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Control of Bond Excitation and Dissociation in HCN Using Laser Pulses
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The potential for selectively controlling the excitation and dissociation of the two bonds of the linear triatomic
molecule HCN using short laser pulses is studied. We show that intramolecular vibrational redistribution
(IVR) has strong influence on the controlling process: at low excitation level, IVR is slow and it is easy to
control the excitation of either bond, whereas at higher exitation, IVR causes rapid leakage into the unexcited
bond, making control more difficult. Simple linearly chirped pulses are effective in exciting and dissociating
the weaker €&H bond. In an attempt to excite the strongerIi€ bond, we found that although linearly
chirped pulses can transfer energy to theNCbond, they cannot compete with the much faster internal
energy redistribution, and the-N bond cannot be dissociated because the weakéd Gond will always

break first. To overcome this problem, we construct an optimization scheme and use it to find pulses that do
effect C-N dissociation. These pulses however are very short (less than 0.5 ps) and too intense (with brief
peaks in the low 18 W/cn? range) so that the molecule will be ionized before dissociation into neutral
fragments can occur.

I. Introduction laser intensities below the ionization threshold. Subsequently,
a classical description of chirped pulse excitation in terms of
the so-called “bucket dynamics” was giv&nTo understand
the dynamics of lasermolecule interactions, most of these
theoretical studies treat the simple case of a diatomic molecule
in a radiation field. Usually, the vibration of the diatomic
molecule is modeled by a Morse oscilla#3 which is the
simplest (but realistic) anharmonic oscillating system that can
be solved exactly both quantum mechanically and classically.
Of course, the problem of IVR does not arise in diatomic
molecules, and the simplest system that IVR can interfere with
selective excitation is a triatomic molecule. In the quantum
mechanical study of the interaction of an HCN molecule with

The invention of the laser has inspired the hope of using
coherent light to control the pathways of chemical reactions by
selectively exciting a specific bond vibrationall§garly experi-
ments on multiphoton vibrational excitation using nanosecond
laser pulses encountered the problem of intramolecular vibra-
tional redistribution (IVR) which occurs on the picosecond scale,
making selective excitation difficult. Recently, the availability
of high-intensity femtosecond (fs) lasers and advances in pulse
shaping techniques enable the experimentalists to control the
phase and amplitude of light over a large spectral bandwigith.
Employing a closed loop learning algorithm, selective breaking
and rearrangement of chemical bonds in polyatomic molecules . ) .
have been demonstratédnd selective excitation and suppres- ultrashort chirped |n_frared laser pulsés;'it was _showr_l _that
sion of vibrational modes in molecular gases have been p.roperlly -chosen chirped pulses are eﬁeptlve N e>§cmng and
achievecf The shape of the optimal pulse obtained from such dissociating the weaker €4 bond and in controlling the
learning control loops can be rather complicated. Earlier, using excitation of the stronger €N bon'd. Selectivity has also been
mid-infrared (MIR) fs pulses from a free-electron laser with a demonstrated for the molecular ion system of the type ABC
linear chirps-8 gas-phase NO molecules have been selectively YSIN9 intense infrared laser puls7é_sThe selective photodisso-
excited to vibrational levels < 5. Recently, linearly chirped  ciation of the stronger €N bond in the HCN molecule has
MIR pulses were obtained from propagating fs laser pulses, been |nvest|gate(_1 based on classical optlmal control th@ory._
generated by difference frequency mixing of the signal and idler However, the optimal IR pulses so obtained are rather compli-
pulses of an optical parametric amplifier, through dispersive cated. In this paper, we study classically tr_]e photoe_xm_tatlon of
materials. Using these chirped pulses, ground-state dissociatiorICN and the effects of IVR on the dynamics of excitation and
of CO from transition metal carbonyl molecules can be dissociation. To understand the interaction of the molecule with

controlled by selective excitation of the CO stretch of the an intense IR pulse, for most of our study, we choose a simple

molecules10 form of the laser pulse with a linear frequency chirp, which
Theoretical studies of selective laser excitation have also beencan readily by produced in the laboratdfy’ Recently, a clever
an active area of research in the past deé&df@.Chelkowski scheme was propos&dn which an optical centrifuge consisting

et alll were the first to show, from a quantum mechanical of two off-resonant oppositely chirped and counter-rotating laser
simulation of the interaction of the diatomic molecule HF with Pulses forces the HCN molecule to rotate rapidly, eventually
a linearly chirped laser pulse, that efficient vibrational ladder leading to the breaking of the strong-®l bond between the

climbing leading ultimately to dissociation can be achieved at heavier nuclei of the molecule. During the rotational accelera-
tion, there is little vibrational excitation. In our study, we

t Part of the “Gert D. Billing Memorial Issue”. consider direct resonant excitation of the intramolecular bond.
*To whom correspondence should be addressed. We ignore rotation by employing a linear model, which can be
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partly justified by the fact that a high intensity, linearly polarized

J. Phys. Chem. A, Vol. 108, No. 41, 2008853

TABLE 1: Molecular Parameters for HCN

laser field tends to align the molecule along the direction of

the polarizatior®

In section Il, we give a brief discussion of our linear model
of the HCN molecule including the intramolecular potential,
the transition dipole moment, and the interaction with the electric
field of the laser pulse. In section Ill, we summarize the quasi-
classical trajectory method that we employed in our calculation.
We then present in section IV representative results of our
computations, which include data on the excitation and dis-
sociation of both the €H and C-N bonds of the molecule by
various laser pulses. We conclude in section V by discussing
the significance of these results and their possible applications
toward selective bond excitation of the HCN molecule.

Il. Model of HCN Interacting with Laser Field

We model the HCN molecule as a system of two kinetically
coupled Morse oscillators, interacting with an external electric
field through its electric dipole moment. This dipole moment

function is dependent on the stretching coordinates of each bond.

We assume the molecule to be nonrotating, linear, and aligned
with the electric field of a linearly polarized laser. Strictly
speaking, the €H stretch is coupled to the bending mode, and
it has been shown that isomerization of HCN can be induced
by intense infrared laser puls&Such coupling would give
rise to additional IVR, but for simplicity, we ignore the bending
motion in this study.

The Hamiltonian for our system can be written as

H = Hcy(X, Py) + Hen(Y, Py) + Te(Py, Py) + Hi (X, Y, 1)

symbol value units parameter
a 1.847393 Al Morse parameter of €H bond
b 2.306172 Al Morse parameter of €N bond
Dch 5.69714 eV well depth of €H bond
Den 10.99446 eV well depth of €N bond
Xe 1.065493 A equilibrium &H bond length
Yo 1.153209 A equilibrium &N bond length
dcn 1.11806 D/A  equilibrium G&H dipole moment
derivative
lo 1.0853x 107 W/cn? laser-molecule coupling parameter
Awch 0.4181 eV quantum of €H vibrational energy
hwen 0.2750 eV quantum of €N vibrational energy
llwcy  1.5743 fs unit of time
Aert 0.0366945 effective Planck’s constant
a 1.24834 reduced Morse parameter of i< bond
D 1.92982 reduced well depth of-ON bond
Ue 12.9169 relative mass of C atom
Uy 6.9583 relative reduced mass of-® bond
id 2.9345 reduced action of-@N bond at
dissociation

cH 27 number of bound states of-&1 bond

Necn 80 number of bound states of-@ bond

configuration3! We have used these ab initio results to fit a
function of the following form:

4 4
u(X, V) =e "IN A+ X) + e 7 TITB(Y+ Y,
®)

whereXe and Y, are the equilibrium bond lengths of- & and
C—N, respectively, andy is chosen to be 1 boht. The
numerical values of the molecular parameters used in our
calculation are summarized in Table 1.

In our calculation, we define dimensionless quantities by

1) scaling the dynamical variables with respect to the Hamiltonian
to the C-H bond. Thus energy is scaled bpg,, time is scaled
where by llwch = (2Dch@uch)t? the inverse of the harmonic
vibrational frequency of the €H bond, and length is scaled
1 _ by the inverse Morse parameterl¥Nriting the electric field
Hen(X, Py) = 2u P’ + Dey(1 — e )’ @ of the laser pulse as
CH
E () = t D(t 7
and () = EqU(t) cos() (7)
whereky is the field amplitudeU(t) is a dimensionless envelope
Hen(Y, Py) = LPYZ + Dy (1 — €7%? (3) function, and®(t) is the phase of the_laser field so that the
2ucy instantaneous frequency is given byt) = dd(t)/dt, the laset
molecule interaction energy is characterized by the corfdtént
are the kinetic and potential energy terms for each bond
_ derEo
= (8)
1 2aD.,
Tc(Px, Py) = _n._'CPXPY (4)
where
is the kinetic coupling term between the bonds, and u
Aoy = aX(O’ 0)
HnX Y, ) = = (X, V) EL(9) (5)

represents the electric dipole interaction with the time dependent
laser electric fieldE, (). In the above equationX andY are

the deviations of the €H and C-N bond coordinates from
their equilibrium valuesPx and Py are their corresponding
conjugate momentaycn and ucn are the reduced masses of
the C—H and C-N bonds,Dcy andDcy the respective Morse
well depths,a andb the respective Morse constants, ang

the mass of the central carbon atom. The transition dipole
moment functionu(X, Y) for HCN has been computed using
ab initio methods for selected points near the equilibrium

is the effective charge of the-€H bond. ThusB is related to
the intensityl of the laser byl = 1oB? wherelo = (¢/87)(2aDcH/
dch)2 With the reduced Hamiltonian defined ly= H/2Dcy
= hy + hy + tc + hint, where

_1 o 1. %2
h = 5P« +2(1 e’) )

X

h,= Zuipy2 +3D(1 - e 2 (10)
y

te —Bug(x, y)U(z), the Hamilton’s

—py/uc and hiye =
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TABLE 2: Parameters for Dipole Moment Derivatives of
HCN

i 1 2 3 4 5

1.000000  1.037553  0.025501-1.509024 —0.399062
—0.292937 —1.460587 —1.194040 0.849744  0.429321

i
Ay

equations for the dimensionless variables then take the form

Z_F;X = — (1— €™+ By x y)U(r) cosb(x) (11)
g_)_; =p;— ILTlpy (12)

d

d—iy =-—Da(l—e e ¥+ Ba%ud(x, Y)U(z) cosd(z)

(13)
(14)

where k= aX, y = aY) are the dimensionless bond coordinates
with corresponding dimensionless conjugate momemep(),

7T = wcwt is the dimensionless timey, = ucn/uch, te = md
Uch, & = bla, andD = Dcn/Den. The dimensionless dipole
moment function is given by

4% Y) = g% Y)

CH

(15)

and since it is the derivatives of the dipole moment function
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transformation theory?34

1—4/1—(1—i)*cosb

x=In 17
1-1i% 40
b, = wV1l—w sing (18)

1—v1— w?cosb

L1 2
h(i) =351 — (1 —i)] (19)
with the classical frequency given by

L 1—i 20
w = E =1—1 ( )

The Born-Sommerfeld quantization condition becomes

i(”)Z(n—i-%)heﬁ, N=0,1,2, .. 21)
wherehes is the effective Planck constant
Aw
a CH
A= h = 22
e \/Z“CHDCH 2Dcy (22)

The quantum stata is then represented in the quasiclassical
trajectory method by an ensemble of phase space coordinates
with classical action given by eq 21 and angles uniformly

that enter in egs 11 and 13, we use the following expansionsdistributed between 0 andi2 These equation can be directly

obtained from eq 6:

g _

o~ € “gtaxtaxta+tax) (16)

whereo. = 1.022915 and a similar expression fipg/dy. These
coefficients are given in Table 2.

Ill. Quasiclassical Trajectory Method
The classical Hamilton’s equations (214) can readily be

integrated numerically once the initial conditions are chosen.
We create the classical analogue of the zeroth order quantum

vibrational statesncn, ncn) of the molecule according to the
Born—Sommerfeld quantization riféby quantizing the clas-
sical actions of the zeroth order Hamiltonidtsy andHcn and
assigning to each bond the initial action values of

(nCH + %)h

and
1
(nCN +§)h

We ignore the contribution of the coupling term.

applied to the €&H bond to generate a set of initial conditions
for (x, py). For the C-N bond, we make the substitutions in
eqs 1~19

i
By —p, oy—X Ey—»hx, T (23)
/D D lg
where
Ju,D
g = (24)

is the dissociation value of the action for the-8 bond (the
C—H bond dissociates at= 1 with the scaling we have chosen).
Thus, the scaled €N Hamiltonian is

|_y 2
ig
yielding the classical frequenayy = ahy/diy = (D/ig)(1 — i/
ig). The Born-Sommerfeld quantization condition remains
unchanged:iy®™ = (n + Y))hes.

Thus, for a given initial vibrational statendy, ncn), we

calculate the initial actions for the -€H and C-N bonds
according to the Born-Sommerfeld quantization condition eq

(25)

hyzéD[l—(l—

For a Morse oscillator in dimensionless units (the zeroth order 21 and select a uniform distribution for both the classical angles.

Hamiltonian for the G-H bond, eq 9), the transformations
between the action-angle variableisf) and the Cartesian
coordinates X, px) can be derived from classical canonical

These initial values are then converted to the Cartesian variables
using the forward transformation eqs 17 and 18, and the
appropriate substitutions (23). The ensemble is then propagated
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dissociation can be achieved quite easily by energy input into

either or both bonds and (2) selective-® bond dissociation

can probably be achieved only by selective pumping of this

bond on a fast time scale (on the order of 150 fs or faster).
B. Vibrational Excitation by Linearly Chirped Pulses. We

next investigate the effects of linearly chirped pulses on the

2 e molecule. The chirped pulse is modeled by setting the envelope
§ function U(t) of eq 7 to a unit square pulse of duriati®pand
T the phase by
o ) at
Dissociation begins to occur — __c
| D(t) Qot[l ZTJ (26)
i so that the instantaneous frequency becomes
250 300 t
i Q. (1) =Q,1— o= 27
Figure 1. Spontaneous energy redistribution for initial states Wi ins) 0[ aC(Tp)] 27)

= 25,ncy = 0. The total internal energy of the molecule exceeds the
C—H dissociation threshold, and numerous dissociations occur after Note thatQins(Ty) = Q0(1 — o) and hencen represents the

about 100 time units or 0.15 ps. All observables in the figures are phase-fractional decrease of the instantaneous frequency at the end of
averaged values for an ensemble with 1089 trajectories. the pulse Qing(t) is assumed to be a slowly varying function of
time compared tde (t). In our studiesQo is set equal to the
harmonic frequency of the selected bond, whereas the laser
intensity| = cEy%8x remains constant for the duration of the
pulse. Our choice is motivated by earlier theoretical Wbtk32
which showed that such pulses can be effective in dissociating
A. Intramolecular Vibrational Redistribution. To help us diatomic molecules by a process known as “bucket dynamics”.
understand the detailed behavior of the molecule during laserEssentially, this process works because the pulse remains
excitation, we first study the spontaneous relaxation of asym- resonant with the vibration of the bond as its excitation level
metrically excited states. The average magnitude of the kinetic increases and its vibrational freqgency decreases due to the
coupling between the bonds increases with the excitation level anharmonicity of the bond. The details of the time rate of change
of each bond. Energy is thus transferred more readily betweenof the laser frequency turn out to have minimal bearing on the
the bonds when either bond becomes excited, giving rise to theefficiency of the excitation process, as long as the decrease is
process of intramolecular vibrational redistribution (IVR), which gradual enough. Furthermore, laser pulses with a linear chirp
is of great importance when it comes to selective control of can readily be prepared in the laborat#ty’ We therefore adopt
bond excitation. It has been found theoretic&lihat selective the linearly chirped pulse because of its relative simplicity.
excitation can be achieved for pulses whose time scale is Since the kinetic coupling between the bonds represents only
comparable to that of the IVR for a given molecule. On longer a minor perturbation at low excitation levels of the molecule,
time scales, we may anticipate that achieving selective dis- the bonds behave in a nearly independent manner, and we would
sociation may be considerably more difficult. expect that the bucket dynamics description for diatomic
We investigate the nature of IVR in the HCN molecule by moleculed®?132should apply quite well to either bond. We
observing the behavior of the molecule when initially one bond begin with the molecule in its ground state and tune the initial
is at its ground-state level, whereas the other bond is at anfrequency of the pulse to the harmonic frequency of the bond
excited level. The system is then propagated without externalwe are targeting. We can choose the amount of chirping
perturbation to show the effects of energy redistribution. When (determined by the parameteg in eq 27) to be fairly small so

in time by integrating the Hamilton’s equations (114) using
the Bulirsch-Stoer metho#.

IV. Computational Results

the C—H bond is initially prepared at the excited stakgy =

that the final state and all intermediate states remain within the

25, energy redistribution takes place during about 100 time units. low excitation regime.

Although the C-H bond begins at an energy very near
dissociation, the €N bond with its deeper potential easily
absorbs the excess-® energy without dissociating. Similar,

Figures 2 and 3 show typical pumping to a low excited state
of the C—H and C-N bond, respectively. In each cases 10
was the target excitation state; for this purpose, the pulse

albeit somewhat slower redistribution behavior is observed for chirping was fromQj,s = 1.00 to 0.64 (measured in units of

all ncy greater than 15. Below this threshold, the coupling

evidently is not large enough to cause complete redistribution,

the C—H harmonic frequency) for the-€H bond and fronf2ins
= 0.63 to 0.56 for the €N bond. We observe that pumping

and the energy shows quasiperiodic behavior with very long takes place much as predicted by bucket dynamics, with the

relaxation times. When the-N bond is prepared in an excited
state, fomey < 15, we observe again long-lived, quasiperiodic
behavior. Above this threshold, however, IVR “turns on” and
relaxation is rapid. A representative case wigy = 0 andncy

= 25 s illustrated in Figure 1. This initial state has total energy
larger than the dissociation energy of the-i@ bond, and not
surprisingly, redistribution is accompanied by-8 dissociation
with nearly 100% probability. The onset of the dissociation
occurs after 100 time units or about 0.15 ps.

characteristic oscillatory increase in excitation, for each bond.
These oscillations can be explained by the appearance of local
minima in the effective potential in a moving frame in phase
space; these are the so-called buck&#.Trajectories can
become trapped there, and oscillate about the minima. It is these
oscillations that appear in the figures, superimosed over the
uniform “convective” motion of the bucket. Oscillations are most
pronounced near the beginning of the pulse and decay thereafter.
During the excitation of the €H bond, we observed in Figure

The overall behavior of the unperturbed system gives us an 2 that a pronounced increase in the i€ energy takes place at
indication of two phenomena that are very relevant to our goals = > 1000; this is most likely due to energy redistribution as

of controlled selective dissociation: (1) selective-i& bond

energy leaks from the highly excited-& bond.
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Figure 2. Excitation of the G-H bond to then =~ 10 level by a resonant
chirped pulse. Oscillations within the bucket trap are visiblezfor
500. The C-N bond begins to pick up energy at- 1000; this is due
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Figure 4. Sample plot of an efficient excitation of the-& bond
with a linearly chirped pulse. Note the oscillations within the convective
bucket as evidenced by fluctuations in the internal energy of thelC

to IVR and also due to an accidental resonance with the pulse frequencybond.

which approaches the-€N harmonic frequency of 0.67 near the end
of the pulse. The parameters of the pulse are intensityl0' W/cny;
duration 1300; frequency sweeps from 1.0 to 0.64.
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Figure 3. Excitation of the C-N bond to then =~ 10 level by a resonant
chirped pulse. The pulse parameters are intensity 10 W/cny,
duration 5000; frequency sweeps from 0.63 to 0.56. Compared with
the weaker €&H bond, much longer pulse durations and higher
intensities are required to excite the heavier, strongeN®ond.

5000

For the pumping of the €N bond in Figure 3, a compara-
tively longer pulse is required; this is due to the deeper potential
well for this bond, as well as its greater reduced mass. Higher
laser intensity is required as well; a factor here is the smaller
C—N transition dipole moment and, consequently, reduced
coupling to the electric field. Oscillations within the bucket are
clearly visible and are much slower than the-|& case. The
C—H bond remains quiescent throughout; the level 6fN\C
excitation is insufficient to cause IVR, and no accidental
resonances with the-€H bond occur.
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Figure 5. Sample plot of an attempt at exciting the-® bond with
a linearly chirped pulse. Initially a bucket captures some trajectories
but these are lost as energy is redistributed into both bonds.

and in fact, only about 20% of the-€N trajectories remain
near the ground state at the end of the pulse.

C. Dissociation by Linearly Chirped PulsesWe found that
linearly chirped pulses, with a proper choice of pulse parameters,
can indeed excite either bond of the molecule, although
excitation of the C-N bond required relatively higher intensitites
and longer pulse durations. However, once the bond reaches a
sufficiently high excitation level (approximately > 15, well
below dissociation for either bond), IVR takes place and
although the weaker €H bond may eventually break, the
excitation is no longer selective. The strongetIC bond, on
the other hand, never dissociates at laser intensities of less than
10%W/cn?. At such high intensities, the molecule will become
ionized before dissociation into neutral fragments can occur.

Figure 4 shows the time development of the excitation of

Since the bond energies shown in these figures are ensembléhe C—H bond with laser intensity = 5 x 10*3W/cn?, pulse

averages, the graphs do not show explicitly the relative
proportion of trajectories that have been captured by the buckets
A closer inspection of the data reveals that in fact about 80%
of the trajectories have been captured in theHlexcitation of

durationT, = 1800, and final frequencRins(Tp) = 0.5 which

is resonant with the = 14 state of the €H bond. This laser

pulse is sufficient to ensure that most of the trajectories
dissociate, and dissociations begin to occur nearl000. We

Figure 2, whereas about 40% of the trajectories were capturedcan also see some secondary excitation of theNond due

in the G-N excitation of Figure 3. We conclude that bucket

dynamics is efficient at changing the energy of either bond
selectively, at relatively low excitation energies. We may expect
this process to break down, however, once the kinetic coupling
in the molecule becomes more important at higher excitation
levels. In the C-H case, this process is already in evidence,

to coupling of the bond to the laser when the frequency sweeps
down through its ground-state resonancepat= 0.66. Internal
energy redistribution may also be a factor in causing thiNC
excitation.

In Figure 5, we display a typical example of the excitation
of the C—N bond with a chirped pulse of intensity= 2 x
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threshold behavior at frequencies just under the resonant freq@gncy ~ Ta > 1000 once saturation is reached.
=1.0.

Next we study the dependence of the-I& dissociation

10 W/cn?, durationT, = 10 000, and final frequencQRins- probability on the pulse duration, which is inversely proportional
(Tp) = 0.45 which is resonant with the= 22 state of the EN to the chirping rate since we fix the value @f = 0.5 (see eq
bond. Here, we observe the breakdown of the selective pumping27) and all of the 1089 molecules in the ensemble begin in the
process which happens well short of dissociation. The excitation ground state. Figure 7 shows the probabilities of dissociation
stops atr ~ 7000 when energy rapidly leaks into the-8 for three intensities in the 1®W/cn¥ range. Dissociations begin
bond as evidenced by a corresponding increase in the Bond occurring for pulses about 300 time units in length, and
internal energy. Another factor contributing to the increase in saturation occurs by 900 time units. The dependence on
C—H energy is a second-order resonance when the pulseintensities is relatively weak, with the onset of dissociation
frequency sweeps past 0.5. The-B bond energy of some  occurring slightly earlier and the saturation levels becoming
trajectories reaches its dissociation valuerat- 7000, and somewhat higher, for the more intense pulses. Saturation
thereafter, C-H dissociation begins to occur. We could not find probabilities are in the neighborhood of 8:8.7 and increase
a physically reasonable combination of the parameters of aonly slightly with pulse durations longer than 900 time units.
linearly chirped pulse that would not result in a similar outcome.  D. Dissociation using the Optimized Pulseln an effort to
It seems that it is not possible to produce dissociations or highly improve on the performance of the linearly chirped pulses, we
excited levels of the €N bond without inevitably breaking  built a simple optimization algorithm to construct pulses of
the weaker C-H bond first, at least with pulses on time scales arbitrary form. This was done by choosingliscrete values of
much longer than a few vibrational periods of the bonds. the envelope functiob(ty) in eq 7,m=1, 2, ...,n, as variational

The simple linearly chirped pulse is thus effective only for parameters and formulating a cost function which numerically
dissociating the €H bond. Its simplicity, however, makes it  evaluated the effectiveness of the pulse. Factors such as final
useful in the laboratory. We therefore present some additional bond energies, the average fluence of the laser, the presence of
results about the efficacy of this pulse. Specifically, we transients, etc., were all included in the cost function. The
investigate the ranges of pulse parameters (laser intensity, intialrelative importance of all these factors was controlled by
frequency, and pulse duration) for which a linear chirped pulse multiplicative factors which were adjusted a posteriori to ensure
is effective in transferring energy to the HCN molecule and the best results. This cost function was minimized by iteratively
dissociating the €H bond. Because we wish to study the adjusting the form of the electric field pulse, using a modified
dissociation dynamics of the-€H bond, we choose a chirped gradient search algorithm. The minimization was considered
pulse with a large value af. = 0.5 and use the probability of  complete when further iterations and adjustments of the pulse
dissociation as a gauge of pulse effectiveness. The moleculedid not continue to decrease the cost function significantly. The
begins in the ground state at= 0 as the pulse is turned on, resulting final form of the electric field pulse was then
and the quantities plotted are all averages over an ensemble oftonsidered as the optimal pulse. Our method has limitations
1089 trajectories. Figure 6 shows the dependence of theand it cannot handle long pulses. However, our goal here is
dissociation probability on the initial pulse frequency measured modest: we wish to find a laser pulse that could selectively
in units of the C-H harmonic frequency. Three graphs are break the G-N bond in HCN leaving the €H bond intact,
shown for different values of laser intensity. The pulse duration and we are not looking for maximally optimized results which
was 1700 time units which ensured a slow enough chirping rate can be obtained by more sophisticated mett?6d%.
for excitation to proceed. As expected, from resonance consid- We studied the performance of optimized pulses in the
erations, a threshold exists né2g = 1.0, with some resonance dissociation of both the €H and C-N bonds. Due to
structure observed & increases. On the other hand, prob- computational limitations, we were only able to study relatively
abilities of dissociation quickly go to zero belof, = 0.95. short pulses, with duration up to about 120 time units (0.18
The effectiveness of the pulse generally increases with increasingps), and all computation was performed for one trajectory only.
laser intensity, although saturation occurs at intensities close toOn this short time scale, excitation can successfully compete
6 x 102 W/cn?. The saturated dissociation probabilities hover with IVR. In Figure 8, we show a representative result for the
in the vicinity of 0.5. The threshold frequency decreases with selective dissociation of the-€H bond with an optimized pulse
increasing intensity, from abo@, = 0.97 for 3x 102 W/cm? of 63 time units in length. Plotted as functions of time are the
to aboutQy = 0.93 for 3 x 10 W/cn?. individual bond energies, the total energy of the system, and
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Figure 8. Response of the molecule to a pulse optimized for
dissociating the €H bond. The initial oscillations of the electric field
have frequency approximately resonant with the harmonic frequency
of the bond.
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Figure 9. Response of the molecule to a pulse optimized for
dissociating the €N bond. The stronger €N bond requires a longer
pulse to dissociate.
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the electric field, all in dimensionless units. For clarity, the scale
of the dimensionless electric field,, has been expanded by a
factor of 10.¢_ is related to the instantaneous intensity of the
radiation byl(7) = €.(7)%o = [eL(7)]? x 108.5x 10" W/cn?,

so that an intensity of 1 TW/chtorresponds te. = 0.0096.
The optimal pulse shows fairly smooth behavior, and the
intentity is generally in the low to mid 26 W/cn¥ range. It
shows some sinusoidal oscillations, the frequency of which (at
least initially) approximates the harmonic frequency of the-C

Brezina and Liu

order of 1G% Wi/cn?, which undoubtly would ionize the
molecule, a process that we do not study in this paper.

V. Conclusions

Our research on this project has, we believe, shed some light
on the problem of selective control of bonds of HCN and linear
triatomic molecules in general. The overall trends in the quest
for control are quite clear: it is relatively straightforward to
control the weaker bond, whereas it is quite difficult to control
the stronger bond, unless we confine ourselves to very low
excitation levels or else utilize ultra short, very intense laser
pulses. The single confounding factor here is internal vibrational
redistribution (IVR). At low excitation levels, IVR is slow, and
it does not interfere with our controlling efforts. It is possible
to highly excite and dissociate the weaker bond despite IVR.
Even here, ample energy leakage into the stronger bond occurs
during the excitation process, but the energy levels attained by
the stronger bond are well below its dissociation levels. We
found that simple linearly chirped pulses work well in exciting
the weaker bond when the laser parameters are properly
chosen: an initial frequency that is in resonance with the initial
state frequency of the bond, a sufficiently slow chirp rate, and
a sufficiently high intensity. These findings are qualitatively in
agreement with the predictions of bucket dynamics theory for
diatomic moleculed!32|f efficient dissociation is the goal, an
excited C-H bond should be fairly easy to break with the
application of a second laser of constant frequency immediately
after the chirped pulse.

We found that the €N bond also responds to simple chirped
pulses, albeit the required intensities are higher and the chirping
rates lower, so that a more intenselQ"* W/cnm?) and longer
pulse (of duration 5 ps or more) is needed. However, it is not
possible to dissociate the-\ bond this way, because IVR
transfers enough energy to the-8 bond to break it first. The
characteristic time scale of the IVR is about 0.1 ps, which is
about 50 times shorter than the shortest effective chirped pulse.

Our investigation of short (less than 0.5 ps) optimized pulses
revealed that both bonds, in principle, can be dissociated in this
manner. However, the electric fields required are on average
about 1x 10 W/cn?, which might well ionize the molecule
before dissociation occurs. The major shortcoming of our study
is not being able to model the electronic motion, which has
significant effects on the behavior of the molecule when it is
exposed to electric fields with intensities1 014 W/cm?. Model-
ing both the electronic and nuclear dynamics is very difficult
and has only been carried out for the simplest moleciflék.
Given the encouraging results of our limited optimization
scheme, a more sophisticated optimizer could have been built.

bond. However, as time progresses, the oscillations becomepgwever, the main goal of this paper is to study the dynamics

more complicated. In the range 357 < 55, the pulse changes

of selective excitation of HCN by simple chirped pulses, and

form abruptly and exhibits behavior similar to upward chirping. e are content with demonstrating that the strongeNdond
Perhaps this additional and unexpected complexity is required can be broken with an optimized pulse. The field of manipula-

for the suppression of the IVR. In any case, this behavior

tion and control of molecules by externally applied laser pulses

becomes more pronounced if the pulse is made longer, andis a fruitful area for active development in the future.

additionally, transient spikes in the field begin to appear.
Figure 9 shows an optimized pulse which dissociates thsl C
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