)
with the Bell states, which are a normalized basis set
for a maximally entangled two-particle system. The Bell
states for the parity qubit states |g) and |u) are defined
as:

(l9) @ lg) £ |u) @ [u))

(C7)
(lg) @ [u) + [u) @ |g)) -

sk sk

For any pure or mixed separable (non-entangled) state,
the Cauchy-Schwarz inequality restricts the fidelity with
any Bell state to a classical upper limit of Fie, < 1/2.

While a fidelity F' > 1/2 is a sufficient condition for
entanglement, not all mathematically possible entangled
states exceed this threshold. However, parity conserva-
tion in our experiment restricts the accessible state space,
ensuring that our observable directly measures this fi-
delity limit. By detecting the KER and photoelectron en-
ergy Fe, the total number of absorbed photons is known,
yielding a well-defined even (41) or odd (—1) total parity
for the system.

For the resulting fixed-parity density matrices [p41 or
p—1, as defined in Eq. (C4)], the fidelity with the corre-
sponding closest Bell state simplifies significantly:

Fyy = (9% pi1 |@F) = § £ Re(cs1)

Foy = (0% p_1|UF) =5 £ Re(c-1) . (C8)
Here, we utilized the normalization of the state popula-
tions (e.g., Pgg + Puuw = 1).

Therefore, under the condition of parity conservation,
any two-particle coherence (¢4 or c—1) with a non-zero
real part drives the fidelity above the classical limit of
1/2. As established in Eq. (C5), our experiment directly
accesses the real part of this coherence via the emission
direction correlation C. Consequently, measuring a non-
zero correlation (C' # 0) serves as direct, quantitative ev-
idence of entanglement, demonstrating that the fidelity
with a maximally entangled Bell state exceeds the clas-
sical threshold.



3. Validity of entanglement evidence via emission
direction correlation

While the fact that a non-entangled, incoherent state
exhibits no emission direction correlation (C' = 0, assum-
ing parity conservation) might suggest that any decrease
in |C| reflects a loss of coherence and entanglement, sev-
eral inherent physical factors actually limit the maximum
observable correlation.

Specifically, the expected correlation is bounded by the
following constraints:

e Varying state amplitudes: The magnitudes of
« and S change with KER [as seen in Fig. 1(a)]. A
perfect correlation (C' = 1) would strictly require
an equal superposition (o = 8 = 1/v/2).

e Incomplete spatial localization: Overlapping
opposite-parity contributions cause predominant,
rather than exclusive, emission in one direction.
Thus, perfect parity correlation does not translate
to perfect emission direction correlation, a limita-
tion confirmed by our TDSE calculations.

e Strong-field effects: Additional dissociation and
ionization pathways or incoherence introduced by
the intense laser field can further dampen the ob-
servable correlation.

Despite these limiting factors, the measured correla-
tion amplitude [Fig. 2(b)] agrees qualitatively well with
the results of the TDSE calculations. The reduced mag-
nitude of the measured correlation compared with the
TDSE calculation may result from effects not included in
the model: First, the TDSE calculations were performed
for fixed intensity values and neglect the averaging over
the focal intensity distribution in the experiment. As
shown in Fig. 8, the phase of the KER-dependent os-
cillations in C' depends sensitively on the laser intensity.
Averaging over the experimental intensity distribution in
the focal volume therefore superposes oscillations with
different phases, leading to a significantly reduced mod-
ulation amplitude of C. Second, the TDSE restricts the
treatment of the bound electron in D3 to the two lowest
electronic states, 1so, and 2po,. Additional dissociation
pathways may therefore reduce the experimentally ob-
served correlation. Third, the reduced dimensionality of
the TDSE can modify the PMD [58], which may alter the
relationship between spatial localization and emission di-
rection and therefore potentially contributes to the larger
C observed in the TDSE.

Nonetheless, the oscillation in the correlation as a func-
tion of KER and the intensity dependent phase-shift of
these oscillations is qualitatively well reproduced by the
TDSE (compare Fig. 8). This agreement underscores the
robustness of our entanglement evidence and indicates
that experimental incoherence plays only a minor role.

Furthermore, we must rule out technical artifacts, such
as asymmetric detector efficiencies or laser-induced bi-
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ases. We exclude these by demonstrating that C os-
cillates symmetrically around zero as a function of the
relative phase ¢ between dissociation paths A and B. Al-
though tuning ¢ directly at a fixed KER is experimentally
prohibitive, the differing curvatures of the 1so, and 2po,
states (Fig. 5) cause the accumulated phase ¢ to natu-
rally vary with KER. Thus, filtering by KER effectively
tunes ¢.

This method of scanning ¢ relies on two core assump-
tions:

1. Detecting the KER and photoelectron energy de-
termines the number of absorbed photons, and thus
fixes the total parity of the system.

2. The states across different KERs are prepared iden-
tically (maintaining the same parity purity) up to
the phase shift ¢. This is directly analogous to
the assumption of identical state preparation re-
quired when measuring sequential copies in a stan-
dard Bell test.

Given these conditions, the observed symmetric oscil-
lation of the emission direction correlation demonstrates
two-particle coherence. Consequently, the fidelity of the
detected electron-ion state with a maximally entangled
Bell state exceeds the classical limit, providing conclu-
sive evidence of entanglement.

4. Emission direction correlation in the
bond-softening regime

As shown in Fig. 1(a), the contribution of path A
(2poy, state) dominates over path B below 1.8eV KER,
thus a > B. Consequently, Eq. (C6) predicts a smaller
emission direction correlation amplitude than in regions
where a &~ . The TDSE results agrees with this expec-
tation, showing little correlation below 1.8 eV [Fig. 2(b)].

Experimentally, however, the emission correlation C'
below 1.8€V is larger than the TDSE predicts, suggest-
ing that the two-state Born-Oppenheimer approximation
does not fully describe the dynamics of the molecular ion
in the low-KER region. This enhanced correlation could
arise from two sources. First, non-adiabatic dynamics
might increase the 1so, state’s contribution. However,
the measured C' lacks the clear KER-dependent oscilla-
tions seen at higher KERs, suggesting that the non-zero
C has a different physical origin. Second, the system
might form a separable state below 1.8eV, which, ac-
cording to Eq. (C3), can also yield a non-zero emission
direction correlation.

Forming a separable state [Eq. (C2)] requires even and
odd parity contributions to overlap at identical KER and
photoelectron energies. Indeed, previous work using few-
cycle pulses shows that the ion emission direction in the
BS regime correlates with the carrier-envelope phase [59],
implying parity mixing in the D ion. Above the BS
regime (KER > 1.8¢eV), photoelectron and KER are cor-
related, as indicated by the diagonal lines in Fig. 2(a),
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FIG. 6: (a) Laser pulse electric field E(to) in atomic units at
the respective ionization time to for the TDSE results of the
lower subfigure. (b) Normalized right-left ion emission direc-
tion asymmetry A [Eq. (D1)] in the lab frame, as obtained
from a 1D ion-only TDSE calculation of the D} dissociation
within the two-level BO approximation for different ioniza-
tion times tion. KEach column corresponds to an individual
TDSE simulation, where the nuclei is initialized in a Franck-
Condon state for this particular moment of ionization within
the laser pulse. A small tion corresponds to early ionization in
the pulse, a large tion to later ionization. The laser intensity
is 9.74 x 10*®* W /cm? for this calculation.

and thus the sum KER + FE, encodes the number of ab-
sorbed photons and thus the photoelectron’s parity. As
this energy correlation is lost in the BS regime, parity
cannot be deduced from measuring KER and E,, mean-
ing that mixed photoelectron parity is possible.

While parity mixing in the BS regime yields a non-zero
emission direction correlation, one might expect it to si-
multaneously wash out photoelectron holography. How-
ever, these two observables have different sensitivities:
emission correlation scales linearly with the product ag,
whereas the loss of holography requires the amplitudes to
be nearly balanced (Ja|? ~ |3]?). Therefore, holography
is much more sensitive to amplitude imbalances between
pathways A and B. This explains why Fig. 2(b) displays
pronounced correlation oscillations up to 3eV KER, even
though above 2.3eV, 8 exceeds o by an order of magni-
tude [Fig. 1(a)] and holography is restored. As 2po, is
expected to dominate in the BS regime, the clear visi-
bility of the holography in the PMD does not contradict
the parity mixing in the BS regime.

Appendix D: Time-domain interpretation of the
existence of which-way information

In this section, we show that the D ion emission di-
rection provides which-way information about the sign of
the tunnel exit position.

The success of the simple interference model using two
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Gaussian wavepackets to explain the loss of holography
implies that the two tunnel exit points act as the slits in
our molecular quantum eraser. Therefore, knowing the
sign of the laser’s electric field at the moment of ioniza-
tion provides which-way information about the photo-
electron’s path.

To determine if the dissociating ion retains informa-
tion about the ionization time, we perform a 1D, ion-
only TDSE calculation. We model the dissociation of D5
within the two-level Born-Oppenheimer (BO) approxi-
mation. The time propagation begins at the moment of
ionization (t;on ), which occurs near the field maximum at
28 optical cycles (o.c.) within a 56 o.c. (35fs FWHM)
pulse. The nuclei start in a Franck-Condon state on the
1so, potential curve and are propagated to the end of
the pulse. We then calculate the right-left ion emission
asymmetry

PO O ) R,
(s [R)] + [{vos 1))

of the dissociated nuclei in the lab frame as a function of
the kinetic energy release (KER). The TDSE calculations
are repeated for different values of ¢,,,. The calculated
right-left asymmetry A is shown in Fig. 6 as a function
of KER and tiopn.

As shown in Fig. 6, a strong ion emission asymmetry
emerges above 1.8eV KER, oscillating as a function of
tion at the frequency of the laser. Because ti,, dictates
the sign of the laser electric field, the ion’s emission di-
rection clearly correlates with this sign; and hence with
the sign of the tunnel exit position. Furthermore, since
the emission direction is tied to the relative phase ¢ be-
tween dissociation paths A and B, ¢ also correlates with
the laser field sign. Consequently, for KER > 1.8eV, the
dissociating ion encodes which-way information regard-
ing the left or right tunnel exit position of the photoelec-
tron.

Appendix E: KER spectra for different laser
intensities and pulse durations

As mentioned in the methods section, we performed
multiple full 3D TDSE calculations at high resolution
to determine which laser parameters (i.e. peak inten-
sity and pulse duration) have to be chosen for the TDSE
model to best reproduce the experimental data. The nor-
malized KER spectra obtained from these calculations
are plotted in Fig. 7 separately for dissociation on the
Iso, state (left panel) and for dissociation on the 2po,
state (right panel). Subfigure (a) shows calculations for
three different laser intensities at the same pulse dura-
tion, whereas subfigure (b) shows two calculations with
different laser pulse durations but for the same intensity.

Figure 7 shows that increasing the laser intensity en-
hances the relative contribution of dissociation on the
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FIG. 7: Kinetic energy release (KER) spectra of the 1sog
(left) and the 2po, state (right) for different TDSE calcu-
lations. The KER spectra are normalized to the maximum
of the KER spectrum of the 2po, state for each TDSE cal-
culation to be comparable to the experimental KER spec-
trum. Without normalization, the overal energy prob. den-
sity increases significantly with laser intensity and marginally
with laser pulse duration. For comparison, the normal-
ized KER spectrum of the experiment presented in Fig. 3
(9 x 10'® W /cm? laser intensity and 35 fs pulse duration) is
shown as a dashed black line. As indicated in the figure leg-
end, calculated data for (a) different laser intensities and (b)
different pulse durations (FWHM) are shown.

1so, state and shifts it toward lower KER values. At
the same time, the BS peak associated with dissociation
on the 2po, state broadens asymmetrically towards 0,
while its maximum position remains largely unchanged.
In contrast, increasing the pulse duration shifts the BS
peak toward lower KER values, whereas the 1so, con-
tribution moves only slightly toward higher KER and
increases only marginally in relative strength.

We selected the calculations for an intensity of 7.7 x
10 W/cm? and a pulse duration of 52.5fs to be com-
pared to the experiment in the main part of the pa-
per, since these TDSE calculations fit best to the ex-
perimental data, especially around a KER of 2eV where
the holographic interference is lost in the experimental
PMD shown in Fig. 3. Due to experimental uncertainty
in the knowledge of laser intensity and pulse duration
and the absence of focal volume averaging in the TDSE,
it is expected that the best agreement between TDSE and
experiment might be for laser parameters in the TDSE
which differ from the experimental ones.
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FIG. 8: Emission correlation parameter C as a function of
KER for (a) experiment and (b,c) TDSE. For the experiment,
C is calculated using Eq. 3. The correlation C' is calculated
for the TDSE by filtering the wavefunction to correlated and
anti-correlated emission directions and integrating the prob-
ability density (i.e. absolute squared of the wavefunction)
over the 2D photoelectron momentum. As indicated in the
figure legend, data for (a,b) different laser intensities (but
same pulse duration of 35 fs) and (c) different pulse durations
(FWHM) are shown. A moving average filter (width = three
bins &~ 0.104€V) is used to reduce noise in the experimen-
tal data. For comparability, the TDSE uses the same moving
average filter. The shaded area indicates the propagated stan-
dard deviation (o¢), assuming Poissonian counting statistics
(on = V/N for N coincidence events).

Appendix F: Emission correlation for all measured
and calculated laser intensities

Figure 8 expands on the main text by presenting the
(a) measured and (b,c) calculated emission correlation
parameter C, for different laser intensities and pulse du-
rations. This extended dataset clearly demonstrates two
intensity-dependent trends in C: an increase in the am-
plitude of the KER-dependent oscillations, and a dis-
tinct phase shift. The larger oscillation amplitude re-



flects a change in the relative contributions of path A
and B at higher intensities, while the phase shift is at-
tributed to the laser-induced Stark shift distorting the
potential-energy curves. Moreover, the calculations pre-
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sented in Fig. 8(c) indicate that the phase shift of the
KER-dependent oscillations in C' also depends on the
laser pulse duration.
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