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Abstract

The VUV photodissociation dynamics of HOD in the first (Ã-state) absorption band

following a non-resonant impulsive vibrational excitation is studied theoretically. We

show that a change in the linear temporal chirp of a VUV pulse with a fixed frequency

distribution leads to control of the branching ratio (H+OD)/(D+OH) between the two

fragmentation channels.
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1. Introduction

Control of molecular processes based on the quantum mechanical principles of

coherence and interference is a topic of current interest [1, 2]. Coherent excitation can

be accomplished by laser light and the phase modulation of the frequency components

of a short laser pulse [3] leads to control of quantum interferences at the molecular

scale.

Seminal theoretical work in this field (so-called bichromatic control) [4] envisioned

two continuous wave lasers with appropriately chosen frequencies and a controllable

relative phase; and it was shown that interference between different pathways could be

controlled by the phase. To that end it should be noted that for gas-phase fragmentation,

in the weak-field limit, coherent (interference) control of asymptotic fragment states is

not possible if excitation starts from a single eigenstate. Thus, a key pre-requisite for

coherent control is that the system can be driven to a given energy level via different
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pathways; in the weak-field limit this can be accomplished for pulsed laser excitation

with a bandwidth that encompasses more than one eigenstate state in an initial super-

position state [2, 5].

As a prototype of the chemically interesting scenario of bond-selective chemistry,

the control of the branching ratio (in the Ã-state) between the two fragmentation chan-

nels in HOD (H+OD or D+OH) has been a matter of long-term interest [6, 7, 8, 9,

10, 11, 12, 13, 14, 15]. To that end, we mention previous work assuming, oriented

HOD molecules [10], the creation of a vibrational superposition state by an unspeci-

fied mechanism [11], or a scheme which required non-trivial pulse shaping of intense

ultrashort vacuum-ultraviolet (VUV) pulses [14]. The aim of this letter is to investigate

a control scheme which allows for a more feasible experimental implementation and

which demonstrate coherent (interference) control in its purest form.

The present work is inspired by recent experimental work on HOD which em-

ployed, respectively, (transform limited) 16 fs VUV pulses at 161 nm [16] and few-

cycle pulses at 800 nm [17]. We showed recently that such few-cycle pulses are well

suited for non-resonant vibrational excitation of HOD [15].

Branching ratio control can, e.g., be accomplished via control of the time-delay

between the non-resonant pulse and an ultrashort VUV pulse [15]. The shift/delay of

a laser pulse in time corresponds to a linear phase modulation in the spectral regime.

In this letter, we consider an alternative type of phase modulation, leading to a linear

temporal chirp of the VUV pulse [5] at a fixed time delay.

2. Theory and computation

The dynamics of the HOD molecule is described within the two-degree-of-freedom

model for the interatomic motion (see, e.g., Ref. [10]) employed in several previous

publications, where the bending angle is fixed at 104.520. The non-resonant vibrational

excitation is considered for randomly oriented HOD molecules, e.g., corresponding

to the rotational ground state of HOD [15]. A constant electronic transition dipole

moment is employed.

Within first-order perturbation theory for the light-molecule interaction, the nuclear
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wave packet in the electronically excited state can be expressed by

|χ2(t)〉 =
i

~

∫ t

t0

dt′e−iĤ2(t−t′)/~E(t′)e−iĤ1(t′−t0)/~
|χ1(t0)〉 (1)

where Ĥ1 and Ĥ2 are the nuclear Hamiltonians of the two electronic states, E(t) is the

electric field of the laser pulse, and |χ1(t0)〉 is the nuclear wave packet of HOD at time

t0, times the projection of the electronic transition dipole moment in the direction of the

polarization vector of the plane-polarized field. Numerical wave packet propagation is

carried out on a two-dimensional grid (see, e.g., Ref. [15]).

|χ1(t0)〉 is created by non-resonant vibrational excitation of HOD [15, 18, 19, 20]

where the mechanism can be described as dynamic Stark effect or, equivalently, as im-

pulsive Raman scattering. The non-resonant vibrational excitation from the vibrational

ground state of HOD, employs a train of six 800 nm pulses. The time duration of each

pulse is 3.5 fs and the spacing between the pulses is 12.2 fs, corresponding to the vi-

brational period of the O-D bond. As shown in Ref. [15], this leads to an essentially

selective vibrational excitation of the O-D bond. With this pulse train, the excited state

population is approximately 10 %, i.e., the vibrational excitation is relatively modest.

The electric field E(t) of the VUV transition is a Gaussian pulse centered at the

frequency ω0 and with a variable linear temporal chirp, that is [5],

E(t) = E0Re
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(2)

with pulse duration τ and linear temporal chirp β (t is replaced with t−tc when the pulse

is centered at t = tc). These parameters are related to the frequency bandwidth 1/τ0 and

the quadratic spectral chirp β0 via τ2 = τ2
0
(1+β2

0
/τ4

0
) and β = β0/(τ

4
0
+β2

0
), respectively.

For β0 = 0, β = 0 and τ = τ0 and the result is a transform-limited Gaussian pulse.

In the following, we fix the frequency bandwidth (corresponding to a given temporal

duration of the transform-limited pulse) and modulate the quadratic spectral chirp β0

leading to different values of τ and β. The pulse is centered at t = tc relative to the peak

in the last (sixth) pulse of the non-resonant pulse train, such that the pulse train and the

VUV pulse do not overlap after the introduction of the chirp.
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3. Results and discussion

The center wavelength of the VUV field is chosen to 166.4 nm, corresponding to

the maximum of the absorption band, and the amplitude E0 is chosen such that the

excitation probability is less than a few percent.

Figure 1 shows the branching ratio as a function of the quadratic spectral chirp

β0 and the full width at half maximum (FWHM) of the unchirped pulse (β0 = 0). The

VUV pulse is centered at tc = 302.8 fs relative to the peak in the last (sixth) pulse of the

non-resonant pulse train. We observe a modulation of the branching ratio as a function

of chirp and the modulation depends clearly also on the bandwidth (FWHM) of the

unchirped pulse. Thus, for pulse durations larger than about 15 fs, the effect of chirp

almost vanishes. The bandwidth is then too small to allow for interference between the

different vibrational states in the initial superposition state. The modulation is largest

for the shortest pulses. For example, for FWHM = 5 fs, we observe that the branching

ratio increases from 1.9 to 2.35 as a function of the chirp. The results are shown for

chirps |β0| ≤ 50 fs2, and are essentially unchanged for larger values of |β0|. When one

full vibrational period of the O-D oscillation is added to the time delay tc, we obtain

essentially the same result (due to essentially stationary O-H oscillations).

Figure 2 shows the branching ratio, now with the VUV pulses shifted by tc +

(1/2)POD where POD is the vibrational period of O-D. The relative phases in the initial

vibrational superposition state will now differ from the previous case. For example,

for FWHM = 5 fs, we observe that the branching ratio decreases from 2.8 to 2.35 as a

function of the chirp, i.e., the opposite trend compared to Fig. 1. The modulation as a

function of bandwidth (FWHM) is similar to the results in Fig. 1.

Figure 3 shows the branching ratio, now with the VUV pulses shifted to tc +

(3/4)POD where POD is the vibrational period of O-D. For FWHM = 5 fs, we ob-

serve that the branching ratio decreases from 3.26 to 2.33 as a function of the chirp.

Especially for the shortest pulses, we observe a noticeable asymmetry with respect to

positive or negative values of β0.

Overall, we notice a potentially quite large modulation of the branching ratio, even

with a quite modest population in excited vibrational states, i.e, of the order of 10 %.
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Figure 1: Branching ratio as a function of quadratic spectral chirp β0 and the FWHM of the unchirped

(β0 = 0) VUV pulse. The time delay between the non-resonant pulse train and the VUV-pulse is t = tc (see

text for details). The calculated points for a given FWHM are connected by straight lines in order to guide

the eye.
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Figure 2: Branching ratio as a function of quadratic spectral chirp β0 and the FWHM of the unchirped

(β0 = 0) VUV pulse. One-half of a vibrational O-D period has been added to the time delay tc in Fig. 1 (see

text for details).
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Figure 3: Branching ratio as a function of quadratic spectral chirp β0 and the FWHM of the unchirped

(β0 = 0) VUV pulse. Three-quarter of a vibrational O-D period has been added to the time delay tc in Fig. 1

(see text for details).
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We observe a modulation of the branching ratio with respect to chirp or time delay that:

(i) decreases as a function of increased pulse duration (reduced bandwidth 1/τ0); (ii) for

a fixed pulse duration (bandwidth 1/τ0) is of similar magnitude with respect to chirp

or time delay. Thus, there is clearly close similarities between “frequency-domain”

(chirp) and “time-domain” (time delay) control. The latter can also be considered as a

linear spectral chirp in the frequency domain.

The dependence of the branching ratio on the time delay is more readily explained

[15] than the dependence on the quadratic spectral chirp or, equivalently, the linear

temporal chirp which corresponds to a time-dependent VUV excitation frequency.

Thus, the dependence on the time delay for β0 = 0 is related to the different posi-

tion/momentum distributions of the O-D bond at the time of the VUV excitation [15]

whereas the dependence of the chirp is a quantum interference effect without a simple

classical picture.

Although the branching ratios reported in this work are all larger than 1.9, a more

detailed scanning of time delays and chirps give branching ratios which are still not

smaller than about 1.7. Smaller branching ratios, e.g., corresponding to preferred

breaking of the O-D bond can be obtained when the initial (non-stationary) vibrational

state contains a higher population of excited states. This will allow for higher vibra-

tional amplitudes/momenta (“initial localization of the O-D bond”) in time-delay con-

trol or more comprehensive quantum interference control in chirped-pulse excitation at

a fixed time delay.

In conclusion, with chirped pulses originating from transform-limited VUV pulses,

slightly shorter than the ones employed in Ref. [16], it should be possible to demon-

strate genuine coherent control of the selective bond breaking in HOD.
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