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Double-Slit Interference in the Ion Dynamics of Dissociative Photoionization
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The ion momentum distribution in the x-ray-induced dissociative photoionization of molecules is

investigated, treating the ionization analytically under the Born-Oppenheimer approximation and

simulating numerically the ion motion via the Schrodinger equation. The ion-photoelectron entanglement

transfers information of the electronic interference to the ion dynamics. As a consequence, the ion

momentum distributions of dissociative molecular photoionization present Young’s double-slit interference

when the photoelectron emission angle is fixed. We demonstrate that double-slit interference signatures

persist in the ion longitudinal momentum shift even when the information of the correlated photoelectron is

lost, which is the case for heteronuclear molecules when an additional photoelectron recoil momentum

arises due to the different ion masses. For the case of sequential double ionization, we show that double-slit

interference in the ion dynamics can be utilized for coherent control of the molecular dynamics.

DOI: 10.1103/PhysRevLett.131.013201

The ionization of an atom or a molecule naturally
generates entanglement between the photoelectron and
its parent ion [1-3]. The interaction of strong laser fields
with molecules enables the creation and manipulation of
entangled states in the femtosecond timescale [4,5]. For
single ionization, the constraint of energy-momentum
conservation allows one to derive the kinetic information
of the ion once the photoelectron information is known [6].
In reversal, the photoelectron momentum distribution can
also be reconstructed from the ion’s momentum [7]. More
nontrivial entangled quantum dynamics can be observed in
systems beyond two-body interaction. Single-photon dou-
ble ionization is an example with clearly correlated ioniza-
tion signals [8—12]. In the case of strong-field ionization,
the correlation between photoelectrons and ions can lead to
ultrafast thermalization in nonsequential double ionization
[13-15]. The dissociative ionization of molecules [16—19]
is another typical example of correlated phenomena, where
photoionization is followed by molecule dissociation. It has
been shown using pump-probe experiments that the
entangled photoelectron could restrict the coherence of
the ion dynamics [20-22]. By analyzing the joint energy
spectrum, the nuclei motion and different paths of the
molecule dissociation could be resolved [23-28].

The emission of the photoelectron in molecular ioniza-
tion is accompanied by a recoil momentum to its parent ion,
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which can excite molecules to vibrational and rotational
states [29,30]. As the inner shell electron is ionized pre-
ferably when the incident photon has high energy, the recoil
momentum mostly focuses on the emitter atom [31]. The
nondipole effect (also called radiation pressure effect),
which originates from the linear momentum of the absorbed
photon, also plays a role in the subsequent dissociative
dynamics by inducing an additional rotation of the ion
momentum distribution [32,33]. In photoelectron dynamics
of diatomic molecules, wave packets released from the two
atomic sites can interfere with each other, causing double-
slit interference in both single-photon [7-10,34-45] and
strong-field ionization [46—49]. This two-center interference
is also called Cohen-Fano interference [34]. Electron-ion
entanglement [50], as demonstrated by [47], allows for the
disentanglement of gerade and ungerade types of interfer-
ence. The entanglement and double-slit interferences persist
even at large internuclear distances [51-53]. The combina-
tion of molecular double-slit interference and the nondipole
effect has interesting applications. By studying the nondi-
pole shift of the photoelectron interference fringe, the
photon traveling time through the molecular bond length
has been identified [49,54-57]. For the ion dynamics,
however, the effects of double-slit interference remain little
explored [50,58]. Intuitively, one expects that when the
entangled photoelectron emission angle is fixed, the elec-
tronic double-slit interference is recognizable in the ion
momentum distribution. However, it is unclear whether
observing double-slit interference in the ion dynamics is
possible without coincidently measuring the correlated
photoelectron.

In this Letter, we theoretically investigate the three-body
dynamics of the photoelectron and nuclei in the dissocia-
tive photoionization of diatomic molecules initiated by the
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x-ray photon absorption. We explore the possibility of
observing double-slit interference in ion dynamics, with
and without correlated electron information. The differ-
ential joint momentum spectrum is calculated, demonstrat-
ing Young’s interference in the relative ion momentum
distribution at a fixed photoelectron emission direction. The
interference is transferred from the photoelectron to ion
momentum due to entanglement. In the ionization of
heteronuclear molecules, a nondipole recoil momentum
arises due to the different ion masses. Quantifying the
nondipole effect via the average of the relative nuclear
momentum along the photon propagation direction, we
demonstrate that double-slit interference signatures survive
in the relative nuclear momentum even after the integration
over the photoelectron energy and the emission angle. The
essential element here is the additional nondipole recoil,
which is nonvanishing only for heteronuclear molecules.
Using double ionization as an example, we show that
double-slit interference due to the photoelectron-ion entan-
glement can be utilized in the coherent control of molecule
dynamics by restricting to specific photoelectron emission
angles.

We investigate the interaction between a diatomic mol-
ecule in its ground state and a photon propagating along the
z axis. The significant difference in mass between electrons
and nuclei justifies the use of the Born-Oppenheimer
approximation (BOA), which neglects higher-order correc-
tions that are of the order O{(m,/u)[(M, — M,)/ (M, +
M;)]} [59,60]. We use perturbation theory to calculate the
ionization amplitude of the molecule and numerically
propagate the resulting motion of the ions using the
Schrodinger equation. At the end of the propagation, the
wave function is projected onto the asymptotic momentum
state. Calculations of the joint transition amplitude of the
photoelectron and ion yield 6 functions that highlight the
conservation of total momentum and energy

y:ke+PC7 (1)
P> P2 k2
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which constrain the degrees of freedom of the inherently
three-body dynamic process. Here, W, is the molecule
ground-state energy, @ the photon energy, ¢, the potential
energy of the dissociated molecules, P the relative momen-
tum of the two nuclei (the direction points from nuclei 2 to
nuclei 1), M = M; + M, the nuclei total mass, m, the
electron mass, u = [M M, /(M + M,)] the reduced nuclei
mass, and M and M, are the masses of the two nuclei. The
transition amplitude is [61]

M(P.K,) = / R7p(R)7(R)T(k,R).  (3)

where y;(R) is the initial state of the nuclei, yp(R) the final
nuclei state with an asymptotic relative momentum P, and
the ionization amplitude 7'(k,; R) is given by

T(k,;R) = /dx exp(—ik, - x)mike -e.d.(x;R), (4)
e

where k, =k, — k, is the light-front momentum
[33,62,63] and ¢,(x;R) the electronic wave function of
the molecule at the relative displacement of the nuclei R.
The nuclei displacement R plays a crucial role in electron
and ion dynamics, as described by Egs. (3) and (4). It results
in electron-ion correlation and imprints the ionization
information on the ion dynamics.

We first consider dissociative photoionization when the
molecule has only one electron, i.e., H;“ and HD™". The
ground state of the ion has an isotropic distribution.
However, the emission of the photoelectron from the
two nuclei has an equal probability, which results in
two-path interference and yields the anisotropic ionization
amplitude

T (k,;R) o cos (%R : l~(8> exp (iR - P1)),  (5)

where the recoil momentum P(), providing the initial
nuclei momentum for the dissociation, is given by

P =—_— __“°k,.
DM, +M, ¢

(6)
The structure of the ionization amplitude of Eq. (5) exhibits
both double-slit interference and photoelectron recoil
effects. The recoil momentum P(") vanishes for Hj due
to the identical nuclei masses.

InFig. 1(a), we plot the joint energy spectrum (JES) of the
photoelectron and the nuclei for the dissociative ionization
of Hy . The strip in the JES reflects energy conservation

[Eq. (2)]. The peak of the photoelectron spectra is at Eﬁ:") =

o —1,(R,,) [Fig. 1(e)], where I,(R,,) is the ionization
energy when the nuclei displacement is |R,,| =2 a.u.,
corresponding to the peak of the ground-state nuclei dis-
tribution [y;(R)|>. After ionization, the remaining ions
experience Coulomb explosion resulting ina 1/|R,,| kinetic
energy release (KER) [Fig. 1(f)].

Because of electron-ion entanglement, double-slit inter-
ference is observed in the ions’ relative momentum dis-
tribution |M (P, k,)|> of Hy and HD* when the correlated
photoelectron emission angle is fixed. Similar to the
photoelectron, the angular oscillation shown in Fig. 1(b)
arises from the double-slit interference factor cos (% R -k,)
in Eq. (5). For H,, the dissociative ionization amplitude
[61,64] is

1 _
T (k,;R)  sin <§R . ke> exp (iR -PU")),  (7)
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FIG. 1. Dissociative photoionization of diatomic molecules:
(a) JES of the photoelectron and the nuclei of Hj; panels
(e) and (f) are obtained by integrating over the KER and the
photoelectron energy, respectively; the ion momentum distri-
bution of (b) Hy, (¢) Hy, and (d) HD™ when the correlated
photoelectron emitting direction is 6, =z/2 and ¢, =0
[k, = k,(sin@, cos ¢,, sin b, sin p,, cos 0,)]. The white dashed
line indicates R | that is perpendicular to k,. The photon energy
has an energy of @ = 20 a.u. and is linearly polarized along the
X axis.

which results in an ion angular distribution proportional to
sin? (R, - k,) [Fig. 1(c)]. Note that the white dashed line in

the figure represents R |, which is perpendicular to k, and
serves as an axis of symmetry for H; and Hj,. In the case of
HD™, however, a nonzero recoil momentum P() induces
asymmetry with respect to R, [Fig. 1(d)]. The recoil
momentum arises from the mass difference between the
two nuclei. If the photoelectron is emitted from nucleus 1,
the recoil momentum —k, is focused on nucleus 1, resulting
in a relative momentum shift of —(u/ M, )k,. Similarly, if the
photoelectron is emitted from nucleus 2, the recoil momen-
tum —k, is focused on nucleus 2, resulting in a relative
momentum shift of (u/M,)k,. For isotopes, since the
photoelectron has an equal probability of being released
from either nucleus site, the averaged relative momentum
shiftis given by% (M, —M,)/ (M, + Mz)]f(e, which agrees
with the recoil momentum P(").

The nondipole photoelectron recoil effect is more ap-
parent in the average of the relative longitudinal momen-
tum. Figure 2 shows the results for HD* (the results for HD
are similar [61]). The origin of the nonvanishing (P.) is the
recoil momentum P("), therefore, (P.) vanishes for homo-
nuclear molecules, see Eq. (6). In Figs. 2(a) and 2(b),
photoelectrons with different kinetic energies are ionized
from different internuclear distances R. Consequently,
(P.) exhibits oscillations stemming from the double-slit
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FIG. 2. The average of the relative longitudinal momentum of
nuclei (P,) of HD™: (a) vs the photoelectron kinetic energy at
6, = z/2; (b) vs the photoelectron kinetic energy at 0, = z/4;
(c) vs the photoelectron emission angle. (d) The normalized
dissociation yield integrated over the photoelectron energy. The
black line utilizes the full form of 79 (k,; R), the blue dashed
line does not include the double-slit interference effect, and the
red dotted-dashed line is the case with dipole approximation. The
black solid and the blue dashed line overlap in panels (c) and (d).
The inset shows an enlargement around 6, = z/2. The photon

energy has an energy of w = 20 a.u. and is linearly polarized
along the x axis.

interference term in Eq. (5). After integrating out the
photoelectron energy, the longitudinal momentum shift
persists due to the nonvanishing recoil momentum, depend-
ing on the photoelectron emission angle 6,:

1
(PO =g lkeeost—ofe).  (®

with the loss of the double-slit interference signal
[Fig. 2(c)]. Since <P§9”)) is primarily determined by the
recoil momentum, it does not vanish even in the dipole
theory (when neglecting the photon momentum) and is
antisymmetric with respect to 6, = z/2. The nondipole
effect has two competing roles here. First, it increases
<P§6”)> by approximately } (w/c), in contrast to the total
nuclei momentum shift which is approximately —% (w/c)
[65]. Second, it reduces the most probable photoelectron
emission angle to 6, < (z/2) [Fig. 2(d)], leading to a
negative contribution to the longitudinal momentum shift
of the nuclei according to Fig. 2(c). As we will show below,
this negative contribution dominates, causing the overall
longitudinal ion momentum to be negative after integrating
over all possible photoelectron emission angles.

We have shown double-slit interference in ion dynamics
when the correlated photoelectron emission angle is well
under control, requiring coincidence measurement experi-
ments. The double-slit interference signature survives even
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FIG. 3. The average relative longitudinal nuclei momentum
(P.) as a function of the most probable photoelectron kinetic
energy Es(":) =w—1,(R,,) for HD* (black solid), HD (blue
dashed), and HD" with the employed dipole approximation (red
dotted-dashed).

if the information of the correlated electron is lost, which
corresponds to integrating out the photoelectron’s degree of
freedom. As shown in Fig. 3, the average relative longi-
tudinal nuclei momentum features double-slit oscillations
with increasing incident photon energies. In the transverse
plane, we have (P,) = (P,) =0, while the absorbed
photon momentum causes a nonvanishing (P.). The nega-
tive value of (P_) indicates that the heavier nucleus tends to
be ejected in the forward direction relative to the lighter
one. The nuclei momentum shift can be estimated via

~ Ml _MZ Ekg 3 keRm jl (keRm)

P)x——+= —+ , (9
< Z> M1+M2 C 10 10 lijo(keRm) ( )

where the plus sign is for HD, the minus sign for HD, and
J,(x) is the spherical Bessel function of the first kind.
Inheriting properties of the photoelectron momentum shift
of the diatomic molecules [66], the nuclei momentum shift
of Eq. (9) is also the sum of the atomic and double-slit
interference contributions. The scaling of (P_) vs the most
probable photoelectron kinetic energy presented in Fig. 3
encodes valuable information on the molecular structure:
the mass ratio of the two nuclei and the bond length of the
molecule can be extracted from the overall slope and the
oscillation of the curve.

Double-slit interference due to the photoelectron-ion
entanglement can be employed in coherent control of
molecular dynamics. For example, consider sequential
double ionization of the HD molecule induced by pump
and probe pulses. After the emission of the first electron
triggered by the pump pulse, the remaining HD™ is in a
superposition of 1sc, and 2po, states which is further
ionized by the delayed probe pulse resulting in the Coulomb
explosion. The ionization amplitudes of both photoelectrons
can affect the ion dynamics [61]. As a consequence of
double-slit interference, the ion distribution is proporti-
onal to cos’(1R - k, )cos?(AR - k,,) for the 150, pathway

lon Yileds

0
4, (@)

FIG. 4. (Top row) The ion angular distributions of double
ionization of HD vs the photoelectron emission azimuthal angle
¢., when the azimuthal angle of the other photoelectron is fixed
to be ¢, = 0 and the time delay between the pump and probe
pulses is 7; = 1000 a.u.: (a) the lso, pathway, (b) the 2pgo,
pathway, and (c) their coherent sum. (bottom row) The disso-
ciation yield vs ¢,, (¢., = 0) when the time delay is 7, = 1000
(black solid line), 2000 (blue dashed line), and 3000 a.u. (red
dotted-dashed line). Both pump and probe pulses have the same
optical frequencies of @ = 20 a.u. and are circularly polarized
in the x-y plane. The photoelectrons have energies Ekel =
19.35 a.u. and EkP2 = 18.75 a.u., corresponding to the cases
when the intermediate HD" is in the lso, and 2po, states,
respectively; ¢,, is the ion azimuthal angle.
[Fig. 4(a)] and sin*({R -k, )sin* (AR - k,,) for the 2po,
pathway [Fig. 4(b)], where k. and k,, are the momenta of
the two photoelectrons. By choosing specific emission
angles of the two photoelectrons, the ion distributions
contributed by the two pathways could have either negli-
gible or significant overlap [Fig. 4(c)]. When the overlap is
negligible, the pathway information can be resolved via the
emission angles of the entangled ion and photoelectrons.
When the overlap is significant, the pathway information is
lost, such that the interference is significant. Note that the
overlap depends essentially on double-slit interference.
For the intermediate HD, the populated 2po,, states are
unstable and dissociate directly. Thus, Fig. 4(b) is nearly
independent of the pulse time delay 7,. The populated 150,
states could vibrate and rotate, resulting in the time delay
dependence of Fig. 4(a). Accordingly, the dissociation yield
will depend on 7, as well as the photoelectron emission
angle via double-slit interference [Fig. 4(d)]. As a conse-
quence of two-pathway interference, the ion yield is
maximum when the momenta of the two photoelectrons
are parallel. The recoil momentum P() could induce the
rotation of the intermediate HD™, with a rotational period
~(u|R,,|/|P")]), resulting in the change of the photo-
electron emission angle dependence of the ion yield [61].
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Because of the rotation, ¢,, = 0.7z develops to a local
maximum point of the ion yield when 7; = 3000 a.u..
Modifications of the populated vibrational and rotational
states due to double-slit interference can be monitored by
scanning the ion yields as a function of ¢, similar to
Refs. [21,22].

So far, we have restricted our attention to double-slit
interference in ion dynamics for few-photon ionization. It is
worth considering if a similar effect exists in strong-field
dissociative ionization. In diatomic molecules, uphill core
tunneling ionization is preferred [67,68]. Therefore, dou-
ble-slit interference is absent, and the uphill core acquires
most of the recoil momentum. Thus, corrections to the axial
recoil approximation [17,32,69-71], which assumes the
molecular axis to be along the emission direction of the
nuclei at the instant of ionization, will depend on the
correlated photoelectron. For rare gas dimers, the photo-
electron momentum distribution in strong-field ionization
can present double-slit interference [46,47,49]. Therefore,
due to the electron-ion entanglement, the ion momentum
distribution will also present double-slit interference when
the correlated photoelectron emission angle is fixed, and
the coherent control scheme discussed above applies.

In conclusion, we have demonstrated that double-slit
interference can occur in the ion momentum distribution
through the photoelectron-ion entanglement when the
correlated photoelectron emission angle is well under
control. Because of the photoelectron recoil and the ion
mass difference, the longitudinal momentum shift of ions in
heteronuclear molecules can be either positive or negative,
depending on the photoelectron emission angle. Moreover,
even when the correlated electron information is lost, the
double-slit interference signature of heteronuclear mole-
cules persists in the average longitudinal momentum shift.
The interference due to the photoelectron-ion entanglement
could serve as additional leverage for coherent control of
molecular dynamics in dissociative photoionization. These
findings can be generalized to the case of strong-field
dissociative ionization.
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