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Abstract
We study by means of theoretical and numerical methods the resonance-enhanced two-photon
dissociation of the MgH+ molecule, driven by narrow-band Gaussian laser pulses of various
parameter values. Fine tuning the photon wavelength in the energy region of an intermediate
electronic state (λ∼ 200–310 nm), we reveal rich nuclear dynamics, including Rabi oscillations
and dynamic interference. Upon solving the time-dependent Schrödinger equation of the nuclei,
the fingerprints of these dynamical effects are identified in the energy spectrum of the emitted
molecular fragments. We also show that the dipole coupling between the intermediate
resonances and the vibrational continuum varies very sensitively with the photon wavelength,
allowing for an efficient control of the depletion, and of the bound-state dynamics of the
molecule.

Keywords: photodissociation, Rabi oscillation, dynamic interference, resonance-enhancement,
dipole coupling, quantum coherent control

1. Introduction

Steering and tracing the time evolution of atomic scale systems
with short laser pulses are key elements of coherent quantum
control [1–7]. Several different control techniques have been
developed over the past decades to drive atomic and molecu-
lar species from a given initial state to a final desired quantum
state, with high efficiency [8–15]. Among them, are of par-
ticular interest, when the complete time-dependent quantum
trajectory is controlled according to user-defined pathways for
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the state populations and phases [16, 17]. In this respect, min-
imal level descriptions with simple analytic solutions were
found to be very useful, as they can provide a transparent inter-
pretation of complex physical phenomena [18]. Wavelength
control of dissociation [19–22] and ionization phenomena [23,
24] has been widely applied to enhance dissociation and ion-
ization yields, by hitting intermediate resonant states during
multiphoton transitions. As the dynamic Stark shifts (DSSs)
of the involved atomic or molecular levels adiabatically fol-
low the intensity envelope of the applied high-frequency laser
pulse [25, 26], the conditions for resonance-enhancements are
substantially modified in strong radiation fields.

Under intense radiation fields, the populations of the
(near-)resonantly coupled quantum states periodically oscil-
late. These Rabi oscillations (ROs) [27, 28] are character-
istic to non-linear coherent quantum dynamics, when the sys-
tem can be well approximated as being two-level. Owing to
the resonant or near-resonant coupling with the laser pulse,
two decaying dressed states are formed with time-dependent
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energies, that follow the envelope function of the laser pulse in
opposite directions. At the rising edge of the pulse the energy
splitting of the dressed states increases, and becomes maximal
at the center of the pulse (Rabi splitting). Then on the fall-
ing edge, the splitting decreases back to zero. Absorption of
additional photon(s) can lead to the break-up of the coher-
ently driven system, as a result of which the Autler–Townes
(AT) doublet appears in the spectrum of the emitted particles.
Particles emitted from the higher (lower) dressed state are pre-
dominantly responsible for the higher (lower) energy side of
the AT doublet. ROs of atomic electrons have been widely
investigated over the last four decades [29–43]. Recently, they
have gained renewed interest, which was mainly caused by the
availability of strong, ultrafast XUV pulses. The resonantly
driven atom undergoing damped ROs, is ionized with a cer-
tain probability at each Rabi cycle. The temporal interference
of electrons emitted with different time delays gives rise to
pronouncedmultipeak pattern of theAT doublet. Other charac-
teristics of the doublet, such as the splitting, shifting or asym-
metry also carry important information about the underlying
dynamics of the bound electrons. In particular, the asymmetry
of the AT doublet was attributed to different factors, includ-
ing for example the photon energy detuning [36], the DSSs
of the participating levels [31, 32], the energy-dependence of
the bound-to-continuum dipoles [34], the loss of the interme-
diate level [18], the interference of resonant and nonresonant
ionization pathways [35–37], the shape of the pulse envelope
[32, 40], or the phase of the driving field [29, 30].

The multipeak pattern of the photoelectron spectrum in
strong laser pulses can be also formed by dynamic interfer-
ence (DI), as it was demonstrated in direct one-photon ioniza-
tion [44–46].Whenever the two conditions are simultaneously
fulfilled [45]: 1) the peak relative DSS of the initial and final
states is larger than the pulse bandwidth; 2) the depletion of
the initial state is small, DI can become operational leading to
pronounced intensity modulations of the spectrum. Here, the
underlying physical phenomenon is the temporal interference
of electrons that are emitted with the same kinetic energy, but
with a certain time delay, at the rising and falling edges of the
laser pulse. In the last years, the DI have been studied from dif-
ferent perspectives [47–54], including its recent experimental
observation by applying an attosecond pulse train combined
with a pair of IR lasers [55].

For below-threshold photon energies, when the break-up
process can happen via resonance-enhancements, similar con-
ditions to observe DI have been put forward [56]. Detuning
the photon frequency from the exact resonance was found
key in satisfying these conditions simultaneously. For non-
zero detuning, the Rabi splitting of the dressed states can well
exceed the pulse bandwidth, meanwhile the ionization of the
atom is naturally kept small, due to the reduced efficiency of
transition in the off-resonant laser. Since the ROs are washed
out for off-resonant driving, the multi-peak pattern of the AT
doublet is mainly dictated by the DI [57].

In this paper, we study the resonance-enhanced two-photon
dissociation of the MgH+ ion [58–61], at various photon

Figure 1. Ground- and low-lying potential energy curves
of the MgH+ molecule, relevant for the (1+ 1) photon
resonance-mediated dissociation studied in this paper. Depending
on the photon frequency ω, intricate nuclear dynamics are generated
between the X and A electronic states, which are probed by the
dissociating molecular fragments in the C electronic state. The red
horizontal bars indicate the strength of the dipole coupling from the
X(ν = 0) ground vibrational level to A(νA).

wavelengths. As the intermediate A state of MgH+ lies ener-
getically halfway between the X an C states in the Franck–
Condon region, this molecule is perfectly suitable for study-
ing 1+ 1 photon resonance-enhanced multiphoton dissoci-
ation phenomena (see figure 1). Fine tuning the photon energy
in the region of the intermediate bound electronic state of the
molecule, we reveal intricate nuclear dynamics, the finger-
prints of which are identified in the energy spectrum of the
emitted fragments. In agreement with previous results reported
in resonance-enhanced multiphoton ionization (REMPI), we
find that when the dissociation happens at exact resonance, the
ROs of the nuclei dominate the spectrum. On the other hand,
when the laser is detuned from the exact resonance, the DI of
molecular fragment amplitudes governs the spectrum shape.
Furthermore, we show that the dissociation yield is very effi-
ciently controlled, owing to the sensitive energy-dependence
of the dipole coupling strength from the intermediate reson-
ances to the continuum.

2. Results

To reveal the role of the A electronic state in the photodisso-
ciation dynamics of MgH+, in this section, we will apply dif-
ferent photon energies in the region of ω ∼ 4–6 eV (or altern-
atively λ∼ 200–310 nm). The vibrating molecule, that inter-
acts with the laser pulse given in equations (3) and (4), is
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assumed initially (at t=−∞) in its absolute ground state
X(ν = 0). We set the pulse duration parameter sufficiently
long (T = 500 fs) to make the pulse bandwidth narrow enough,
δω = 4

√
ln2/T≈ 4.4× 10−3 eV. Such narrow spectral width

of the laser pulse is necessary for a quasi-selective vibronic
excitation of the molecule, as the energy spacing between the
neighboring vibrational levels of the X and A states is of the
order of a few tenths of eV. This small value of δω thus in
general allows for a transparent interpretation of the system
dynamics. However, as will be clear below, even a minor pop-
ulation of the other levels can strongly influence the dissoci-
ation dynamics under certain conditions.

In what follows, we simulate the dissociation dynamics
accurately, by solving the TDSE with equation (5). Utilizing
weak laser pulses of I0 = 108Wcm−2 peak intensity ensures
that the molecule does not complete more than half a Rabi
cycle at the resonant wavelengths, namely smooth trans-
itions are induced between X(ν = 0) and A(νA). As seen in
figure 2(a), the dissociation probability in theC state, obtained
after expiration of the laser pulse, varies very abruptly with
the photon energy. Even though the dipole coupling values
from X(ν = 0) to A(νA), seen in figure 2(c), exhibit a regular
behavior reminiscent of the Franck–Condon factors, neither
the transition probability to A (see figure 2(b)), nor the cor-
responding dissociation probability in figure 2(a) reflect this
behavior. The reason behind is attributed to the very dif-
ferent dipole coupling strength from the A(νA) vibrational
levels to the C manifold. These dipole couplings are shown
in figure 3 for νA = 0,1,2,3. Here, the dipole curves—shown
by the solid red lines—exhibit pronounced oscillatory shapes
directly reflecting the shapes of the corresponding vibrational
eigenstate wave functions of the molecule. The number of
peaks follows νA+ 1, while the number of nodes is equal
to νA. For completeness, the dissociation probabilities gener-
ated by weak pulses when the molecule is initialized in the
respective eigenstate A(νA), are also shown in figure 3 by the
broken lines. These dissociation probabilities nicely reflect the
energy-dependence of the dipole values shown by the solid
lines.

Figure 3 helps elucidating the irregular behavior found in
figure 2(a) and in figure 2(b) for the dissociation- and excit-
ation probabilities, respectively. For example, at the photon
energy that is resonant with the X(ν = 0)→ A(νA = 0) trans-
ition (ω≈ 4.2868 eV), a nonnegligible amount of population
is transferred to the A state (pA ≈ 0.09), but the dissociation
probability remains extreme low (see figure 2(a) at νA = 0).
This is due to the very low dipole value from A(νA = 0) to
the continuum of the C state, as indicated by the vertical
solid line in figure 3(a). Contrary, when the laser resonantly
excites the molecule from the X(ν = 0) to the A(νA = 1) state
(ω≈ 4.422 eV), dissociation becomes very efficient due to the
strong dipole coupling from A(νA = 1) to the C manifold (see
the vertical solid line in figure 3(b)). In the case of the A(νA =
2) state, this dipole has an intermediate value (figure 3(c)),
while for A(νA = 3) it becomes moderate again (figure 3(d)),

which are reflected in the corresponding dissociation probab-
ilities in figure 2(a).

Concluding figures 2 and 3, very different bound-state
dynamics and dissociation probabilities are expected, depend-
ing on which intermediate vibrational level is hit resonantly
during the interaction with the laser. Moreover, the sens-
itive energy-dependence of the bound-to-continuum dipoles
demonstrated above is expected to strongly affect the dynam-
ics also for off-resonant driving. In such a case, a selective
population transfer cannot be realized and the populations of
the vibrational levels become more balanced. Below, we dis-
cuss separately the resonant and off-resonant dissociation of
MgH+.

2.1. Resonant dissociation

In this subsection, we consider the dissociation of MgH+ fol-
lowing exact resonant transitions, namely when ω = ωA(νA) −
ωX(ν=0). To induce nontrivial vibronic dynamics, the pulse
duration parameter is unchanged T = 500 fs, but the peak laser
intensity is increased to I0 = 1011Wcm−2. For these values of
the laser parameters, the molecule executes several Rabi oscil-
lations between the X and A states, as demonstrated in the
middle columns of figure 4 for νA = 0,1,2,3,4,5. Here, the
number of completed Rabi cycles can be roughly estimated
from the actual value of the pulse area η =

´∞
−∞ ε0µg(t)dt=

ε0µ
√
πT, where µ is the corresponding dipole moment

between the X(ν = 0) and A(νA) states. These pulse area val-
ues are indicated at the right side of figure 4. Clearly, when
the νA−C dipole coupling, and hence the dissociation yield
is small, complete Rabi oscillations are generated with high
contrast (see figure 4(b)), and the value of η nicely correlates
with the number of completed Rabi cycles. However, when
the νA−C dipole is strong, and hence dissociation happens
with high probability, the Rabi oscillations are substantially
damped, preventing the correlation between η and the num-
ber of Rabi cycles. For example, in the extreme case when
X(ν = 0) and A(νA = 1) are coupled resonantly, a complete
dissociation happens during the rising edge of the laser pulse.
As seen in figure 4(e), approximately two Rabi floppings are
generated (the third one has very low amplitude) instead of the
seven, that was predicted by the pulse area.

From the higher vibrational levels (νA > 1), the MgH+

molecule also dissociates very efficiently. This is demon-
strated by the large depletion of the bound populations (middle
panels of figure 4), in accordance with the high dissociation
yields in the right panels of figure 4. Here, the ramp-ups in the
population- and dissociation curves indicate that dissociation
occurs in a step-wise manner. Whenever some vibrational
levelA(νA) is maximally populated, dissociation becomes pos-
sible upon absorption of a second photon that promotes the
molecule to the repulsive C state. This gives rise to the ramp-
ups in the C populations (dashed lines in the right panels of
figure 4), while the flat parts correspond to the time moments
when themolecule is returned to the ground levelX(ν = 0) and
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Figure 2. Photon energy-dependent dissociation of MgH+ via
intermediate vibrational levels of the A electronic state. (a) Final
dissociation probabilities in the C electronic state, generated by
weak laser pulses of I0 = 108Wcm−2 peak intensity and T = 500 fs
duration (for these parameter values, the molecule does not
complete more than half a Rabi cycle between X(ν = 0) and A(νA)).
(b) Corresponding final excitation probabilities of the A electronic
state. These transition probabilities do not follow the strength of the
dipole couplings between X(ν = 0) and A(νA), shown in (c),
because of the very different dipole coupling strengths from A(νA)
to the C manifold (see text and figure 3). The vertical dashed lines
indicate the energy positions of some vibrational levels of the A
electronic state.

thus dissociation is closed. The dissociation curves in figure 4
are time-delayed with respect to the population curves of C.
These time delays directly reflect how long it takes for the
molecular wave packet to reach the complex absorbing poten-
tial (CAP) region, placed at Rc = 30 au, where it is completely
absorbed.

The energy spectra of emitted molecular fragments after
resonance-enhancements are shown in the left panels of
figure 4. Several spectral features can be observed, such as

Figure 3. Absolute values of the dipole couplings between the
νA = 0,1,2,3 vibrational states of the A electronic state and the C
manifold (solid curves). The broken curves show the scaled (×250)
dissociation probabilities generated by weak laser pulses of
I0 = 108Wcm−2 peak intensity and T = 500 fs duration, when the
molecule is initialized in its respective vibrational state in the A
electronic state. These dissociation probabilities follow the
oscillatory shape of the dipole curves and directly reflect the shape
of the given vibrational state wave function. The vertical solid lines
represent the nominal spectrum positions (the expected centers of
the spectra in the weak-field limit) for exact resonant transitions:
ωε0 = ωX(ν=0) + 2×ωres, where ωres = ωA(νA) −ωX(ν=0) is the
actual resonant photon energy.

splitting, shifting, multipeak pattern or asymmetry, which
have been widely investigated in atomic ionization processes.
Importantly, the AT spectra of MgH+ presented here exhibit
very similar behavior as those found previously for photoelec-
trons. As it has been shown earlier for electrons, the multipeak
spectral pattern is directly linked to the Rabi floppings com-
pleted during the break-up process [57]. We recently demon-
strated this correspondence also for molecular dissociation,
with the help of a simple analytic model [62]. It was shown
that the multipeak pattern of the spectrum is attributed to the
temporal interference of fragment amplitudes that were emit-
ted at the distinct Rabi cycles. As a result, which is also evident
from figure 4, when the molecule completes N Rabi floppings,
N ramp-ups are seen in the dissociation curves, and the cor-
responding spectrum features N peaks. Some of these peaks
have low yield, and some of them are not fully developed. We
note here that utilizing narrower pulse bandwith could allow
for a better resolution of the subpeaks of the AT doublets.
Furthermore, the impact of neighboring levels could be also
minimized for such pulses.

To be specific, now we continue with a deeper analysis
of the νA = 2 case (third row of panels in figure 4). When
the X(ν = 0) state is coupled resonantly with A(νA = 2),
the molecule executes approximately 7.5 Rabi floppings, in
accordance with the pulse area value η = 7.65× (2π). Owing
to the notable dipole strength with the C manifold, seen in
figure 3(c), the amplitudes of these Rabi oscillations rapidly
decrease over time (figure 4(h)). As a result, a dissociation
probability of more than 80% is realized by the end of the
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Figure 4. Resonance-enhanced (1+ 1) photon dissociation of MgH+ at photon energies that are exactly resonant for the X(ν = 0)→ A(νA)
vibronic transitions (νA = 0,1,2,3,4,5). I0 = 1011Wcm−2 peak laser intensity and T = 500 fs pulse duration are applied to generate several
Rabi oscillations between the resonantly coupled vibronic states. (left panels) Fragment energy spectra exhibiting pronounced multipeak
patterns, that are directly related to the Rabi oscillatory bound-state dynamics of the molecule (see text for details). (middle panels)
Time-dependent electronic state populations, featuring several Rabi oscillations between the X and A states. The number of Rabi oscillations
depends on the respective bound–bound dipole coupling, and is further modified by the bound-continuum coupling that induces depletion.
(right panels) Time-dependent populations (broken lines) and dissociation probabilities (solid lines) in the C state. The actual values of the η
pulse area are shown on the right side. The presented results were obtained upon solving the TDSE of the vibrating molecule accurately.

interaction. According to figure 5(b), the population of the
A(νA = 2) vibronic state is more than two orders of mag-
nitude larger than those of the other levels of the A state.
This would imply that the final spectrum shape is exclus-
ively determined by the A(νA = 2) state. To unravel the pos-
sible role of the other neighboring states in the formation of
the spectrum, we calculate the fragment energy distribution

with the multi-level model, by gradually including more and
more states of A in the description. As seen in figure 5(c),
when only the A(νA = 2) is included, most of the spectral fea-
tures are recovered, but the correct symmetry cannot be cap-
tured. However, when the adjacent A(νA = 1) and A(νA = 3)
states are added (dark blue line), all the spectral features—
including the correct asymmetry—are recovered. Inclusion of
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Figure 5. Resonance-enhanced (1+ 1) photon dissociation of
MgH+ via the νA = 2 intermediate level. The applied photon energy
is resonant with the X(ν = 0) → A(νA = 2) transition
(ω= 4.5551 eV) and the remaining laser parameter values are
I0 = 1× 1011Wcm−2, T = 500 fs. (a) Absolute values of the dipole
couplings between the A(νA = 0,1,2,3,4,5) states and the C
manifold, shown in the energy region of the spectrum. (b)
Time-dependent populations of the A(νA = 0,1,2,3,4,5)
vibrational states. (c) Energy spectra calculated with the multi-level
method upon gradually including more and more vibrational levels
of the A electronic state. The vertical dashed lines indicate the
nominal positions of the spectra (ωε0 = ωX(ν=0) + 2ω).

further states does not modify the spectrum shape significantly
(light blue dashed line). It is thus evident from figure 5(c),
that the nearby A(νA = 1) and A(νA = 3) states modify the
overall symmetry of the spectrum. Furthermore, these two
vibronic states become responsible for the merging of the

Figure 6. Spectrum asymmetry parameter Q (equation (1)),
computed for different pulse durations, keeping the pulse area
constant η = 7.65× (2π). The applied photon energy is resonant
with the X(ν = 0)→ A(νA = 2) transition (ω= 4.5551 eV). The
first data point corresponds to the spectrum shown in figure 4(g).

spectral peaks around ∼9.2 eV in figure 5(c). Despite their
low population, the role of these states in the dissociation
dynamics becomes relevant due to their strong dipole with the
C continuum, as demonstrated in figure 5(a). Although, the
A(νA = 0) and A(νA = 4) states also have notable dipoles, the
suppressed population of these distant states does not allow
them to substantially participate in the formation of the spec-
trum. Considering the νA = 1,2,3 states is thus sufficient to
get convergent spectrum with the multi-level method (thick
red line in figure 5(c)), which nicely agrees with the accurate
spectrum obtained fromwave packet propagation (figure 4(g)).

Let us now inspect the asymmetry of the spectrum obtained
after dissociation via the A(νA = 2) state. As has been repor-
ted in studies on resonant ionization, in general, the spectrum
asymmetry is caused by several factors, including for example
the Stark shifts of the involved levels, the energy-dependence
of the bound-to-continuum dipoles, the participation of other
states, or the interplay between different break-up pathways.
Consequently, exactly symmetric spectra are encountered very
rarely, under special circumstances. To quantify the asym-
metry of the spectrum, and hence, to identify when it happens
to be symmetric, we introduce the asymmetry parameter

Q=
|QL −QH|
QL +QH

, (1)

with QL and QH being the heights of the lower- and higher
energy prominent peaks of the AT doublet, respectively.
Values of Q≈ 1 imply a strong asymmetry of the spectrum,
while Q= 0 indicates a completely symmetric spectrum. As
seen in figure 6, the impact of the different factors that give rise
to the spectrum asymmetry can beminimizedwith long pulses,
meanwhile keeping the pulse area constant. Upon transition
from T = 500 fs to T = 1000 fs, all the spectral peaks are fully
resolved in the lower energy half of the spectrum (around ∼
9.2 eV), and as a result the lower prominent peak of the AT
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doublet is greatly enhanced. This still increases the asym-
metry, but beyond T = 1000 fs the spectrum monotonically
approaches the symmetric shape. Owing to the narrow spec-
tral width and the small intensity of the long pulses in figure 6,
the Stark shifts and the role of other states are gradually elim-
inated. For T > 8 ps, the decreasing ofQ slows down, which is
attributed to the very steep energy-dependence of the A(νA =
2)−C dipole function in the vicinity of the nominal spectrum
position (see figure 3(c)). For other states, achieving Q= 0
could be realized with shorter pulses.

2.2. Off-resonant dissociation

In what follows, we discuss the more general scenario, when
the laser photon energy is not resonant with any of the inter-
mediate vibrational levels of A. In the case of off-resonant
driving, the pronounced Rabi oscillations found in section 2.1
are completely washed out. This is demonstrated in figure 7,
where the photon energy is set ω= 4.18 eV, which is below
the bottom of the A potential energy curve. To compensate
the reduced efficiency of population transfer, here the peak
laser intensity is increased to I0 = 5.3× 1011Wcm−2. As is
clear from figure 7(b), the amount of transferred population
decreases with the vibrational state label νA. However, in con-
trast to the resonant case in figure 5, here the population distri-
bution among the different A(νA) vibronic levels is more bal-
anced, with no single highly dominant state, like in figure 5(b).
As a consequence, in the off-resonant case, the dipole coup-
ling of the different A(νA) states with the C continuum gains
higher significance in the spectrum formation. This is demon-
strated in figure 7(c), where the spectrum is calculated with
the multi-level model, by gradually including more and more
levels of A. Interestingly, all the spectral features are recovered
already with the νA = 0 state, except the correct dissociation
yield. To capture the correct spectrum height, vibronic states
up to νA ≈ 10 have to be included in the multi-level model.
Despite their low population, the notable dipole moments of
these states with the C state (see figure 7(a)) render them inev-
itable in the description, to get convergent results.

Adding states with νA ⩽ 4 in the multi-level model, the
spectrum height gradually increases (see the blue line in
figure 7(c)), which is mainly caused by the increasing dipole
strength of these states. On the other hand, the contribution of
the νA > 4 levels lead to decreasing spectrum intensity, until
the accurate spectrum shape—shown by the thick red line in
figure 7(c) - is finally recovered. The different contribution of
the lower- and higher vibronic states to the spectrum shape
is attributed to the constructive and destructive interference
of the fragment amplitudes that are released from the distinct
A(νA) states. Regarding the asymmetry of the spectrum, we
note that in the case of off-resonant driving theAT doublet can-
not be made symmetric with long pulses, like in the resonant
case in figure 6. Due to the notable detuning of the laser from
the exact resonance, the converged spectrum in figure 7(c)
features strong asymmetry, which is in line with previous
findings reported on atomic ionization spectra [36, 57]. In the

Figure 7. Two-photon dissociation of MgH+ driven off-resonantly,
via several intermediate levels A(νA). The applied photon energy is
set below the bottom of the A potential curve (ω= 4.18 eV) and the
remaining laser parameter values are I0 = 5.3× 1011Wcm−2,
T = 500 fs. (a) Absolute values of the dipole couplings between the
A(νA = 0,1, . . .10) states and the C manifold, shown in the energy
region of the spectrum. (b) Time-dependent populations of the
A(νA = 0,1, . . .10) vibrational states. (c) Energy spectra calculated
with the multi-level method upon gradually including more and
more vibrational levels of the A electronic state. The vertical dashed
lines indicate the nominal positions of the spectra
(ωε0 = ωX(ν=0) + 2ω).

specific case of red (or negative) detuning applied here, the
lower energy peak of the AT doublet near 8.44 eV in figure 7(c)
is significantly enhanced with respect to the higher energy
peak (not shown in figure 7). Upon approaching the exact res-
onance with the photon energy, the large value of the asym-
metry parameter Q≈ 1 in figure 7(c), is greatly suppressed to
small values—similar to those in figure 6—characteristic to
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near-resonant AT doublets. Furthermore, we mention here that
when the photon energy is set in between two vibronic levels,
Rabi oscillations are still washed out, and the dissociation
dynamics is very similar to that shown in figure 7. Fine tun-
ing the photon wavelength between two vibronic levels, makes
the populations of those two states the highest, and the deple-
tion of the molecule will be stronger, since the νA−C dipoles
are in general much larger for> 8.5 eV than for< 8.5 eV (see
figure 3).

Finally, it is an intriguing question what is the cause of the
multipeak spectral intensity modulations found in figure 7(c).
Since Rabi oscillations are completely washed out in off-
resonant driving, the underlying physical mechanism must be
something else. The multipeak spectral pattern in figure 7(c),
bears resemblance with that reported recently in REMPI under
off-resonant pulses, in [56, 57]. There, the oscillatory pat-
tern of the AT doublet was attributed to the DI of photoelec-
trons, ionized with the same energy at the rising and falling
edges of the pulse. The two essential conditions to observe DI
could be simultaneously fulfilled by off-resonant driving: 1)
the Rabi splitting of the dressed statesW=

√
Ω2 +∆2, where

Ω= ε0µ is the Rabi frequency and ∆= ω−ωres is the detun-
ing from the resonance, could well exceed the pulse band-
width; 2) meanwhile the depletion of the atom could be nat-
urally kept small due to the reduced efficiency of transition
to the intermediate state. Here, the physics is similar except
that the participants are nuclei instead of electrons. To see the
possible role of DI in the multipeak pattern of the spectrum,
we follow [57] and apply asymmetric laser pulses in the next
subsection.

2.3. Asymmetric pulses

In this subsection, we consider asymmetric Gaussian envelope
functions, given by the following expression

g(t) =

{
e−t2/T2

1 if t⩽ 0

e−t2/T2
2 if t> 0.

(2)

Here, T1 and T2 are the pulse duration parameters on the
rising and falling edges of the pulse, respectively. To keep the
pulse area constant, the restriction T1 +T2 = 2T is imposed,
where T is the pulse duration parameter of the symmetric pulse
in equation (4). The constant pulse area allows one to study
pulse shape effects, including for example the role of DI in the
break-up process. Upon transition from a perfectly symmetric
envelope function (T1 = T2 = T) to a completely asymmetric
one with T1 = 2T and T2 = 0, the pulse suddenly drops to zero
after its maximum. This reduces the possible role of DI in the
dissociation.

As seen in figure 8(a), in the case of resonant dissociation,
the number of spectral peaks is unaffected by the symmetry of
the envelope function. Owing to the constant value of the pulse
area, the number of completed Rabi cycles remains the same
for symmetric and asymmetric pulses. The fact that the mul-
tipeak pattern of the spectrum is hardly affected by the com-
pletely asymmetric envelope, reveals that the shape of the AT

Figure 8. Energy spectra of MgH+ obtained with symmetric
(T = 500 fs) and asymmetric (T1 = 1000 fs; T2 = 0) pulses,
following (a) resonant and (b)–(c) off-resonant driving. The applied
I0, T and ω values in (a) and (b)–(c) are identical to those in
figures 5 and 7, respectively. For resonant driving in (a), the number
of spectral peaks is unaffected by the symmetry of the pulse.
Contrary, for off-resonant driving, the multipeak spectral pattern
and the depletion are strongly modified by the asymmetric pulse, as
given by the model in (b). This effect is washed out by the electric
permanent dipole of the C state, as given by the exact solution in (c).
The vertical dashed lines indicate the nominal positions of the
spectra (ωε0 = ωX(ν=0) + 2ω).

doublet is primarily governed byRabi oscillations, andDI only
plays a minor role in resonant dissociation.

On the contrary, when the dissociation is driven off-
resonantly, the multipeak pattern of the spectrum is substan-
tially modified by the asymmetric envelope (see figure 8(b)).
This indicates the important role of DI in the spectrum shape
obtained with the symmetric pulse. As both conditions to
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observe DI are fulfilled in the off-resonant, symmetric laser
pulse, DI can become operational giving rise to intensity
modulations of the spectrum. Under the asymmetric envelope
in figure 8(b), the fragment emission on the falling edge is
reduced. As a result, the spectral intensity modulations found
for the symmetric envelope are mostly washed out. The low-
contrast peaks that remain visible at ωε < ωε0 , are attributed
to the interference of fragment amplitudes that were emit-
ted shortly before the maximum of the asymmetric envelope.
Since it is the interference of the same momenta from two
time-delayed wave packets (see also [63] for atomic ioniza-
tion), which gives rise to the modulation in the spectrum, there
is still dynamic interference possible even, and especially with
the half pulse which certainly contains the fragment momenta
also present in the first wave packet.

The spectra in figure 8(a) provided by the multi-level
model, are perfectly supported by the exact solution of the
TDSE (not shown here). However, the model spectra in
figure 8(b) obtained for off-resonant laser pulses, do not
agree with the exact solution for ωε > ωε0 , as demonstrated
in figure 8(c). Here, the permanent dipole of the C elec-
tronic state, which is included in the full solution but excluded
from the model, makes the identification of DI more difficult.
Thus, we envision that the demonstration of DI will be easier
in apolar molecules, that have no electric permanent dipole
moment.

Finally, we would like to demonstrate another great advant-
age of asymmetric envelope functions. As we could see in
figure 7(b), the molecule executes a single Rabi cycle in the
off-resonant laser pulse. The populations of the differentA(νA)
vibronic states increase during the rising edge of the pulse,
then decrease on the falling edge. The dynamics of the C state
population also follows this behavior (not shown here). This
is because the fragment amplitudes promoted to the C state
on the rising edge, get deexcited to the bound states on the
falling edge. As a result, only a minor population remains in
the C state by the end of the interaction, that can dissociate.
We mention here that the large temporary population of the C
state manifests in a large peak in the time-resolved spectrum
around ∼ 9.1 eV, that disappears by the end of the symmetric
pulse. The application of asymmetric laser pulses with T1 > T2

can minimize the recapture from the continuum on the falling
edge, leading to increased dissociation probabilities. This is
demonstrated in figure 9, for two different peak laser intensit-
ies. Clearly, when T1 > 900 fs, and hence T2 < 100 fs, the dis-
sociation yield is efficiently controlled through approximately
three orders of magnitude. For a completely asymmetric pulse
(T1 = 1000 fs, T2 = 0), pdiss can be significantly increased by
reducing fragment recapture on the falling edge of the pulse.

2.4. Rotating-vibrating MgH+

To provide a more accurate description of the above-discussed
phenomena, and to reveal some peculiarities of molecular res-
onance dissociation versus atomic resonance ionization, below
we solve the 2D TDSE of MgH+ under various conditions.
As seen in figure 10(b), when the resonantly driven molecule
is allowed to dynamically rotate, the spectrum contains four

Figure 9. Dissociation probabilities of off-resonantly driven
MgH+, obtained with different asymmetric envelope functions (see
equation (2)). On the left side, the pulse is perfectly symmetric
(T1 = T2 = 500 fs), while the right side corresponds to a completely
asymmetric (T1 = 1000 fs; T2 = 0) laser pulses. The pulse area is
kept constant by imposing the condition T1 + T2 = 2T, with
T = 500 fs. The applied photon energy is the same as in figure 7,
ω= 4.18 eV. The presented results were obtained from wave packet
propagations.

Figure 10. Energy spectra of MgH+ obtained from wave packet
propagations, either including (solid lines) or omitting (dashed
lines) the permanent dipole moments of the X and A electronic
states. For resonant driving in (a),(b), the laser parameter values are
identical to those in figure 5. In the case of off-resonant driving in
(c),(d), the laser parameter values agree with those in figure 7. The
1D results were obtained with equation (5), while the 2D spectra
were obtained with equation (10) of the appendix, initializing the
rotating-vibrating molecule in the state X(ν = 0,J= 1).

peaks instead of five, indicating that the number of completed
Rabi floppings is reduced from five to four (not shown here).
This is a direct consequence of the reduced effective intensity
felt by the rotating-vibrating molecule, which is not aligned
perfectly with the laser polarization, unlike in the 1D case.
Owing to the additional θ degree of freedom (DOF), several
closely-spaced rotational states are available for the molecule
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in the 2D case. As these states lie within the pulse band-
width, the population is distributed among them. This leads
to a decreased contrast of the Rabi floppings which is also
reflected in the decreased contrast of the spectral peaks in
figure 10(b). Another consequence of the reduced effective
intensity in 2D is the smaller splitting of the spectrum. When
the molecule is driven off-resonantly, the number and con-
trast of the spectral peaks are also reduced in the 2D case
(see figures 10(c) and (d)). These masking effects found for
rotating-vibrating molecules are somewhat disadvantageous
as compared to atomic REMPI, but the main spectral features
still remain observable.

As seen in figure 10, the electric permanent dipoles of the
bound states X and A do not have a substantial impact on the
spectrum shape. In contrast, however, the permanent dipole of
the dissociative C state strongly modifies the spectrum shape
in the off-resonant case, as it was shown before in figures 8(b)
and (c). In fact, the pdm of the C state prevents the obser-
vation of the effect of DI, revealed by asymmetric pulses in
figure 8(b). It is another drawback compared to the REMPI of
atoms that have no permanent dipoles. Therefore, studying the
impact of DI inmolecules is expected to bemore advantageous
with molecules that have no permanent dipole.

Finally, we notice that observing the spectral features
presented here for molecules typically requires higher resol-
ution as compared to resolving photoelectron signatures in
atomic REMPI. This is a natural consequence of the much
smaller energetic separation of vibrational or rovibrational
levels, compared to that of the electronic states in atoms.

3. Summary

We have studied the resonance-enhanced two-photon dissoci-
ation of theMgH+ molecular ion, mediated by different vibra-
tional levels of an intermediate bound electronic state poten-
tial. On the basis of wave packet propagations, that were sup-
ported by a multi-level model, we found that, when the laser
frequency is tuned to exact resonance with one of these vibra-
tional levels, Rabi oscillations are efficiently generated. The
interference of molecular fragment amplitudes that are emit-
ted at each Rabi cycle, leads to pronounced multipeak patterns
in the spectrum of the dissociating molecule.

On the other hand, when the laser is tuned out of res-
onance, Rabi oscillations are washed out and the multipeak
spectral pattern is mainly caused by the DI of fragment amp-
litudes, that were emitted with the same energy but with a
time delay, at the rising- and falling edges of the laser pulse.
Thus, the photon frequency was found a key parameter in
the competition of these two dynamical effects, Rabi oscilla-
tions and DI, in agreement with similar findings reported on
atomic ionization [56, 57]. For an experimental observation
of the general phenomena discussed in this paper, the applied
laser pulse parameter ranges are routinely available in labor-
atories. However, observing the low kinetic energy molecular
fragments with high precision (∼1meV)—that is beyond the
resolution of vibrational level spacings—can be challenging
with present capabilities [64]. This is a drawback compared to

the observation of the energy distribution of photoelectrons in
REMPI, which typically requires lower resolution [37].

Fine tuning the photon wavelength also allowed for an effi-
cient control of the dissociation yield and of the bound-state
dynamics. This efficient control was made possible by the
sensitive energy-dependence of the dipole coupling strength
of the bound levels with the continuum (figure 3), which is
expected to be a general feature of molecular systems.

Finally, we have shown that the application of laser pulse
envelopes with different asymmetric temporal profiles can
also allow one to efficiently control the dissociation yield. A
gradual shut-down of the falling edge of the off-resonant laser
pulse can strongly enhance the dissociation probability by pro-
hibiting recapture from the continuum.
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Appendix. Methods

In this appendix, we provide the details of the numerical
methods utilized in this paper to study the (1+ 1) photon
resonance-enhanced photodissociation of the MgH+ molecu-
lar ion (figure 1). Working in the Born–Oppenheimer pic-
ture, we solve the time-dependent Schrödinger equation of
the nuclei accurately, and with an approximate method that is
able to capture the spectral characteristics of the dissociating
molecule. This model can help elucidating the system dynam-
ics and the structural buildup of the fragment energy spectra.
For the sake of clarity, in the majority of the paper, we con-
sider vibrating molecules that are parallel with the laser polar-
ization direction (the z direction). Extension of this description
to rotating-vibrating molecules is also presented.
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Throughout this work, linearly polarized laser pulses are
applied, given by the general expression (atomic units are used
unless stated otherwise)

ε(t) = ε0g(t)cos(ωt) . (3)

Here, ε0 is the electric field amplitude, ω is the carrier angular
frequency, and g(t) is the envelope function. In the majority
of the paper, symmetric Gaussian envelope functions are con-
sidered

g(t) = e−t2/T2

, (4)

with T being the pulse duration parameter that is related to the
full width at half maximum as fwhm= T

√
2ln2. In section 2.3,

Gaussian envelopes with an asymmetric temporal profile are
also utilized.

A.1. Wave packet propagation (1D)

For an accurate description of the photodissociation dynamics
of vibrating MgH+, the time-dependent Schrödinger equation
of the nuclei was propagated. Within the space of the three
relevant electronic states, the vibrational dynamics is governed
by the 3× 3 Hamiltonian in the dipole approximation

H(t) =

(
− 1

2Mr

∂2

∂R2

)
1+

UX 0 0
0 UA 0
0 0 UC


− ε(t)

 dX dXA dXC
dAX dA dAC
dCX dCA dC

 .

(5)

Here,Mr is the reduced mass, R is the internuclear coordin-
ate, and 1 denotes the 3× 3 unit matrix.Un(R) are the potential
energy curves of the involved electronic states (see figure 1),
dn(R) are the electric permanent dipoles, and dmn(R) are the
electric transition dipoles (m,n= X,A,C). These ab initio data
were taken from [59] (for the dipole curves, see figure 11).

The TDSE characterized by the Hamiltonian in
equation (5), was solved with the multi-configurational time-
dependent Hartree (MCTDH) method [65, 66]. The R radial
DOF was defined on an fft-DVR (discrete variable repres-
entation) grid with NR primitive basis elements distributed
in the range 1.5 au ⩽ R⩽ 40 au. In the MCTDH wave func-
tion representation, these primitive basis functions (ξ) build
up the ϕ single particle functions, the time-dependent linear
combinations of which form the Ψ total wave function

ϕ
(R)
jR (R, t) =

NR∑
i=1

c(R)jRi (t)ξ
(R)
i (R)

Ψ(R, t) =
nR∑
jR=1

AjR (t)ϕ
(R)
jR (R, t) .

(6)

For a proper convergence of the numerical propagations,
NR = 4096 basis functions have been used, with nR = 10

Figure 11. Electric permanent (a) and transition (b) dipole moments
of the MgH+ molecule, applied in the full calculations.

for each electronic state. The time-propagation was per-
formed with the variable mean-field integration scheme of the
MCTDH framework. The equations of motion were propag-
ated with the Adams–Bashforth–Moulton predictor-corrector
method with properly chosen parameter values for the integ-
ration order (6), error tolerance (10−7) and step size (10−4 fs).
Tominimize reflections and transmissions, caused by the finite
size of the radial box (the radial grid size was Rmax = 40 au),
CAP has been utilized at the last 10 au of the radial grid
(starting at Rc = 30 au)

−iW(R) =−iζ|R−Rc|bΘ(R−Rc) . (7)

Here, the parameter values ζ = 6.67× 10−5, b= 3 were
optimized, and Θ(x) is the Heaviside step function. With the
help of the propagated nuclear wave packets, the electronic
state populations were calculated as

pn (t) = ⟨Ψn (R, t) |Ψn (R, t)⟩ (n= X,A,C) , (8)

while the pdiss dissociation probability in the C electronic state
was obtained as part of pC(t) that was absorbed by the CAP.
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Finally, the energy spectrum of the dissociating photofrag-
ments with energy ωε, was calculated using the CAP as

σ (ωε) =

ˆ ∞

0
dt
ˆ ∞

0
dt ′⟨Ψ(t) |W|Ψ(t ′)⟩e−iωε(t−t ′). (9)

A.2. Wave packet propagation (2D)

In the most general case, the total Hamiltonian of rotating-
vibrating MgH+, in the space of the four relevant electronic
states, has the following form

H(t) =

(
− 1

2Mr

∂2

∂R2 +
J 2

2MrR2

)
1

+


UX 0 0 0
0 UA 0 0
0 0 UB 0
0 0 0 UC



− ε(t)


dX cosθ dXA cosθ dXB sinθ dXC cosθ
dAX cosθ dA cosθ dAB sinθ dAC cosθ
dBX sinθ dBA sinθ dB cosθ dBC sinθ
dCX cosθ dCA cosθ dCB sinθ dC cosθ

 ,

(10)

where Mr is the reduced mass, R is the internuclear coordin-
ate and θ is the angle of rotation measured between the
laser polarization and the axis of the molecule. J is the
angular momentum operator, while 1 denotes the 4× 4 unit
matrix. Un(R) are the potential energy curves of the con-
sidered electronic states, while dn(R) are the electric per-
manent dipoles and dmn(R) are the electric transition dipoles
(m,n= X,A,B,C) (see figure 11).We note here that the B state
is not expected to play a significant role as it is perpendicular
to the other states plus it is off-resonant, but for the sake of
completeness we included it in the 2D description.

The MCTDH wave function representation in the case of
rotating-vibrating molecule is a generalization of equation (6)

ϕ
(q)
jq (q, t) =

Nq∑
i=1

c(q)jqi (t)ξ
(q)
i (q) (q= R,θ)

Ψ(R,θ, t) =
nR∑
jR=1

nθ∑
jθ=1

AjR,jθ (t)ϕ
(R)
jR (R, t)ϕ(θ)

jθ (θ, t) .

(11)

The additional rotational DOF θ was described by
Nθ Legendre polynomials, PmJ (cosθ) with m= 0 and J=
0,1, . . . ,Nθ − 1. To ensure proper convergence, NR = 4096
and Nθ = 91 basis functions have been utilized. Furthermore,
the number of SPFs were ranging between nR = nθ = 5− 10
for both DOFs, on each electronic state.

A.3. Multi-level model

To gain insight into the role of the individual vibrational
levels in the formation of the spectrum, we introduce a sim-
plified, yet instructive description of the nuclear dynamics.
In this model, the total time-dependent wave function of the

molecule is expanded in the basis of the |k⟩ eigenstates of the
H0 Hamiltonian of the free molecule, dressed by the respective
ωk eigenenergies

Ψ(t) =
ˆ
k

∑
ck (t) |k⟩e−iωkt. (12)

Upon inserting equation (12) into the TDSE iΨ̇ = [H0 +
V(t)]Ψ , one obtains the set of coupled differential equations
for the bound and continuum population amplitudes

iċj (t) =
ˆ
k

∑
ck (t)e

−iωkjtVjk (t) . (13)

In equation (13), the energy differences ωkj = ωk−ωj have
been introduced, and the dipole interaction matrix elements
are written as Vjk(t) =−ε(t)µjk. Here, the nuclear dipole ele-
ments µjk = ⟨j |d(R)|k⟩ between states |j⟩ and |k⟩ are calcu-
lated with the d(R) electric transition- or permanent dipole
moments. Including all the bound and continuum states of
MgH+ in equation (13), would allow for the exact solution
of the vibrational dynamics. However, for practical reasons,
here we have restricted the infinite state space to the physic-
ally relevant levels, including the 17 and 15 lowest states in
the X and A electronic states, respectively. Furthermore, 400
continuum states within the actual, relevant energy region of
the C manifold have been considered, to calculate the spec-
trum accurately. Utilizing the propagated population amp-
litudes, the vibrational state populations have been obtained as
pk(t) = |ck(t)|2, while the spectrum was calculated as σ(ωε) =
|cε(t→∞)|2, after the pulse has expired.

The solution of equation (13) was carried out with the
fourth order Runge–Kutta method. Since we focus on the
first photopeak here, the continuum–continuum dipoles (µεε ′)
have been omitted. Furthermore, the permanent dipole terms
µkk could be also omitted, as they were found to have negli-
gible impact on the populations and on the spectra. Such per-
manent dipole terms become important e.g. in low-frequency
infrared laser fields [67]. As will be clear from the discussion
in section 2, the populations and spectra provided by the multi-
level model are nicely supported by the those obtained from
accurate wave packet propagations.
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