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Pump and ionizing-probe dynamics in a simultaneous treatment of electronic
and nuclear motion in LiH
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The dissociative single ionization of the LiH molecule using a two-color UV-UV pump-probe scheme is
simulated in ab initio calculations demonstrating how the dynamics initiated on intermediate Rydberg states
of diatomic molecules can be imaged by such experiments. The theoretical treatment combines nuclear motion
with highly correlated descriptions of electronic continua and bound electronic states. Nuclear dynamics on
Rydberg states are only weakly reflected by changes in photoelectron energies ejected by time-delayed ionizing
pulses if the Rydberg potential curves parallel those of the ion states being produced. However, coincidence
measurements guided by knowledge of the photoionization amplitudes as a function of internuclear distance can
still reveal intermediate-state dynamics in pump-probe experiments.
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I. INTRODUCTION

Pump-probe spectroscopy, with attosecond or femtosecond
pulses, has evolved into a powerful tool to study and control
nuclear and electronic dynamics in molecules. The descrip-
tion of such experiments poses a challenge to theoretical
methods, in particular when one or both pulses can ionize
the molecule. Molecular photoionization is sensitive to the
effects of electron correlation not only in the initial and final
bound electronic states but also in the ionization process itself.
Electron correlation in the initial and ionic states changes
with molecular geometry, and so does the coupling between
ionization channels that leads to different ionic states that can
energetically open or close with the motion of the nuclei.

Although different methods have been developed over the
years that are capable of treating both electron correlation
and interchannel coupling [1–14], fewer methodologies exist
that simultaneously include nuclear dynamics. Fully corre-
lated theoretical treatments of photoionization including the
nuclear degrees of freedom have been mainly applied to the
H2 molecule [15–21]. There are a number of studies including
nuclear dynamics in larger systems; however, the treatment
of the continuum in them was largely uncorrelated [22–27].
In this context, we recently developed a method allowing
fully correlated calculations including the nuclear degrees of
freedom in diatomic molecules, beyond H2.

In this approach, we make use of the multichannel
Schwinger variational method [1,6–9,28] to describe the elec-
tronic continua, while standard quantum chemistry methods
are used to extract potential-energy curves and dipole cou-
plings between neutral states of the molecule. Then, the
time-dependent wave function is expanded in a complete set
of Born-Oppenheimer product basis functions of electronic
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and nuclear vibrational states. The Schwinger variational
method we apply here is based on a numerical representa-
tion of the scattering states, using a close-coupling expansion
between ionic states that are described by highly correlated
multireference configuration-interaction wave functions.

We recently applied this methodology [29] to investigate
how a correlated treatment of the ionization problem de-
scribes the dynamics of the LiH molecule in pump and probe
processes that populate and then dissociatively ionize the in-
termediate A 1�+ first excited state of the molecule, as shown
in Fig. 1(d). Levine, Remacle, and coworkers pioneered stud-
ies of coupled electronic and nuclear dynamics in this system
[30–34] focusing on nonadiabatic coupling between bound
states of LiH that can be excited by an optical pulse. Those
studies raised the question on which we focus here, namely,
how those dynamics are revealed in the time-resolved photo-
electron angular distributions and energy spectra.

Our earlier study [29] found that, indeed, the changing
character, from covalent to ionic, of the A 1�+ state is visi-
ble in the photoelectron energies and angular distributions as
well as in the kinetic energies of the dissociating Li+ and H
fragments. However, in the case of the A 1�+ state the nuclear
dynamics on the intermediate state and the changing charac-
ter of the electronic state are probed differently at different
geometries by the probe pulse because the photoionization
amplitudes change rapidly with internuclear distance.

In short, the ionizing probe pulse does provide a picture
of the intermediate-state dynamics, but through the “lens” of
the photoionization process that changes with geometry due
largely to changes in electron correlation. The knowledge of
the geometry dependence of the action of the ionizing probe
pulse allows full interpretation of that picture.

In this study, we apply the same theoretical approach to the
description of the resonant two-color pump-probe ionization
through 1� Rydberg excited states of the LiH molecule. In
contrast to the A 1�+ state, these Rydberg states present rel-
atively shallow wells [35–39], as seen in Fig. 1, containing
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FIG. 1. Potential-energy curves for the four lowest 1� states of LiH and the X 1�+ ground state. (a)–(c) The three paths to the ionization
continuum are shown schematically for 5-fs pulses at 266 and 200 nm (bandwidth FWHM ≈1.24 eV). In these three panels the appropriate
time delay �t is indicated. (d) Potential curves for the ground state and three lowest 1�+ excited states of LiH.

only a few bound vibrational states. Thus, resonant excita-
tion occurs mainly through vibrational dissociative states. The
higher photon energies required to pump these states open
up multiple excitation and ionization pathways, leading to
the same final states of the dissociating fragments. In this
case the correlated treatment of photoionization reveals a
simpler dependence of the probe on geometry. That simpler
dependence allows an analysis of the angular and energy
distribution of the photoproducts to unravel the multiple ex-
citation and ionization paths leading to the same final states.
However, for the Rydberg intermediate states we study here, it
is the coincidence measurement of the photoelectron and the
kinetic-energy release of the dissociating Li+ and H fragments
that provide the key to observing the dynamics on the states
populated by the pump and probe pulses.

The outline of this paper is as follows. In Sec. II we
briefly describe the theoretical framework, focusing on the
Born-Oppenheimer expansion of the full wave function, in-
cluding both ionization and dissociation continua, and also
provide some computational details. In Sec. III we discuss the
different pump-probe ionization pathways and the signatures
they leave as a function of delay in the photoelectron energies
and nuclear kinetic-energy release. In Sec. IV we summarize
our findings and the possible applications of this methodology
to more complex systems.

II. THEORETICAL FRAMEWORK

A. Born-Oppenheimer expansion of the wave function for
nuclear and electronic dynamics

Our theoretical approach was described in detail earlier
[29], so here we provide only a brief description of the main
ideas. Atomic units are used throughout the following unless
otherwise stated. We solve the time-dependent Schrödinger
equation:

[
H(r, R, t ) − i

∂

∂t

]
�(r, R, t ) = 0, (1)

where r represents all the spin and position coordinates of the
electrons, R denotes the internuclear distance, and H(r, R, t )
is the complete Hamiltonian operator. The operator H(r, R, t )
can be formally written as

H(r, R, t ) = H0(r, R) + V (r, t ), (2)

where H0(r, R) is the field-free Hamiltonian and V (r, t ) is the
laser-molecule interaction, here used in its velocity form. The
field-free Hamiltonian H0(r, R) can be partitioned as the sum
of the Born-Oppenheimer electronic Hamiltonian H0(r; R)
and the nuclear kinetic-energy operator,

H0(r, R) = T̂N + H0(r; R). (3)

The time-dependent wave function in Eq. (1) is expanded
in a basis set of fully correlated adiabatic states similar to
those of Refs. [15–19], with the explicit inclusion of the
ionization continuum states [29]

�(r, R, t ) =
∑

b

∫∑
vb

Cbvb (t )ψb(r; R)χvb (R)e−iEbvb t

+
∑
αlαmα

∫
dεα

∫∑
vα

Clαmαεα

αvα
(t )

× ψ
εα (−)
αlαmα

(r; R)χvα
(R)e−i(Eαvα +εα )t . (4)

In Eq. (4) ψb(r; R) are the bound states of the neutral
molecule, and ψ

εα (−)
αlαmα

(r; R) are the electron-ion scattering
states that are the final continuum states of the photoionization
process, labeled by asymptotic photoelectron energy and an-
gular momentum (εα, lα , and mα) because they depend on the
energy and direction of the photoelectron in each ionization
channel. All the electronic states in Eq. (4) are defined as the
eigenfunctions of the Born-Oppenheimer electronic Hamilto-
nian:

H0(r; R)ψb(r; R) = Eb(R)ψb(r; R),

H0(r; R)ψεα (−)
αlαmα

(r; R) = (Eα (R) + εα )ψεα (−)
αlαmα

(r; R). (5)
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The electronic continuum states are, in turn, represented in a
close-coupling expansion using the multichannel Schwinger
variational method [1,6–9,28] and labeled additionally by the
channel α,

ψ
εα (−)
αlαmα

(r; R) =
∑
βlβ mβ

A�β (r′; R)φαlαmα (−)
βlβ mβ

(rN ; R). (6)

In the close-coupling expansion �β (r′; R) denotes the eigen-
states of the ion labeled by the index β, r′ represents the
N − 1 electronic space and spin coordinates, A is the anti-
symmetrizer, and rN denotes the space and spin coordinates
of the electrons in the N-electron system, with the scattering
functions φ

αlαmα (−)
βlβ mβ

(rN ; R) satisfying Coulomb boundary con-
ditions.

The Born-Oppenheimer vibrational states, bound or dis-
sociative, χvb (R) or χvα

(R) in Eq. (4), defined on each of
the potential-energy curves of the neutral and ionic electronic
states of the molecule, satisfy

[T̂N + Ex(R)]χvx (R) = Exvx χvx (R), (7)

where x denotes either the neutral electronically bound states
b or the electronically bound states α of the ion and the
potential-energy curves (PECs) Ex(R) are the energies of the
Born-Oppenheimer states appearing in Eq. (5). While cal-
culating the dissociative states is, in general, a multichannel
problem, where all PECs have to be included in the close-
coupling expansion, we note that in the model used here we
have included no nonadiabatic coupling between the states
because there are no avoided crossings, and thus, such cou-
plings are expected to be very weak. Thus, the problem can
be reduced to calculating the dissociative states of each PEC
individually.

The resulting representation of the time-dependent
Schrödinger equation as a large set of coupled equations was
described in Ref. [29]. The large number of those coupled
equations arises from the quadratures of the nuclear dis-
sociative continuum of every bound state included in the
calculation and, most importantly, of the combined photoelec-
tron continuum and dissociative vibrational continuum of the
ion states in the double integral in Eq. (4).

B. Computational details

The PECs and dipole couplings between neutral states
relevant to this study were computed using the multirefer-
ence configuration-interaction (MRCI) capability of MOLPRO

[40,41], with single and double excitations from an active
space including eight σ and four π orbitals. These orbitals
were optimized using a state-averaged complete-active-space
(CAS) self-consistent-field calculation, with four 1�+ and
four 1� states included in the state average. The one-electron
basis set was an augmented correlation-consistent polar-
ized valence triple zeta (aug-cc-pVTZ) basis set augmented
by four s, four p, and four d Rydberg diffuse functions
[42] centered on the Li atom. MOLPRO performs contracted
MRCI calculations, and these employed 200 608 contracted
configuration-state functions (CSFs) in 1�+ symmetry and
285 076 contracted CSFs in 1� symmetry. The resulting PECs
are shown in Fig. 1 and present excellent agreement with
earlier calculations [35–39].

The PECs discussed above were used in B-spline calcula-
tions of the bound and discretized continuum (dissociative)
vibrational wave functions χvx , which were restricted to zero
rotational angular momentum. The vibrational wave functions
were expanded in a basis set of nb = 300 B splines of order
k = 8 in a finite region (here R = 0 to 15 a.u.).

The integral
∫

dεα in Eq. (4) was performed in an energy-
grid quadrature consisting of 45 points evenly spaced in
momentum k (ε = k2/2) with spacing �k = π/240. The
scattering states ψ

εα (−)
αlαmα

(r; R) were calculated at each internu-
clear distance using a multichannel configuration-interaction
(MCCI) method [7–9,29,43]. The MCCI N-electron wave
function for a given electron energy was represented in a
single-center expanded grid, with a partial wave expansion
up to lmax = 40. A CAS configuration-interaction calculation
was used to compute the ion target states that define the
channels of the close-coupling calculation. The lowest five ion
states were included in the close-coupling expansion: 1 2�+
(energetically open, appearing in Fig. 1) at 7.99 eV, 2 2�+ at
19.94 eV, 1 2� (both components) at 20.78 eV, and 3 2�+ at
23.71 eV closed channels. The 2�+ states have 424 CSFs, and
the 2� states have 340 CSFs. Further increasing the number of
channels in the close-coupling expansion did not significantly
change the results.

III. RESULTS OF PUMP AND IONIZING
PROBE CALCULATIONS

A. Photoelectron energies and dissociation energies

We consider a two-pulse scheme consisting of a 200-
nm (h̄ω = 6.20 eV) pulse in combination with a 266-nm
(h̄ω = 4.66 eV) pulse, both of intensity I = 1012 W cm−2

and temporal duration T = 5 fs with a sin2(πt/T ) envelope.
Depending on the order of the pulses either can serve as a
pump or ionizing probe. Both pulses are linearly polarized,
and their corresponding polarization vectors are chosen to be
perpendicular to the molecular axis. The time delay between
the pulses �t has been defined as the difference between
the times at which they reach the maximum amplitude. Neg-
ative time delays imply that the 266-nm pulse arrives before
the 200-nm one. The central energy of the pulses is such that
a two-photon absorption, from either pulse or one from each,
is needed in order to ionize the molecule. Due to dipole selec-
tion rules, one absorbed photon from the X 1�+ ground state
leads to states of 1� symmetry, while two absorbed photons
lead to states of 1�+ and 1� final symmetries. One-photon
absorption from the 266-nm pulse leads mainly to excitation
of the 2pπ state centered at a photon energy of 4.5 eV, while
one-photon absorption from the 200-nm pulse leads mainly
to excitation of the 3pπ and 3dπ states centered at 6.39 eV.
These peak absorptions are due to the pulses’ bandwidths
in combination with the Franck-Condon factors between the
ground and excited states.

Figure 2(a) shows the electron-kinetic-energy (EKE) spec-
trum obtained in these calculations as a function of the
pump-probe delay integrated over the nuclear kinetic-energy
release of the ionic dissociation continuum and summed over
the few bound vibrational states of LiH+. The spectrum ex-
hibits three distinct features as a function of the delay, each
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FIG. 2. Ionization probability distributions as a function of the
time delay of the 5-fs 266-nm pulse relative to the 5-fs 200-nm
pulse. Negative time delays mean that the 266-nm pulse arrives first.
(a) Probability distribution of electron kinetic energy, integrated over
nuclear kinetic-energy release (KER) in the dissociation of Li++H
and summed over bound vibrational states of LiH+. (b) Probability
distribution of KER integrated over photoelectron kinetic energy.

representing a different ionization path. The first feature, cen-
tered at 1.2 eV in Fig. 2(a) and appearing at all time delays,
results from 266-nm one-color, two-photon resonant ioniza-
tion through the B1�(2pπ ) excited state. Taking into account
the potential for dissociative ionization (= 7.79 eV), energy
conservation leads, indeed, to an electron-kinetic-energy spec-
trum centered around 4.5 eV + 4.5 eV − 7.79 eV = 1.21 eV.
That pathway to ionization is denoted “Path 1” in Fig. 2(a)
and is depicted in Fig. 1(a). The second pathway to ioniza-
tion, centered at an EKE of 2.7 eV and appearing only at
negative delays, results from two-color, two-photon resonant
ionization through the B1�(2pπ ) excited state involving one
266-nm photon and a second 200-nm photon. Energy conser-
vation leads, indeed, to an electron-kinetic-energy spectrum
centered around 4.5 eV + 6.2 eV − 7.79 eV = 2.91 eV. That
process is labeled “Path 2” in Fig. 2(a) and is depicted in
Fig. 1(b). At these negative delays the 266-nm pulse cre-
ates a wave packet in the B1�(2pπ ) excited state which
is then ionized after some delay by the 200-nm pulse. A
third and weaker feature in Fig. 2(a) is centered at an EKE

of 3.2 eV and appears at large positive delays. As in the
previous case, this feature results from a two-color resonant
ionization, but this time through the 3pπ , 3dπ , and (to a
lesser extent) 4pπ 1� Rydberg states. Energy conservation
leads, indeed, to an electron-kinetic-energy spectrum centered
around 4.66 eV + 6.39 eV − 7.79 eV = 3.26 eV. At these de-
lays the 200-nm pulse creates a wave packet in these Rydberg
states which is then, after some delay, ionized by the 266-nm
pulse, and this pathway to dissociative ionization is labeled
“Path 3” in Fig. 2(a) and is depicted in Fig. 1(c). The 5-fs sin2

pulses used in these simulations have an energy bandwidth
with full width at half maximum (FWHM) of about 1.24 eV,
and the relative intensities of these ionization pathways of
course depend on the pulse duration.

The lower intensity of the third feature compared to the
first and second ones is a direct consequence of small dipole
couplings connecting the ground state of the molecule with
those Rydberg states. The magnitude of these dipole couplings
decreases higher in the Rydberg series, scaling as (n − δ)−3/2,
where n and δ are the principal quantum number and the
quantum defect of the Rydberg states, respectively [38].

The third feature in Fig. 2(a) also becomes noticeably more
intense with longer delays. That behavior is a consequence of
the fact that the dissociative nuclear dynamics on the higher
Rydberg states is being observed through the photoionization
of the moving wave packet, and the photoionization process,
the lens through which we view the dynamics, itself depends
on geometry. For short delays the dissociating wave packet
on the 3pπ state in particular is in a local minimum in the
photoionization cross section, and only for longer delays does
it reach regions where it is more effectively probed by the
266-nm pulse. The origin of this effect can be observed in
Fig. 3, where the dependence of the relevant photoionization
cross sections on internuclear distance is shown. The total
photoionization cross section is depicted for one-photon ab-
sorption from the 2pπ , 3pπ , 3dπ , and 4pπ excited states,
leading to the ionization continuum of 1�+ (top three panels)
and 1� (bottom three panels) symmetries.

A fourth possible path consists of a one-color, two-photon
absorption at 200 nm. This path was, nevertheless, found to
be negligibly weak in these calculations. The weakness of
this two-photon absorption is due to the low probabilities for
excitation of the 3pπ , 3dπ , and 4pπ states from the ground
state, as seen in path 3, in combination with rapidly decreasing
ionization amplitudes with increasing photon energy.

In addition, the EKE spectrum in Fig. 2(a) presents in-
terference fringes at negative delays. These fringes are a
consequence of the overlap in energy of the 200- and 266-nm
pulses which have bandwidths (FWHM ≈ 3π/T ) of 1.24 eV.
The 266-nm probe pulse creates a superposition of the initial
vibrational state and the vibrational (dissociative) states of
the B1�(2pπ ) intermediate state, with an energy difference
of around 5 eV. The superpositions of those states with the
ground vibrational state have beat frequencies with periods
(τ = 2π h̄/�E ) around 0.82 fs. Thus, depending on the phases
of those oscillations when it encounters them, the 200-nm
pulse can either stimulate emission back to the ground state,
further increase the population in the intermediate state, or
ionize from the intermediate state. The net result is that the
ionized signal oscillates as a function of the time delay with a

033104-4



PUMP AND IONIZING-PROBE DYNAMICS IN A … PHYSICAL REVIEW A 108, 033104 (2023)

FIG. 3. The top three panels show the integral photoionization
cross sections as a function of internuclear distance for ionization
into the ionization continuum of 1�+ symmetry. The bottom three
panels show the integral photoionization cross sections for ionization
into the 1� continuum. The complex amplitudes determining the
couplings between electronic states used in calculations here (see,
e.g., Eq. (19) of Ref. [29]) are summed and squared to yield these
cross sections.

period near a femtosecond. A similar effect was previously
observed when identical durations and central frequencies
were used for both the pump and probe pulses [20,29].

Figure 2(b) shows the kinetic-energy release (KER; con-
tinuum energy of the Li+ + H dissociation) integrated over
the photoelectron energy and angular distribution. The KER
spectrum exhibits the interference fringes discussed above.
In contrast to the EKE spectrum, the different one-color and
two-color ionization paths cannot be distinguished in the KER
time-delay spectrum. At negative time delays, where path
1 and path 2 contribute, the KER becomes narrower, with
the peak shifting to slightly lower KER as the time delay
approaches zero. Whereas at positive time delay, in which path
1 and path 3 contribute, there is very little change in the width
and position of the KER with increasing time delay, there is an
increase in the intensity as path 3 becomes stronger at longer
time delays.

Coincidence measurements of the nuclear kinetic-energy
release and photoelectron energy can cleanly separate the
contributions from each path in the KER distributions shown
in Fig. 2(b). The joint distribution for negative time delays is
shown in the left column of Fig. 4. The signal from path 1
remains static in the left of those images at lower EKE (on the
left in each panel) because this one-color, 266-nm, two-photon
path does not depend on the arrival time of the 200-nm pulse,
as indicated in Fig. 1.

Gim and Lee [38] pointed out that while the higher Ryd-
berg states closely parallel the parent X 2�+ state of LiH+, the
B1�(2pπ ) state deviates from that behavior somewhat. That
difference in the shapes of the potentials for the Rydberg states
has consequences for the processes we study here that can be
seen by comparing the results of coincidence measurements
for positive and negative delays of the 266-nm pulse relative
to the 200-nm pulse.

The signal from path 2 at higher EKE, visible at higher
EKE in the left column of Fig. 4, shows that at large negative
delays the wave packet on the B1�(2pπ ) state has a somewhat
higher KER than when the time delays are closer to zero, with
the peak in the KER shifting from 0.2 eV at a time delay of
−15 fs to 0.1 eV at 0 fs. This behavior can be understood by
considering the difference in the PECs of the B1�(2pπ ) state
of LiH, with a well depth of 0.036 eV, and the X 2�+ state
of LiH+, with a well depth 0.142 eV [38]. In this case, with
a short time between the pulses, the system will be excited
to the ion near its minimum, so the nuclei will require the
full 0.142 eV to break the Li-H bond on the ion state PEC,
leading to a lower KER. In contrast, when there is a long time
between the pulses, the bond will be broken in the lower state
before the system is ionized, thus requiring only 0.036 eV to
break the bond, leading to a higher KER. This analysis agrees
nicely with the 0.1-eV shift in the KER peaks.

For positive time delays, shown in the right column of
Fig. 4, path 2 is extinguished, and the dynamics of path 3
appear. Again, the signal from path 1 remains static, depend-
ing only on a single pulse. The dynamics of the wave packets
dissociating (primarily) on the nearly parallel 3pπ and 3dπ

states are now visible at larger EKE (on the right in each
panel). For these intermediate states, the well depths of the
PECs of the Rydberg states are almost identical to each other’s
well depths of 0.142 eV for 3pπ and 0.125 eV for 3dπ and
to the ion state with a well depth of 0.142 eV [38]. Thus, both
KER and EKE will be nearly constant with time delay due to
the nearly parallel PECs for the Rydberg neutral states and the
ground state of LiH+.

B. Photoelectron angular dependence in the body frame

In earlier calculations of pump-probe dissociative ioniza-
tion through the A 1�+ lowest valence excited state of LiH
[29], the molecular-frame photoelectron angular distributions
(MFPADs) directly reflected nuclear dynamics on the inter-
mediate state via the change in its character from ionic to
valence and the resulting change in the MFPAD. Here we
probe the dynamics of intermediate Rydberg states, and the
situation is different. In Fig. 5 we show the MFPADs inte-
grated over KER for three different photoelectron energies,
1.23, 1.96, and 2.69 eV, for the same �t = −4 fs delay. These
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FIG. 4. Left column: joint distribution of nuclear kinetic-energy release and photoelectron kinetic energy for dissociative ionization at
negative delays of, from top to bottom, −15, −9, −3, and 0 fs. Right column: joint distribution of nuclear kinetic-energy release and
photoelectron kinetic energy for dissociative ionization at positive delays of, from top to bottom, 20, 15, 9, and 3 fs.

energies were chosen to match the center of the distributions
correlated to each ionization path and a point energetically
between them [see Fig. 2(a)]. For the lowest photoelectron
energy [Fig. 5(a)], the MFPAD features a prominent lobe
towards the H atom exhibiting nearly equal photoelectron
flux parallel and perpendicular to the molecular axis, even
though the light polarization vector is perpendicular to it. At
these photoelectron energies the photoionization process is
dominated by the εd (1�) and εs(1�+) channels. For higher
photoelectron energies, the photoelectron flux perpendicular
to the molecular axis decreases while, simultaneously, the par-
allel flux increases mainly towards the Li atom. The observed

change in the shapes of the MFPADs with energy reflects the
diminishing photoionization partial cross sections leading to
the 1� symmetry with respect to the one leading to the 1�+
symmetry as the photoelectron energy increases from that of
path 1 to that of path 2 (see Fig. 3). The ratio between the
two dominant channels indeed decreases considerably from
R = εd (1�)/εs(1�+) ∼ 7 at 1.2 eV to R ∼ 3 at 3.2 eV.

Figure 6 shows the MFPADs, integrated over KER, for
photoelectron energies with EKE of 2.69 eV at �t = −6 fs
and EKE of 3.20 eV at �t = 12 fs. The former corresponds
to the two-color, two-photon resonant ionization through the
2pπ excited state (path 1), as in Fig. 5(c), but at a different
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FIG. 5. MFPADs at �t = −4 fs of delay between the 266- and 200-nm pulses for different energies of the photoelectron and integrated
over the kinetic-energy release. (a) EKE is 1.23 eV, (b) EKE is 1.96 eV, and (c) EKE is 2.69 eV (arbitrary units but the same scale). The
molecule is placed perpendicular to the light polarization vector (blue double-ended arrow), with the Li atom on the left.

delay, while the latter is associated with the two-color res-
onant ionization through the 3pπ , 3dπ , and 4pπ Rydberg
states (path 3). In contrast to our earlier study [29], in which
the variations in the MFPADs with the delay were used to map
the nuclear wave-packet movements in the PEC of a bound
electronic state, here the MFPADs exhibit almost no change
with the delay. In the present calculations the significant
changes in the MFPADs occur with varying photoelectron
energy rather than the delay between the pump and the probe.

IV. CONCLUSION

The calculations presented here for pump-probe dynam-
ics on the π Rydberg states of LiH provide a model for
such experiments on Rydberg states of other diatomics. The
electron kinetic energy and nuclear kinetic-energy release,
taken together, reveal the multiple-pathway dissociative ion-
ization that will exist in general because the photon energy
of a pulse that can excite Rydberg states will frequently
be able to ionize it as well. However, as these calculations
demonstrate, coincidence measurements of those two quanti-
ties will generally be necessary to reveal wave-packet motion
on the intermediate dissociative Rydberg states as a function
of time delay. Our results also suggest that those coincidence
measurements also have the potential to reveal subtle dif-
ferences between the dynamics associated with lower and
higher Rydberg states. In contrast to other cases [29] in which
the intermediate electronic state or final ionic state changes
character with geometry, the angular distributions of the pho-
toelectrons in the body frame are almost constant in shape
for all delays. Instead, differences in MFPADs for different
pathways primarily reflect changes in the photoionization am-
plitudes with energy.

The calculations presented here further establish the ap-
plicability of this approach to treat simultaneously nuclear
dynamics and the correlated electronic dynamics of photoion-
ization. Accurate determination of photoionization amplitudes
over a range of internuclear distances in multichannel

calculations is now nearly routine using the Schwinger varia-
tional method [44,45], at least for linear molecules. Therefore,
it can be expected that applications of the formalism we use
here to other diatomics promise to guide and enhance the
picture of intermediate-state dynamics that pump-probe ex-
periments can provide.
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FIG. 6. As in Fig. 5 for different photoelectron energies at differ-
ent delays between the 266- and 200-nm pulses. (a) EKE is 2.69 eV
at �t = −6 fs, and (b) EKE is 3.20 eV at �t = 12 fs. The molecule
is placed perpendicular to the light polarization vector (blue double-
ended arrow), with the Li atom on the left.
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