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We have numerically explored the asymmetry in the branching ratio of the photofragments in the
photodissociation of HD+ (neutral D and neutral H), leading to the possibility of localization of the electron on
a chosen nucleus by careful tuning of the laser parameters. For two different frequencies we show that, starting
from an initial stationary wave function, proper tuning of the pulse duration (2σ ) and peak intensities (I 0) of the
laser pulses can lead to very different branching ratios of the two reaction channels. The results are interpreted
in terms of the propagation of the nonstationary wave packet through regions having dominant radiative or
nonradiative interactions at different times. We also investigate what effect the choice of initial vibrational state
has on the overall asymmetry in the branching ratio of the dissociation products.
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I. INTRODUCTION

Theoretical and experimental studies of behavior of simple
molecules in intense pulsed laser fields have revealed many
interesting features of nuclear dynamics. Most of these new
features cannot be generally predicted on an intuitive basis
without detailed numerical computation. Thus computations
of molecular dynamics in intense fields continue to remain of
fundamental importance, as they can be used to elucidate some
very general questions about matter-field interaction. Also
such studies have stimulated efforts towards coherent fem-
tosecond control of molecular motion. Such control schemes,
in turn, may be of use for the realization of logic gates and
design of algorithms in optical quantum computing with atoms
and molecules. Optical coherent control technology can be
used to create widespread opportunities for manipulation of the
final distribution of products in different channels in various
chemical reactions, thereby opening pathways for synthesis of
products.

Of all possible photoinduced processes in simple
molecules, dissociation of diatomics has been one of the
earliest to be investigated intensively. Such studies have mostly
concentrated on the simplest one-electron species, H2

+, D2
+,

(as have been reviewed in [1]) and their heteronuclear isotopic
analog, HD+, which in certain respects may show interesting
and significantly different features from the corresponding
homonuclear counterparts. Some interesting works have also
been done on hydrogen halide and alkali metal halide molecule
photodissociation. In this context, the main control objective
has been to manipulate the final distribution of the fragmen-
tation products in different channels. The development of
ultrafast laser technology as well as sophisticated detection
methods has now created opportunities for testing of compu-
tational proposals for controlling the outcome of dissociative
reactions. Such control would require careful tuning of the
field parameters such as carrier frequency, peak intensities,
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and pulse duration and shape, as well as the carrier-envelope
phase. In addition, for multipulse schemes, which are now used
in various forms in most of the control scenario, interpulse
delay time and relative phase of the pulses can be important
control parameters. For example, a recent work has discussed
how a vibrational wave packet can be launched on the ground
electronic state of D2

+ by tunnel ionization as well as bond
softening of neutral D2 and how the ion yield in the dissociation
channel can be modulated by using a second pulse with a
variable delay [2].

As far as heteronuclear ions are concerned, the branching
ratios of different atomic products produced in the dissociation
and dissociative ionization processes are of major interest.
A recent example is provided by the work of Korolkov
and co-workers [3,4], who numerically solved the coupled
Schrödinger equation with a motivation of controlling the
ratio of product ion yields D+/Cl+ in dissociation of DCl+
by intense chirped pulses. The sign of the chirp was found to
have a significant influence on the D+/Cl+ ratio in dissociative
ionization of DCl [5].

For the photodissociation of NaI the branching ratio of
Na∗(2P3/2,1/2) to Na(2S1/2) was experimentally shown to be
controllable by the variation of the timing between two
transform-limited ultrafast laser pulses [6]. An alternative
way to achieve quantum control of NaI photodissociation
reaction product states was shown in [7] by specially tailored
ultrafast light fields. Similarly, control of the branching ratio
between ground- and excited-state iodine atoms by changing
the time delay and relative phase between the pump and control
pulse as well as by the chirp was also reported [8]. For NaI
the branching ratio between molecular and three-body dis-
sociative photoionization was shown to be controllable in a
pump-probe situation. In a time-dependent three-state wave-
packet study the durations of the femtosecond pump and
probe pulses emerged as major controls of this branching
ratio [9]. In [10] a time-dependent quantum wave-packet
calculation was used to demonstrate that the relative phase
between two intense few-cycle pulses of frequencies ω and
2ω can be used to control the branching ratio of the products
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I(2P3/2) and I(2P1/2) in the photodissociation of HI molecule.
Earlier a pump-pump coherent control scheme was used
in [11] for manipulating the product branching ratio in the
photodissociation of Li2 into Li(2s) + Li(2p) and Li(2s) +
Li(3p) channels. Dissociation probability and branching ratio
for Br2 molecule in a femtosecond laser field was studied
in [12].

Though made for an atomic system, the study on control
of double ionization in the case of Ca [13] is relevant in our
context, because in this work a single pulse was employed and
its temporal asymmetry was used to steer the atomic system
from an initial eigenstate to a double-electron continuum
through a coherent superposition of excited states.

In another recent work [14], the main focus of interest
was the study of the branching ratios for different photon
absorption channels in photodissociative processes in H2

+
and D2

+ in an intense ultrashort laser field. The authors
demonstrated that these ratios can be controlled by variation
of the peak intensity and also the duration of the single laser
pulse used. The identification of the multiphoton processes
was made primarily from comparison of the nuclear kinetic
energy release spectrum with a time-varying Floquet–Born-
Oppenheimer calculation.

In the present work our primary objective is the inves-
tigation of the asymmetry in the branching ratios of the
photofragments of HD+ between neutral D and neutral H
atoms resulting from a single femtosecond pulse and the
possibility of control of this ratio through tuning of the pulse
parameters.

Some earlier theoretical calculations had indeed reported
computational results of the asymmetry in the branching ratio
between the two possible dissociation channels in HD+ within
both time-independent and time-dependent frameworks. In
[15], a phase-locked (ω, 2ω) laser pulse was used to predict an
appreciable isotope separation in the fragmentation of HD+
as well as to induce asymmetry in the angular distribution of
the emitted fragments. Experimental studies in [16,17] of the
dissociation of the ground state HD+ indicates that the lower
H+ + D channel is 7% more likely than the D+ + H channel.
It was demonstrated in [18,19] that dissociation to either of
the channels in HD+ can be made more probable by proper
choice of the carrier-envelope phase difference (CEPD) of a
single ultrashort laser pulse. The calculations used a three-
dimensional model (one nuclear plus two electronic degrees
of freedom). More recently, Bhattacharya and Bhattacharyya
[20] have reported the near equality of the fluxes in two
channels in the photofragmentation of the HD+ system. Taking
the rotational motion of the internuclear axis into account,
the branching ratios to different photon absorption channels
resulting from two-frequency multiphoton dissociation of
HD+ in the framework of a time-independent calculation
were reported along with their angular distribution [21,22].
The control of both electron excitation and localization in the
dissociation of the H2

+, HD+, and HT+ is achieved in [23].
In the beginning, an ultraviolet pulse is used for excitation
of the electronic wave packet on the dissociative state. A
time-delayed near-infrared pulse is then introduced and by
adjusting the delay time between the pulses as well as the
carrier-envelope phase of the second pulse, effective control
over electron localization on one of the dissociating nuclei can

be achieved. An alternative multipulse scheme for controlling
electron localization on a desired nucleus in D2

+ through
vibrational wave-packet manipulation is proposed in [24]. The
second pulse responsible for the electron localization basically
operates on a moving wave packet.

We have performed a detailed numerical simulation of the
photofragmentation process of HD+ starting from an initial
ground-vibrational-state wave function. The rotational motion
has been neglected, as is usually done. Also the usual two-state
approach has been invoked and a technique for solution of
the Schrödinger equation for the nuclear wave packet in
the presence of intense pulsed femtosecond fields has been
adopted. The branching ratios to the two channels have been
computed, both as a function of intensity as well as that of pulse
time for two different frequencies. The two laser frequencies
employed for the simulation are the 800-nm fundamental
frequency of a Ti sapphire laser and its third harmonic.

The two features that make HD+ sufficiently different from,
and also more interesting than, its homonuclear counterparts
H2

+ and D2
+ are the presence of strong asymptotically diverg-

ing intrinsic dipole moments in both states and the presence
of g-u symmetry-breaking nonadiabatic interaction [25,26].
This nonadiabatic interaction also removes the degeneracy
of the molecular states at large distances, which, unlike
its homonuclear counterparts, go to different asymptotically
distinguishable atomic states D(1s) or H(1s). The presence
of this interaction also results in a transition dipole moment
which varies in the large internuclear separation region in a
way different from that for the homonuclear species.

The possibility of strongly asymmetrical branching be-
tween the asymptotic atomic states can arise because the
interplay between the radiative and nonadiabatic interactions
largely controls this branching. By changing the intensity
and duration of the pulses the nuclear wave packets can be
induced to experience these interactions at different times and
to different extents, which ultimately for some combinations
of intensities and pulse time, leads to different fluxes in the two
asymptotic channels. Finally, interpretations of the variation
of the branching ratio with the pulse times and intensities
for different frequencies have been provided in terms of such
interplays of symmetry-breaking nonadiabatic interactions
with various radiative interactions through transition and
permanent dipole moments at various times on the way to
dissociation.

II. THEORY

We investigate the strong-field photodissociation dynam-
ics of HD+ molecular ion by solving the time-dependent
Schrödinger equation in the nuclear coordinates R. A four-
component nuclear wave function in the basis of the two
lowest electronic states has been formed for this purpose. The
nuclear wave functions belonging to each electronic state have
been subdivided on the basis of their parities (even though the
parity-determining quantum number J had not been included
in the description of the system) [15,20]. In the case of
the heteronuclear HD+ ion, this is useful to account for the
permanent dipole-moment-induced intraelectronic radiative
couplings, as radiative transitions connect only electronic
states belonging to groups with different parities. Thus the
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Schrödinger equation in the basis of two electronic G and
E states, each with even (e) and odd (o) parities, takes the
form

ih̄
∂

∂t

⎛
⎜⎜⎜⎜⎝

�Ge (R,t)

�Go (R,t)

�Ee (R,t)

�Eo (R,t)

⎞
⎟⎟⎟⎟⎠ = H(R,t)

⎛
⎜⎜⎜⎜⎝

�Ge (R,t)

�Go (R,t)

�Ee (R,t)

�Eo (R,t)

⎞
⎟⎟⎟⎟⎠ , (1)

with

H = − h̄2

2m

∂2

∂R2
+ V (R,t). (2)

Here, m is the reduced mass of the nuclei and R is
the internuclear separation. V(R,t) is the potential matrix,
in the four-component basis, including both the interatomic
potentials and the off-diagonal laser-induced interstate as well
as intrastate radiative couplings. The parity of the initial
vibrational state can be defined arbitrarily:

V (R,t) =

⎛
⎜⎝

VG(R) −µGG(R)E(t) 0 −µEG(R)E(t)
−µGG(R)E(t) VG(R) −µEG(R)E(t) 0
0 −µEG(R)E(t) VE(R) −µEE(R)E(t)
−µEG(R)E(t) 0 −µEE(R)E(t) VE(R)

⎞
⎟⎠ . (3)

We have used a sine-squared temporal pulse shape, so that

E(t) = E0f(t) cos(ωt), (4)

f (t) = sin2

{
�t

2σ

}
. (5)

E0 is the peak of the magnitude of the electric field and
2σ is the total pulse duration. µG−G(R) and µE−E(R) are
the R-dependent permanent dipole moments and µG−E(R)
is the R-dependent transition dipole moments of the HD+
system. The expression for the transition and permanent dipole
matrix elements between the asymptotically correct states
in terms of the transition moment between the two lowest
Born-Oppenheimer states is shown in [15,20].

The split operator Fourier transform method is employed
for solution of this time-dependent Schrödinger equation. The
initial stationary wave function with an arbitrary choice of
parity at time t0 is propagated to time tf using the time
evolution operator. The expression for the unitary evolution
operator from tn–1 to tn (tn–tn–1 = δt) is

U (tn ← tn−1) = e
−i (

H
h̄

δt)

= e
i (

h̄
2m

∂2

∂R2
δt
2 )

e
−i (

V (R,t)δt
h̄

)
e
i (

h̄
2m

∂2

∂R2
δt
2 )

. (6)

This expression is correct to second order in δt.
The effect of the application of an exponential operator can

be conveniently calculated in the basis that makes the operator
diagonal, and this basis must be found at each time. The effects
of the propagation on the nuclear wave packet in each time step
are calculated separately for the potential and kinetic parts in
the bases in which these two operators are diagonal.

The asymptotic atomic states arising from the dissociation
of HD+ are distinguishable and nondegenerate. This nonde-
generacy between the molecular orbitals can be accounted
for by taking into account the coupling between electronic
wave functions of the Born-Oppenheimer 1sσg and 2pσu states
through the symmetry-breaking term in the full Hamiltonian
arising from the mass asymmetry. At each internuclear separa-
tion R the proper basis-state electronic wave functions can be
constructed as linear combinations of the Born-Oppenheimer

wave functions as shown by Carrington and Kennedy [25].
We can write the nuclear wave functions �G and �E in this
proper basis (in which the molecular orbitals asymptotically
go to the correct atomic limit) as linear combinations of the
nuclear wave functions �g and �u in the Born-Oppenheimer
basis [15,20]:

�G(R,t) = a(R)�g(R,t) + b(R)�u(R,t), (7)

�E(R,t) = −b(R)�g(R,t) + a(R)�u(R,t). (8)

The coupling coefficients a(R) and b(R) satisfy the unitarity
relation, a2(R) + b2(R) = 1. These mixing coefficients a
and b, along with the potential energies VG(R) and VE(R)
of the two new electronic states GS and ES, calculated
earlier [25,26], have been used by us. At small internuclear
separations, the actual wave functions practically coincide
with the Born-Oppenheimer wave functions, giving a = 1
and b = 0. However, in the asymptotic limit the actual states
describe atomic orbitals, unlike the Born-Oppenheimer states,
which denote linear combinations of the two atomic orbitals
in equal proportions. Thus in the asymptotic limit the mixing
coefficients take the value a = b = 1/

√
2.

In our simulation for each step of propagation, the kinetic
energy operator is applied in the basis of the proper Born-
Oppenheimer states. The wave-packet components are then
transformed to the basis (G, E) with correct asymptotic limits
D(1s) + H+ for G and H(1s) + D+ for E [19] for application
of the potential propagation operator whose matrix elements
are known in this basis. In this way, the R dependences of
the mixing coefficients a and b induce nonadiabatic coupling
between the two components of the nuclear wave packet.
The transformation used for projecting the wave-function
components on the G and E electronic basis is given in Eqs. (7)
and (8).

The method employed for calculation of the energy spec-
trum of the photofragments is discussed in detail in [20] and
the corresponding parameters were used in the numerical
calculations. We have allowed the wave-packet propagation
to continue up to 50,000 a.u. of time (206.8 ps).
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III. RESULTS AND DISCUSSION

The distribution of photofragments between the two asymp-
totic channels H+ + D(1s) and H(1s) + D+ obtained on
dissociation of HD+ has been explored for single femtosec-
ond pulses of different durations and peak intensities. Our
motivation is to find the circumstances leading to significant
asymmetries of the distribution of photofragments between
these two channels and to interpret the mechanism by which
these asymmetries can arise with the aim to control the
branching ratios by adjusting the parameters of the single
pulse. Two different frequencies have been used for this
purpose, the fundamental frequency of a 800-nm Ti sapphire
laser and its third harmonic with a wavelength of 267 nm. The
peak intensities (I 0) of the sin2 pulses have been varied over
an order of magnitude from 1014 to 1015 W/cm2. The pulse
widths (full temporal duration of the pulses) range from 24 to
∼120 fs. At first we present the results for the branching ratios
starting from an initial ν = 0 state which has arbitrarily been
assigned an even parity.

In the case of a 267-nm laser, only single-photon dissoci-
ation is observed for the entire range of intensities and pulse

duration explored. For high-frequency radiation (267 nm) the
one-photon crossing between the dressed potentials takes place
at a value of R around which the ground-state vibrational wave
packet shifts because of the distortion of the potential. This
occurs before the three-photon crossing opens up appreciably
at a shorter distance.

In Figs. 1(a)–1(d), for a 267-nm-wavelength laser, we show
the branching ratios in the two product channels as functions
of the pulse time for four different peak intensities. In all
the cases, for the shortest pulse (2σ = 24.2 fs) the flux in
the two channels H+ + D and D+ + H tends to be equal.
However, with the increase of the temporal width of the laser
pulse, the channel H + D+ is more favored at all intensities.
A maximum branching of fragments in the outgoing H + D+
channel occurs at ∼70 fs for I 0 = 2 × 1014W/cm2 and at
∼55 fs for the other values of peak intensities. On further
increase of the pulse time, flux in the ground-state channel
(which asymptotically goes to the D + H+) increases again.
In particular, in the case of I 0 = 3 × 1014W/cm2 in Fig. 1(b),
the dissociation flux in the ground-state channel reaches a
maximum of almost 85%, at 89 fs, after which a gradual decline

FIG. 1. (Color online) The branching ratios of the photofragments of HD+ to the GS and ES state channel, for 267-nm-wavelength laser,
as functions of pulse time (2σ ) for (a) I 0 = 2×1014W/cm2, (b) I 0 = 3×1014W/cm2, (c) I 0 = 5×1014W/cm2, and (d) I 0 = 6×1014W/cm2
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in the branching to this channel is observed on further increase
of the pulse duration. For a 120-fs-long pulse, the dissociated
photofragments in the two product channels become almost
equal again. At still higher intensities, as shown in Figs. 1(c)
and 1(d), the relative probability of dissociation through the
ground state increases beyond 55 fs and at ∼72 fs becomes
higher than that through the excited-state channel. However,
further increase of the pulse length causes a second crossing of
the branching ratio curves. In the case of I 0 = 6 × 1014W/cm2,
at a large pulse time of 120 fs the asymmetry in the distribution
of the dissociated fragments seems to disappear. Thus it seems
that a single pulse can be used to effectively channelize the
dissociated fragments into one product atomic state or another
through variation of pulse time.

The coupling between states in different regions of R
are either radiative (due to either transition or permanent
dipole moments) or mainly nonradiative (because of strong
R dependence of the mixing coefficients a and b) or both.
Variation of the pulse duration actually allows the wave packet
to cross different regions of the R space at different times. The
transition dipole moment matrix elements between the G and
E state plays an important role beyond the equilibrium distance
of 2 a.u., and attains a maximum at R = 10 a.u. after which it
rapidly falls to zero, becoming insignificant at R = 15 a.u. The
radiative transitions between the two molecular states can take
place only when the transition matrix element is significant.
The permanent dipole moments show a divergence from R =
9.5 a.u. At large R, the transition dipole moment is practically
negligible and the radiative couplings due to permanent dipole
moments are very strong. Hence radiative transitions in the
large R region take place only between the odd and even com-
ponents of the same electronic state. The nonadiabatic cou-
pling is effective in a narrow region between 10 and 15 a.u and
causes mixing between the same parity components of differ-
ent electronic states. The wave-packet components experience
different electric fields while passing through the same regions
of internuclear separation for pulses of different durations.
The importance of these different interactions can thus be con-
trolled by pulse-time variation resulting in variation of branch-
ing patterns between the two asymptotic atomic channels. The
relative importance of the radiative transition and nonradiative
mixing can also be controlled to some extent by changing the
peak intensity, keeping the pulse shape invariant.

Figures 2(a) and 2(e) show the time evolution of the
populations for the ground and excited electronic states in the
interaction region (defined as R < 40 a.u.) for a peak intensity
of 5 × 1014W/cm2 and for pulse durations of 24.2 and 55.6 fs,
respectively. At low pulse time, i.e., for 2σ = 24.2 fs, the
population at first is completely transferred to the excited state,
but gradually becomes equally distributed in the two electronic
states at later times when no radiative coupling is operative.
This leads to an almost equal flux distribution in the two
reaction channels. Figure 2(e) shows that for the broader pulse
also a major part of the population is transferred to the excited
state after the pulse has reached the peak. As the wave packet
moves outwards a small amount of retransfer takes place
but the major part remains on the excited-state channel and
dissociates as H + D+. These results can be interpreted on the
basis of the wave-packet evolution on the respective potential
surfaces involved. Figures 2(b)–2(d) and 2(f)–2(h) show the

snapshots of the evolution of the squared components of the
wave packet on the ground and excited electronic potentials
for two pulses of different durations at the indicated times.
As the intensity starts to increase the initial stationary wave
function for ν = 0 on the ground electronic state potential
becomes nonstationary and starts shifting outward due to
the distortion of the potential. At the same time transfer to
the excited state starts to occur due to the influence of the
transition moment. In Fig. 2(b) at ∼14.5 fs most of the wave
packet has just reached the avoided crossing region around
R = 3–3.5 a.u., where the transition matrix element is
significant and the transfer of wave-packet component to the
excited electronic state becomes more important. By the time
the pulse ends (24.2 fs) the complete wave packet has moved
well beyond the bound region (the dissociation probability is
almost unity) and the population transfer has also completed
[Fig. 2(c)]. However, as seen from Fig. 2(a), a fraction of the
wave packet is transferred from the excited electronic state
to the ground electronic state after the pulse is over. The
situation at a later time when the wave packet has almost
crossed the nonadiabatic coupling region has been shown in
Fig. 2(d).The peak position of the wave-packet components
present in the ground and excited electronic potentials are the
same at this time. In the absence of the laser field we can say
that the nonadiabatic coupling, important in the region through
which the wave-packet components pass during 24–39 fs,
is responsible for the final near equality of the interaction
region population in the two electronic states, clearly seen at
t = 38.7 fs in Fig. 2(d). Because of the involvement of the
nonadiabatic interaction the transfer takes place to the odd
component of the ground electronic state. When the wave
packet escapes the interaction region the proportion of flux
in the two atomic channels corresponds to the population in
the two electronic states asymptotically going to those atomic
states.

Figure 1(c) shows that the peak in the branching ratio
asymmetry for I 0 = 5 × 1014W/cm2 is attained for a pulse time
of ∼55 fs. For a pulse time of this magnitude, the wave packet
moves to a somewhat larger distance by the time the laser
field strength achieves its peak compared to the case of 24.2-fs
pulse. In this case also most of the laser-induced coupling
mediated population transfer occurs well after the peak is
reached, while the wave-packet components move through
the region R = 3–8 a.u. This is evident from Fig. 2(f)
(where only a small portion of the wave packet has been
transferred to the higher electronic state). Further transfer to
the excited state occurs while the wave packet continues to
move outward; this can be seen in Fig. 2(g) (which shows
that almost the entire wave packet resides on the excited state
potential by 38.7 fs). The small dip in the population of the
excited state shown in Fig. 2(e) occurs, because during the
falling region of the pulse, a small portion of the wave packet
does make the reverse transition to the ground state through
stimulated emission, as can be seen from Fig. 2(h). In contrast
to the short-pulse case, the electromagnetic field continues
to influence the dynamics of the wave-packet components
while the nonadiabatic coupling region is traversed. Thus
some radiative transition to the odd ground-state component
from the even one may take place in this region apart from
some transfer from the odd excited-state components through
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FIG. 2. (Color online) Wave-packet dynamics for I 0 = 5 × 1014 W/cm2. (a) Population dynamics of the GS and ES states in the interaction
region for 2σ = 24.2 fs. (b)–(d) Snapshots of the evolution of the wave-packet components on the two electronic potentials at three different
times for 2σ = 24.2 fs. (e) Population dynamics of the GS and ES state in the interaction region for 2σ = 55.6 fs. (f)–(h) Snapshots of the
evolution of the wave-packet components on the two electronic potentials at three different times for 2σ = 55.6 fs.
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FIG. 3. (Color online) Wave-packet dynamics for 2σ = 89.5 fs. (a) Population dynamics of the GS and ES state in the interaction region
for I 0 = 3 × 1014W/cm2. (b)–(d) Snapshots of the evolution of the wave-packet components on the two electronic potentials at three different
times for I 0 = 3 × 1014W/cm2. (e) Population dynamics of the GS and ES state in the interaction region for I 0 = 5 × 1014W/cm2. (f)–(h)
Snapshots of the evolution of the wave-packet components on the two electronic potentials at three different times for I 0 = 5 × 1014W/cm2.
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FIG. 4. (Color online) The branching ratios of the photofragments of HD+ to the GS and ES state channel, for 800-nm-wavelength laser, as
functions of pulse time (2σ ) for (a) I 0 = 2 × 1014W/cm2, (b) I 0 = 3 × 1014W/cm2, (c) I 0 = 5 × 1014W/cm2, and (d) I 0 = 6 × 1014W/cm2

the nonadiabatic coupling. It seems that the presence of a
moderate radiative coupling in this large R region prevents
complete equalization of the population through nonadiabatic
interaction. The influence of the pulse persists in the falling
region after 38.7 fs, and influences the final distribution of the
completely dissociated flux between the two atomic channels.

Figures 3(a) and 3(e) demonstrate the time evolutions of the
population of the GS and ES channels at two different peak
intensities, I 0 = 3 × 1014W/cm2 and I 0 = 5 × 1014W/cm2,
respectively, for a pulse time of 89.5 fs. In both cases the
population shows oscillation from the GS state to the ES state
and back to the GS state within the first 50-fs timescale. In both
cases the transfer to the ES state starts at ∼25 fs and reaches a
maximum of ∼80% during the rising portion of the pulse. This
transfer takes place in the range of 2–8 a.u., but the maximum is
obtained at a slightly earlier time for the higher-intensity pulse.
The wave packets have been shown at 38.7 fs for these two
pulses [Figs. 3(b) and 3(f)]. After this stage, as the wave-packet
components continue to move further right, still remaining in

the strong dipole region, a radiative retransfer to the GS (even)
state takes place. Figures 3(c) and 3(g) show that a retransfer
to the GS state has indeed occurred by 48.4 fs and that the
magnitude of this retransfer is certainly greater at higher
intensity. At about this time the permanent dipole moment
starts playing its role. This is recognized by the fact that the odd
component wave packet on the ground state starts building up
near the tail at the expense of the even component. Oscillation
of the wave packet between two electronic states continues
even after 50 fs in the case of the higher-intensity pulse. For
the lower intensity, such oscillatory trend is much weaker.
For the lower intensity, the norm of the GS state wave packet
becomes maximum at ∼58 fs, but at that time a significant
portion has already been retransferred to the ES state in the
higher-intensity case. Thus for the stronger coupling an extra
half cycle of population oscillation between the two electronic
states takes place. For even higher intensities there will be
even more oscillations between the GS and ES states within
this region. The wave packet crosses the 10–12 a.u. region
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FIG. 5. (Color online) The branching ratios of the photofragments of HD+ to the GS and ES state channel, for 267-nm-wavelength laser,
as functions of intensity (I 0) for (a) 2σ = 24.2 fs, (b) 2σ = 48.4 fs, (c) 2σ = 96.7 fs, and (d) 2σ = 121 fs.

between 58 and 67 fs. Because the wave packet has moved
farther right during this period the oscillations between two
electronic states become damped due to the falling transition
dipole moment, though some transition takes place through the
nonadiabatic coupling. So we see a small decrease of the norm
from the peaks in the GS and ES. For the higher intensity
the decrease in the ES state is from ∼90% to ∼66% in the
time interval 58–67 fs. Thus the distribution of the atomic
dissociation products between the two channels is completely
different at these two intensities After this time when the wave
packet moves through a region of large internuclear separation
(R = ∼11.5–16 a.u.) as shown in Figs. 3(g) and 3(h), the
population is redistributed only between the even and odd
channels within each electronic state. In this region in the
absence of the nonadiabatic coupling the ES state populations
would have been even lower (∼58%) at t = 72.5 fs. For the
lower-intensity case a small rise in the GS state population
starting at 62.7 fs is seen. The effect of the nonadiabatic
coupling has been found to restrict transfer to the excited state.

We have found that the permanent dipole moments do play
an important role in determining the branching ratio of the

dissociation product between the two channels, particularly for
large pulse times, for which the wave packet enters the region
of large internuclear separation with the laser field remaining
still operative. In such a region all the principal factors,
transition dipole moments, permanent dipole moments, and
nonadiabatic interaction effects are fully active while the pulse
is still on and all the components of the wave packet can be
simultaneously excited with transfers taking place between
various pairs in varying degrees. Thus the inclusion of the
permanent dipole moment opens up a large number of new
pathways whose amplitudes interfere, causing a large change
from the situation where the final state could be reached
by a single pathway. These interference effects should cause
oscillation of the branching ratio with intensity for large pulse
widths. This is shown later. In this case, for both the intensities
studied, the absence of the permanent dipole moments would
have caused the entire dissociation flux to accumulate in the
ES state reaction channel. Thus a large pulse time allows
manipulation of the temporal evolution of the wave packet
components on a particular potential surface and also allows
influencing of the branching ratio asymmetry. In the future
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FIG. 6. (Color online) The branching ratios of the photofragments of HD+ to the GS and ES state channel, for 800-nm-wavelength laser,
as functions of intensity (I 0) for (a) 2σ = 24.2 fs, (b) 2σ = 48.4 fs, (c) 2σ = 96.7 fs, and (d) 2σ = 121 fs.

there is scope for more detailed understanding of the exact
mechanism by which the permanent dipole moments affects
the distribution of the flux in the two channels.

Figure 4 demonstrates the dependence of the branching
ratio of the dissociated photofragments of HD+ on the
pulse time when the wavelength of the laser field used for
the simulation is 800 nm. With 800-nm laser pulses, two-,
three-, and four-photon dissociation all occur, their relative
ratios depending on the laser parameters applied. For very
low intensities, i.e., 1 × 1014–2 × 1014 W/cm2, substantial
four-photon photodissociation is obtained. In the case of 2σ =
24.2 fs a small five-photon component is present in the final
wave packet. Orr et al. [27] have experimentally demonstrated
Above Threshold Dissociation (ATD) through the absorption
of at least four photons. The experimental results presented
in [28] show that for an intensity of 6 × 1014W/cm2 and
wavelength of 800 nm, two- and three-photon dissociation
processes dominate for a pulse length of 10 and 30 fs. The
four-photon process was found to be more probable for pulse
durations of 40 and 60 fs. The theoretical study in [29] shows
that four-photon dissociation from initial ground vibrational

state, and three-photon dissociation from higher levels are the
most important processes. We found that for low intensities
[Figs. 4(a) and 4(b)], the distribution of population in the two
outgoing channels are almost equal for a certain range of pulse
length (24.2–70 fs). The major difference with the 267-nm
case is that here a transition to the excited electronic state in
the small R region must involve a three-photon absorption
process the strength of which is significantly weaker than
the single-photon process relevant in the short-wavelength
case. The total dissociation probability correspondingly is
much smaller. Thus for lower intensities and short pulse
lengths, it is mainly the nonadiabatic couplings that equalize
the components of the wave packet in the R = 10–15 a.u.
region, however small they may be. It is quite evident that in
this range of pulse time, the permanent dipole moments have
no significant influence on the distribution of the fragments
between the two product channels. This is to be expected
because for low pulse times the pulse is over by the time
the wave packet reaches large distances, where the effects
of large permanent dipole moments can be operative. At
larger pulse times in Figs. 4(a) and 4(b), the G channel is
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preferred. For higher intensities the pattern of flux distribution
in the two channels against the pulse length has a remarkable
resemblance to that for the 267-nm laser field, indicating a
similar mechanism of differentiation between the two channels
in the two cases. However, for long pulses the populations tend
to equalize sooner for the 800-nm carrier wavelength.

Next we present our results, of varying the peak intensity,
keeping the pulse time constant, which demonstrate the control
on the branching ratio of the HD+ photofragments exerted by
the intensity. As before, the wavelengths used in our simulation
consists of 267 and 800 nm for Figs. 5 and 6, respectively. The
four different pulse times chosen for the simulation are 24.2,
48.4, 96.7, and 121 fs, respectively.

As is evident in Figs. 5(a) and 6(a), for a pulse duration of
24.2 fs and both wavelengths, the variation of laser intensity is
not effective in causing any asymmetry in the final distribution
of the dissociation products. The reason for this has already
been clarified in our earlier discussion. For short pulses, the
nonadiabatic coupling equalizes the distribution in the two
channels in the absence of radiative interactions and the
effect of the radiative coupling due to the permanent dipole
moments is negligible. When the magnitude of the pulse
length is doubled, as in Fig. 5(b), the wave packet is no longer
confined at regions of small R during the pulse. The increased
magnitudes of the radiative coupling due to the transition
dipole moment, on increase of the peak intensity, effects
an efficient transfer of a major fraction of the ground-state
population to the excited state, creating a large asymmetry
in the final distribution. When the pulse time is further
increased the wave packet gets sufficient time for a cycling
of the population between two states in the region where the
transition dipole moment is strong. For such pulse times, an
oscillatory pattern is displayed for the branching ratios with
variation in intensities as seen in Fig. 5(c). As the intensity of
the laser field rises, the number of oscillations between the two
electronic states within a fixed time and within a given spatial
region increases. The final flux distribution in the two atomic
state channels depends on the phase of the oscillations within
the interaction region of the two electronic potentials at the
end of the pulse. At some peak intensities, for example, in the
case of 2σ = 96.7 fs, the population accumulates to a greater
extent on the ground state for (I 0 = 2–3 × 1014 W/cm2 and
8–10 × 1014 W/cm2) but on the excited-state potentials for
other intensities (e.g., I 0 = 1 × 1014 W/cm2 and 4–7 × 1014

W/cm2). As discussed earlier in the context of Figs. 3(a) and
3(e), for different pulse duration, within the same time interval
the number of oscillations is greater for the high-intensity case.
This leads to different population distribution in the interaction
region at different intensities and eventually to different flux
distribution in the two product channels in the asymptotic
region. The distribution pattern presented in Fig. 5(d) is almost
similar to the previous plot.

The distribution pattern, at 2σ = 48.4 fs, for λ = 800 nm,
on variation of peak intensity, displayed in Fig. 6(b) has
similarities to that of Fig. 5(b). At the three lowest intensities
the outgoing flux in the two channels are almost equal. The
asymmetry in the distribution pattern for the two outgoing
channels arises only from I 0 = 4 × 1014W/cm2 onwards
and becomes maximum at I 0 = 6 × 1014W/cm2. However,
unlike in Fig. 5(b), on further increase of peak intensities,

FIG. 7. (Color online) The branching ratios of the photofragments
of HD+ to the GS and ES state channel, for 267-nm-wavelength laser,
as functions of pulse time (2σ ) for I 0 = 5 × 1014W/cm2 and different
initial vibrational levels: (a) ν = 2, (b) ν = 4, (c) ν = 6.
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the population in the E channel shows some decrease with a
corresponding increase in the population of the G channel. In
cases of the larger pulses, as shown in Figs. 6(c) and 6(d), for
96.7 and 121 fs, respectively, an asymmetry between the G
and E channel arises, only at the lower intensities where the
pattern of variation is similar to the corresponding cases for
a 267-nm pulse. However, the asymmetry is less in this case,
possibly because for 800 nm at least a three-photon transition
is necessary for the bound-state wave packet to escape to
the continuum region. The population in the two channels
becomes almost equal again for intensities beyond I 0 = 4 ×
1014W/cm2. In case of the 800-nm laser pulse, the radiative
couplings due to the permanent dipole moments, particularly
in the high-intensity region, have a greater influence on
the overall distribution of flux in the two channels. Various
multiphoton transitions in the case of a low-frequency pulse
allows the permanent dipole moments to play a greater
role in manipulating the components of the nuclear wave
packets, on the respective potentials, eventually leading to
an equalization of the flux distribution in the two outgoing
channels. Such transitions through involvement of the perma-
nent dipole moments are not important for the 267-nm laser
pulse.

The entire discussion so far has been based on a wave-
packet propagation starting from an initial ν = 0 vibrational
level on the ground state potential. Figure 7 demonstrates the
branching ratios as functions of pulse length for three different
initial states ν = 2, ν = 4, and ν = 6, respectively, keeping
the peak intensity fixed at 5 × 1014 W/cm2. The behavioral
pattern for ν = 2 in Fig. 7(a) shows that the population in the
ES state channel is dominant for almost the entire range of
pulse times studied. Similar features are observed for ν = 4 in
Fig. 7(b). However, the asymmetry in the flux distribution is
slightly lower. In case of ν = 6 level in Fig. 7(c) the population
is predominantly in the ES state for the pulse time in the
range 24.18–60.45 fs and evens out at t = 72.54 fs. At larger
pulse times the population is in slightly higher proportion
in the GS state. The initial states chosen for the simulations
being multinodal, unlike that of ν = 0 wave function, the
radiative and nonradiative couplings may act on the wave-
packet components to a different extent, thereby affecting the
overall asymmetry in the branching ratio. The general effect is
that the overall asymmetry shows a decrease with increasing
vibrational quantum number.

IV. CONCLUSION

We have investigated the asymmetry in the branching ratios
of the photofragments of the heteronuclear HD+ molecular ion
between two final atomic state channels resulting from a single
femtosecond pulse from a perspective of possible control of
this ratio through proper tuning of the laser parameters, e.g.,
laser pulse duration and peak intensity. The calculation has
been performed for the fundamental frequency of a 800-nm
Ti : sapphire laser and its third harmonic with a wavelength
of 267 nm. We found that under some conditions a single
pulse can effectively channelize the dissociated fragments into
one product atomic state or another through variation of the
pulse parameters. The variation of pulse times allows us to
effectively control the fields when the wave-packet compo-
nents pass through different regimes of radiative (both through
transition and permanent dipole moments) and nonradiative
(nonadiabatic coupling) interactions. This in turn can lead
to change of the transition between two electronic states
to different extents in different regions of space. For very
low pulse times, the nonadiabatic coupling dominates and
equalizes the dissociation flux in the two different channels,
for a very broad range of peak intensities studied. For both
the frequencies, at an intermediate pulse time, variation of
intensity creates a large asymmetry in the final product
distribution, with a major fraction of the flux accumulating in
the ES state channel. However, in the case of a 267-nm laser, at
larger pulse times, the branching ratio of the photodissociated
fragments displays an oscillatory pattern with variation in
laser intensities. However, for 800 nm, the asymmetry in
branching, appearing at the lower intensities, completely
disappears in the high-intensity regime. These variations of
the branching ratio with the pulse times and intensities for
different frequencies can be qualitatively interpreted in terms
of the interplay between radiative and symmetry-breaking
nonadiabatic interactions. We have also demonstrated the
effects of the choice of initial vibrational states on the overall
asymmetry in the branching ratio and found the asymmetry to
be less for higher vibrational states.
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