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We construct a two-state one-dimensional reaction-path model for ozone open → cyclic isomeriza-
tion dynamics. The model is based on the intrinsic reaction coordinate connecting the cyclic and
open isomers with the O2 + O asymptote on the ground-state 1A′ potential energy surface obtained
with the high-level ab initio method. Using this two-state model time-dependent wave packet
optimal control simulations are carried out. Two possible pathways are identified along with their
respective band-limited optimal control fields; for pathway 1 the wave packet initially associated
with the open isomer is first pumped into a shallow well on the excited electronic state potential
curve and then driven back to the ground electronic state to form the cyclic isomer, whereas for
pathway 2 the corresponding wave packet is excited directly to the primary well of the excited state
potential curve. The simulations reveal that the optimal field for pathway 1 produces a final yield of
nearly 100% with substantially smaller intensity than that obtained in a previous study [Y. Kurosaki,
M. Artamonov, T.-S. Ho, and H. Rabitz, J. Chem. Phys. 131, 044306 (2009)] using a single-state
one-dimensional model. Pathway 2, due to its strong coupling to the dissociation channel, is less
effective than pathway 1. The simulations also show that nonlinear field effects due to molecular
polarizability and hyperpolarizability are small for pathway 1 but could become significant for
pathway 2 because much higher field intensity is involved in the latter. The results suggest that a
practical control may be feasible with the aid of a few lowly excited electronic states for ozone
isomerization. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4865813]

I. INTRODUCTION

Quantum optimal control using ultrashort pulse lasers is
receiving attention as a tool to achieve a desired dynamical
objective in many research domains of physics, chemistry,
and engineering. In the optimal control of chemical reac-
tion dynamics1–3 extensive studies have been made to realize
chemical processes that are often inaccessible by traditional
chemical means. A particularly challenging goal is to reach
a target state when the reaction competes with energetically
more accessible, but undesired processes. Control of ozone
(O3) isomerization from the open isomer to the cyclic (or
ring) counterpart is such an example; the isomerization com-
petes with molecular dissociation into the oxygen molecule
and atom, which is energetically more favorable.

The photochemistry of ozone is of keen interest because
of its crucial role in the stratosphere. In addition, the prospect
that a cyclic form of ozone may exist has presented an in-
triguing topic for exploration. Since the first suggestion by
Pauling,4 the cyclic ozone and its isomers in the gas phase
have been the subject of numerous theoretical studies.5–33 The
cyclic form is predicted to exist at a local minimum on the
ground-state potential surface, being about 0.05 a.u. higher
in energy than the open one (global minimum) and about
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0.04 a.u. lower than the barrier separating the two isomers.
Despite the theoretical predictions, the cyclic form of ozone
has thus far not been detected in the gas phase. This lack
of success might be due to the competing dissociation chan-
nel, which is about 0.01 a.u. lower in energy than the cyclic
form. A recent theoretical study31 revealed that the cyclic →
open isomerization of ozone is faster than previously believed
due to strong tunneling, which might also partly explain the
unsuccessful observation of the cyclic form. This result sug-
gests that the cyclic form may need to be stabilized as a com-
plex with other species. In this regard a computational study34

based on density functional theory considered the possibility
of trapping the cyclic form in transition metal complexes. As
far as we know, the only experimental evidence of the cyclic
form is from transmission electron diffraction data of the
adsorbed molecule in an MgO (111) surface.35 The present
work considers only gas-phase cyclic ozone formation and ex-
plores the possibility of quantum control of the open → cyclic
isomerization process.

In a previous paper33 we carried out optimal control cal-
culations to obtain electric fields that can realize the open →
cyclic isomerization of ozone. Those calculations used a one-
dimensional (1D) single (ground) potential model containing
a dominant dissociation channel. The intensity of the resul-
tant optimal fields was high in order to enable quick tran-
sition from the open form to the targeted cyclic counterpart
and avoid undesirable leakage into the dissociation channel.
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In the present work we consider a different and more realis-
tic control scenario for ozone isomerization using an effective
two-state model, constructed from five lowest-lying adiabatic
1A′ electronic potential energy surfaces, aiming at not only
obtaining a better understanding of the underlying control dy-
namics but also identifying the likely control pathways with
less intense optimally shaped (band-limited) laser pulses. The
control pathways involve electronic excitations, nuclear vi-
brational transitions, and nonadiabatic processes at an avoided
crossing (AC) point between the ground and excited state
potential energy curves (PECs).

Although the present 1D IRC model cannot reflect all
aspects of the complex wave packet dynamics of ozone iso-
merization in the laboratory, our main goal is to introduce
a physically motivated two-state model that specifically ad-
dresses the importance of exploring particular excited elec-
tronic states in the control of ozone isomerization dynamics.
In this regard our results will serve the dual purposes of (i) in-
dicating the way ahead towards more comprehensive models
as well as (ii) providing guidance to the likely general na-
ture of control resources needed in the laboratory for ozone
isomerization.

The paper is organized as follows. Section II describes
the two-state 1D reaction-path model and Sec. III presents the
optimal control theory (OCT) employed in this work. We con-
sider two control pathways with differing nonadiabatic cou-
plings and transition dipole moments, as described in Sec. IV.
Secion V presents the results of OCT simulations and Sec. VI
provides a summary of the paper.

II. MODEL DESCRIPTION

A. Ab initio calculations

In the previous study33 a single-state 1D reaction-path
model was constructed based on the intrinsic reaction coordi-
nate (IRC)36 defined as the minimum energy path connecting
the cyclic and open isomers with the O2 + O asymptote on
the ground-state 1A′ potential energy surface (PES). To cal-
culate the IRC we employed the ab initio data obtained by
Siebert et al.21 at the MRCI+Q/cc-pVQZ level and created a
PES using the reproducing kernel Hilbert space interpolation
method.37

In the present study the effects of electronically excited
PESs on the controlled dynamics of ozone isomerization are
investigated. We construct a two-state diabatic 1D reaction-
path model by carrying out ab initio molecular orbital calcula-
tions at 211 geometries of the Cs point group along the previ-
ously determined IRC. Specifically, a two-state adiabatic 1D
reaction-path model is constructed based on the lowest-five
PECs along the IRC. Moreover, to facilitate the optimal con-
trol simulations, a two-state diabatic 1D reaction path model
is built via the two-state diabatization procedure descibed
below.

The ab initio calculations used the MOLPRO program.38

We first performed state-averaged complete-active-space self-
consistent field (SA-CASSCF) computations to obtain five
1A′ state PECs. The active space consists of the 2p orbitals
of oxygen, occupied by 12 electrons, which is referred to

as CASSCF(12,9). The 1s and 2s orbitals are doubly oc-
cupied but fully optimized in the CASSCF procedure. To
consider dynamical correlation effects we carried out in-
ternally contracted multi-reference configuration interaction
(icMRCI) calculations39, 40 with single and double excita-
tions (icMRSDCI) for each electronic state obtained with the
CASSCF(12,9) method. In the reference configurations of the
icMRSDCI calculations the 2p orbitals are singly or doubly
occupied and correlated through single and double excita-
tions, the 2s orbitals are doubly occupied and correlated, and
the 1s orbitals are doubly occupied and not correlated. The
aug-cc-pVTZ41 basis set is used in all calculations.

B. Diabatization

This subsection provides the diabatization procedures42

for the PECs, dipole moments (DMs), and transition dipole
moments (TDMs). The general relationship between the adi-
abatic (superscript a) and diabatic (superscript d) representa-
tions for two electronic states is given by(

φd
1

φd
2

)
=

(
cos θ − sin θ

sin θ cos θ

) (
φa

1

φa
2

)
, (1)

where θ is the mixing angle. Thus, the diagonal elements of
the diabatic potential matrix are

V d
11 = V a

11 cos2 θ + V a
22 sin2 θ, (2)

V d
22 = V a

11 sin2 θ + V a
22 cos2 θ, (3)

and the off-diagonal elements determining the magnitude of
the diabatic coupling are

V d
12 = V d

21 = (
V a

11 − V a
22

)
sin θ cos θ. (4)

The mixing angle is in the interval 0 ≤ θ ≤ π /2, and when
θ = 0 or π /2 the diabatic and adiabatic states are identical
with the off-diagonal elements having the value V d

12 = V d
21

= 0. When θ = π /4, the factor sin θ cos θ in Eq. (4) has the
maximum value of 1/2 and the off-diagonal elements have the
largest magnitude, V d

12 = V d
21 = (V a

11 – V a
22)/2, which occurs at

AC points. Defining �Ex as the difference in energy between
the two adiabatic PECs at an AC point, then V d

12 = �Ex/2
at this point. Ideally, the mixing angle θ around the crossing
point should be determined with suitable quantum mechanical
techniques; for our two-state model, the coordinate-dependent
off-diagonal element V d

12(s) was fitted to a Gaussian form:

V d
12(s) = �Ex

2
exp(−δ(s − sx)2), (5)

where s denotes the IRC, sx = 5.81 a.u. is the AC point, and δ

= ln 10 × 300 ≈ 691. The IRC has the units of amu1/2 bohr,
but in what follows the units for s are written as a.u. (atomic
unit) for brevity. The parameter δ was determined by the
relation

V d
12(sx ± sd ) = AV d

12(sx), (6)

where the range is sd = 0.1 a.u. and the coupling amplitude is
A = 10−3.



084305-3 Kurosaki, Ho, and Rabitz J. Chem. Phys. 140, 084305 (2014)

0 2 4 6 8 10 12 14 16
-225.15

-225.10

-225.05

-225.00

-224.95

-224.90

-224.85

-224.80

-224.75

-224.70

-224.65

Va

22

Va

33

Va

44

Va

55

Va

11

.u.a/
ygren

E

s / amu1/2 bohr

cyclic

open

TS

O2+O

FIG. 1. The five lowest-lying adiabatic 1A′ PECs along the IRC (s) obtained at the icMRSDCI/aug-cc-pVTZ level of theory.

The dipole moments represented with the diabatic basis
at geometries along the IRC can be obtained from the DMs
and TDMs in the adiabatic representation calculated at the
same level of theory as the PECs. The two-state adiabatic-
diabatic transformations for DMs and TDMs are given by

μd
11 = μa

11 cos2 θ − 2μa
12 sin θ cos θ + μa

22 sin2 θ, (7)

μd
22 = μa

11 sin2 θ + 2μa
12 sin θ cos θ + μa

22 cos2 θ, (8)

μd
12 = μd

21 = μa
11 sin θ cos θ

+μa
12(cos2 θ − sin2 θ ) − μa

22 sin θ cos θ. (9)

The mixing angle θ at s on the IRC is determined from V d
12(s)

and Eq. (4). We use these diabatic DMs and TDMs, i.e., μd
11,

μd
22, and μd

12, in the optimal control calculations described
below. Equations (7)–(9) can also be applied to the transfor-
mations of the matrix elements for the polarizability and hy-
perpolarizability.

C. PECs, DMs, and eigenfunctions

Figure 1 shows the five lowest-lying adiabatic 1A′ PECs
along the IRC (s) obtained at the icMRSDCI/aug-cc-pVTZ
level of theory. Figure 2(a) presents the two-state diabatic po-
tential model used in the optimal control calculations, con-
structed from those five lowest-lying adiabatic 1A′ PECs given
in Fig. 1. The details of constructing the diabatic two-state po-
tential model are explained in the supplementary material.43

As shown in Fig. 1, in general many open-cyclic isomeriza-
tion pathways are possible due to the appearance of many
closely coupled excited PECs; however, by using particu-
lar band-limited electric fields (obtained here with frequency

bandpass filters, as explained in Sec. III A), the isomeriza-
tion pathways may be considerably simplified, resulting in
the two-state model in Fig. 2. The model starts with the
molecule in the open isomer configuration, followed by pas-
sage through the AC point, and finally reaching the cyclic
configuration. The proposed two-state model is based on the
facts that: (i) The higher excited states can be made energet-
ically inaccessible with laser fields of moderate intensity and
of suitably chosen bandwidths. (ii) The diabatic couplings are
small due to small energy gaps at the crossing points (∼0.002
hartree at s = 10.0 a.u. between V a

22 and V a
33; ∼0.001 hartree

at s = 10.8 a.u. between V a
33 and V a

44; <0.001 hartree at
s = 11.4 a.u. between V a

22 and V a
33). Thus, the diabatic cou-

plings only play a very small role when compared with the
interaction between ozone and the laser fields in the corre-
sponding controlled dynamics. (iii) The Franck-Condon fac-
tor between V a

11 and V a
22 is much larger than those between

V a
11 and all other excited states, as shown in Fig. 1.

As shown in Fig. 2(a), the two-state model contains two
main minima, an AC point, and a shallow secondary mini-
mum. The first main minimum (the open isomer of ozone)
is located at s = 8.7 a.u. on the diabatic PEC V d

11, while the
second main minimum (the cyclic isomer of ozone) is located
at s = 3.1 a.u. on V d

22. The crossing point (the transition state
separating the two isomers) is located at s = 5.8 a.u. The shal-
low secondary well (on the diabatic PEC V d

22) is located at
s = 9.5 a.u. and supports a few bound levels. The inset in
the figure shows the diabatic coupling V d

12 as a function of s,
which is responsible for the field-free nonadiabatic process.
In addition, Fig. 3 depicts the z components of the dipole
moment matrix elements μd

11(s), μd
22(s), and μd

12(s) in the
diabatic basis, constructed from the corresponding adiabatic
ones, along the IRC s. The z axis is placed along the bisec-
tor of the apex angle of the open isomer of ozone. Beyond
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FIG. 2. (a) The two-state model consisting of two diabatic PECs V d
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22 and the diabatic coupling V d

12 (inset). (b) Control pathways 1 (red) and
2 (blue).

the DMs and TDM, nonlinear field effects due to the molec-
ular polarizability and hyperpolarizability could become im-
portant in the presence of intense fields. Subsection II D will
discuss the nonlinear effects. The supplementary material43

presents the details of constructing the diabatic dipole model.
The eigenvalues and eigenfunctions for V d

11 and V d
22 are

calculated, respectively, using the Fourier grid Hamiltonian
method44 with 512 evenly spaced grid points on the IRC from
s = −2.0 to 16.7 a.u. Table S5 in the supplementary material43

shows the lowest ten eigenvalues, obtained by separately di-
agonalizing the n × n V d

11 and V d
22 blocks, with the grids of

128, 256, and 512 points. The results are well converged with
512 gird points.

D. Nonlinear field effects

The components of the induced dipole moment μ due to
the presence of an electric field ε(t) can be written (using the
convention of summation over repeated indices) as

μi = μ0
i + (2!)−1αij εj + (3!)−1βijkεj εk + · · · ,

i, j, k = x, y, z, (10)

where μ0
ι , αij, and β ijk are the components of the perma-

nent dipole moment, polarizability tensor, and hyperpolariz-

FIG. 3. The matrix elements on the diabatic basis for the z components of
the permanent dipole moment as a function of the IRC s. The z axis lies along
the bisector of the apex angle of the open isomer of ozone.

ability tensor, respectively. Thus, the interaction potential Vint

between the dipole and the electric field is given by

Vint = −μ · ε = −(
μ0

i εi + (2!)−1αij εiεj

+ (3!)−1βijkεiεj εk + · · · ), i, j, k = x, y, z. (11)

Here we consider the electric field linearly polarized along the
z axis (i.e., εx = εy = 0) such that Eq. (11) reduces to

Vint = −(
μ0

zεz + (2!)−1αzzε
2
z + (3!)−1βzzzε

3
z + · · · ). (12)

In what follows we omit the super and subscripts for εz, μz
0,

αzz, and βzzz and just denote them as ε, μ, α, and β, re-
spectively, for simplicity. In the simulations we first investi-
gate the cases without the nonlinear effects, i.e., Vint = −με,
and then those with the nonlinear effects, i.e., Vint = −(με

+ (2!)−1αε2 + (3!)−1βε3).
The z components of the matrix elements of α and β in

the diabatic basis, obtained in the ab initio calculations, are
depicted in Fig. 4. The magnitudes of αd

11 and αd
22 (10–12 a.u.,

Fig. 4(a)) and those of βd
11 and βd

22 (30–75 a.u., Fig. 4(b))
are much larger than that of the permanent dipole moment
μ (Fig. 3). Details for constructing the diabatic two-state α

and β models are given in the supplementary material.43

III. OPTIMAL CONTROL SIMULATION METHOD

A. Optimal control theory

Optimal control theory (OCT)45–47 provides an efficient
means to find an electric field that steers the wave function
from an initial state as close as possible to a target counterpart.
The goal is to find a control field that maximizes the transition
probability of reaching the target state while also minimizing
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FIG. 4. The matrix elements in the diabatic basis of the z components of
(a) polarizability α and (b) hyperpolarizability β as functions of the IRC s.

the laser pulse fluence, expressed by the objective functional

J =|〈ψf |ψ(T )〉|2−α0

∫ T

0
dtε(t)2

− 2Re

[
〈ψ(T ) |ψf 〉

∫ T

0
dt〈χ (t)| ∂

∂t
+i(H0+Vint)|ψ(t)〉

]
.

(13)

The first term is the transition probability to be maxi-
mized, where |ψ(t)〉 is the system state propagated from time
t = 0 to T and |ψ f〉 is the target state. The second term is the
laser fluence to be minimized, where α0 is a positive constant.
The third term is the dynamical constraint, where χ (t) is the
Lagrange multiplier, Re denotes the real part of a complex
number, H0 is the field-free Hamiltonian, and Vint is the inter-
action potential in Eq. (12). The following coupled equations

i
∂ψ(t)

∂t
= (H0 + Vint(t))ψ(t), ψ(0) = ψ0, (14a)

i
∂χ (t)

∂t
= (H0 + Vint(t))χ (t), χ (T ) = ψf , (14b)

and

α0ε(t) = −Im[〈ψ(T )|ψf 〉〈χ (t)| − Vint/ε(t)|ψ(t)〉], (14c)

are the necessary optimality conditions for δJ = 0 with re-
spect to ψ(t), χ (t), and ε(t), with Im denoting the imaginary
part. Equations (14a)–(14c) are solved iteratively with the aid

of the conjugate gradient method described in Ref. 32. In
each iteration, the control electric field ε(t) is filtered within a
prescribed bandwidth using the relation:

ε(t) = F−1[F [ε(t)]h(ω)], (15)

where F and F−1 represent Fourier and inverse Fourier trans-
forms, respectively, and h(ω) is a filter function. In the present
study, a Butterworth bandpass filter48 is employed, i.e.,

h(ω) =
([

1 +
(

ωl

ω

)2n
] [

1 +
(

ω

ωh

)2n
])−1/2

, (16)

where ωl and ωh are low and high cutoff frequencies, respec-
tively, and n (the order of the filter) is set to 20.

B. Kinetic energy in the Hamiltonian

We need to specify the kinetic energy in the field-free
Hamiltonian in terms of the IRC. Denoting the Cartesian co-
ordinates of the ith atom as xi, yi, and zi, the classical nuclear
kinetic energy of an N-atom system is

K = 1

2

N∑
i

mi

(
ẋ2

i + ẏ2
i + ż2

i

)
, (17)

where mi is the mass of the ith nucleus and the dot stands
for time derivative. The mass-scaled Cartesian coordinates are
defined by

q3i−2 =
√

mi

msc

xi, q3i−1 =
√

mi

msc

yi,

q3i =
√

mi

msc

zi, i = 1,2, ..., N, (18)

with msc being the scaling mass. Then K has the form49

K = 1

2
msc

3N∑
i

q̇2
i . (19)

In this coordinate system the distance has the unit of (the ratio
of mi to msc)1/2 × length. Considering the motion along the
IRC, we have the relation between the arc length s and the
mass-scaled Cartesian coordinates,

ds2 =
3N∑
i

dq2
i , (20)

and the kinetic energy in terms of s can be expressed as

K = 1

2
mscṡ

2 = 1

2msc

p2
s , (21)

where ps is the momentum conjugate to s. The quantum-
mechanical form of K along the IRC is obtained with the re-
placement ps = −i(∂/∂s), i.e.,

K = − 1

2msc

∂2

∂s2
. (22)

We set msc = 1 amu and thus the IRC has the units of amu1/2

× length (in bohr).
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C. Wave packet propagation

Since the controlled dynamics occur on two diabatic
PECs, the Schrödinger equation can be written in matrix
form:

i
∂

∂t
ψ = Hψ, (23)

where

ψ =
(

ψ1(t)

ψ2(t)

)
, (24)

with ψ1(t) and ψ2(t) being the projections of the system wave
packet on the diabatic PECs V d

11 and V d
22, respectively. The

Hamiltonian matrix becomes

H = T + V

=
(

T1 0

0 T2

)
+

(
V11 V12

V21 V22

)

=
(

T1 0

0 T2

)
+

(
V d

11 − μd
11ε(t) V d

12 − μd
12ε(t)

V d
21 − μd

21ε(t) V d
22 − μd

22ε(t)

)
,

(25)

where T1 and T2 are the kinetic-energy operators for nuclear
motion on V d

11 and V d
22, respectively. The off-diagonal ele-

ments of the potential matrix V are responsible for the tran-
sitions between the two diabatic PECs due to the diabatic
couplings V d

12 and V d
21 and the transition dipole moments

μd
12 and μd

21. Equation (23) is numerically solved using the
split-operator method,50, 51

ψ(t + �t) = exp(−iV�t/2) exp(−iT�t)

× exp(−iV�t/2)ψ(t) + O(�t3). (26)

The fast-Fourier-transform algorithm is used to efficiently im-
plement Eq. (26) in standard fashion. Furthermore, based on
procedures proposed by Broeckhove et al.,52, 53 the potential-
energy matrix may be written in terms of the Pauli matrices
σ i, as

V =
3∑

i=0

νiσ i , (27)

where

ν0 = V d
11 + V d

22

2
, ν1 = V d

12, ν2 = 0, ν3 = V d
11 − V d

22

2
,

(28)

and the exponential of the potential-energy matrix is evaluated
as

exp(−iV�t/2)

= exp(−iν0�t/2)

×
(

σ 0 cos(|ν|�t/2) − i
sin(|ν|�t/2)

|ν|
3∑

i=1

νiσ i

)
, (29)

where

|ν| =
(

3∑
i=1

ν2
i

)1/2

. (30)

In the present calculation, the initial condition ψ0 for the
Schrödinger equation (14a) is the vibrational ground state of
the diabatic PEC V d

11, i.e., ψ0 = (φ1
1 , 0)T and the target state is

the vibrational ground state of the diabatic PEC V d
22, i.e., ψ f

= (0, φ2
1)T with φ

j

i being the ith eigenfunction for PEC V d
jj .

The system wave packet ψ(t) is started from ψ0 and propa-
gated forward in time according to Eq. (14a) and, conversely,
the Lagrange multiplier χ (t) is started from the target state ψ f

and propagated backward in time according to Eq. (14b). The
molecular rotational motion is frozen in the wave packet prop-
agation. The total propagation time T (i.e., the pulse length)
is set to 80 000 a.u. (1.936 ps), and the number of time steps
is 8192 (= 213). In the wave packet propagation, a damping
function54

f (si)=sin

[
π

2

(smask + �smask − si)

�smask

]
, si ≥ smask,

(31)
is adopted to eliminate the unwanted reflection of the wave
function at the grid edge, where smask is the point at which
the damping function is initiated and �smask = smax – smask is
the region where the function decays from 1 to 0, with smax

being the maximum point of the grid. The damping func-
tion is operative only over the last 10 grid points from the
edge smax.

IV. IDENTIFICATION OF OPTIMAL CONTROL
PATHWAYS

We have conducted optimal control simulations of the
open → cyclic isomerization of ozone and two different con-
trol pathways were identified, as schematically illustrated
in Fig. 2(b), along with their respective band-limited con-
trol fields. Pathway 1 (in red) contains two steps: the wave
packet for the open isomer (the ground vibrational state of
V d

11) is first excited electronically into the secondary well (at
s = 9.5 a.u.) and then driven down the slope of the PEC,
passing through the AC point to form the cyclic isomer (the
ground vibrational state of V d

22). Pathway 2 (in blue) contains
three steps: the initial ground-state open isomer wave packet
is first excited to high-lying vibrational levels just below the
dissociation asymptote of PEC V d

11, then makes a transition
to vibrational levels above the AC point in the main well of
PEC V d

22, and finally is driven across the AC point to reach the
ground vibrational state of V d

22.
To obtain an initial control field for pathway 1 the to-

tal time was divided into two segments of duration, 20 000
and 60 000 a.u., for pre-optimization. In the first period an
optimal field is constructed to excite the ground-state open-
isomer wave packet to the shallow well of PEC V d

22, and in the
second period a field is optimized to drive the electronically
excited molecule from the shallow well to the cyclic-isomer
ground state below the AC point. These two fields are then
combined into a single control field that is further optimized
over the total time interval of 80 000 a.u. to attain the ultimate
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open → cyclic isomerization. Likewise for pathway 2, the to-
tal time is divided into three segments of duration, 20 000,
20 000, and 40 000 a.u., for pre-optimization. An optimal con-
trol field is constructed in each period, first for vibrational ex-
citation of the initial wave packet in the well of PEC V d

11, then
for electronic excitation from the highest vibrational level in
PEC V d

11 to a state that is only slightly above the AC point, and
finally for formation of the target from the state above the AC
point. Similar to pathway 1, the control fields for these three
periods are combined for further optimization. The bandwidth
of the control fields was constrained using the filter function
given in Eq. (16) with the cutoff frequencies ωl = 0.0001 a.u.
and ωh = 0.3 a.u. for pathway 1 and with the cutoff fre-
quencies ωl = 0.0001 a.u. and ωh = 0.1 a.u. for pathway
2. These frequency windows serve to distinguish the two
pathways. Specifically, for pathway 2 frequencies larger than
0.1 a.u. were removed during the field optimization such that
the corresponding OCT procedure would not allow for a di-
rect excitation of the ozone molecule from the lowest vibra-
tional level in PEC V d

11 vertically into the secondary well of
PEC V d

22, which requires a photon of frequency of around
0.15 a.u.

In order to examine the two identified control pathways,
three additional OCT calculations were carried out using
different magnitudes for the diabatic couplings and TDMs:
(a) the diabatic coupling is chosen to be five times larger than
the ab initio raw data (strong diabatic coupling, red curve in
Fig. 5(a)) and/or (b) the TDM based on the adiabatic repre-
sentation around the AC point (s = 5.81 a.u.) is set to zero
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FIG. 5. Modified (a) diabatic potential (in red) and (b) adiabatic TDM (in
red) used in the OCT calculations. The ab initio results are shown in blue.

TABLE I. Four cases of variation investigated.

Case 1 Case 2 Case 3 Case 4

Diabatic coupling Rawa Strongb Raw Strong
TDM around the AC point Raw Raw Noc No

aRaw data refer to using ab initio calculations in the present work.
bThe diabatic couplings are set to five times of the raw ab initio data.
cThe TDMs are set to zero.

(no transition moment, red curve in Fig. 5(b)). Table I sum-
marizes four cases applied to control along pathways 1 and
2. For comparison, the calculated diabatic coupling and TDM
are shown in blue in Figs. 5(a) and 5(b), respectively. The sim-
ulations neglecting the nonlinear field effects are carried out
for cases 1–4 of pathways 1 and 2, while the simulations in-
cluding the nonlinear effects are performed only for case 1 of
both pathways. Moreover, to examine the role of the AC point,
we also checked how the amplitude A (or the width parame-
ter) in Eqs. (5) and (6) affects the optimal control calculations
by changing its value from 10−4 to 10−2. As a result, differ-
ence between the final yields calculated for case 1 of pathway
1 with the same optimal field for A = 10−3 was found to be
less than 0.001.

In addition, we checked how the position of the grid
boundary affects the results by increasing the grid edge from
s = 16.7 a.u. to 20.0 a.u. without varying the number of grid
points, 512. Using the same optimal field obtained with the
grid edge at s = 16.7 a.u. for case 1 of pathway 1, the final
yield calculated with the grid edge at s = 20.0 a.u. was only
0.003 smaller.

Finally, we performed post facto calculations to check
whether the roles played by the diabatic couplings at the AC
points are negligible. Specifically, using the same optimal
fields obtained from the proposed two-state model (with the
diabatic coupling included), we carried out the underlying iso-
merization dynamics post facto for case 1 of pathways 1 and
2 with no diabatic coupling. As a result, we found that the fi-
nal yields were only 0.001 and 0.002 smaller than the yields,
0.973 and 0.637 (Table II), obtained with the diabatic cou-
pling between V d

11 and V d
22, respectively, for pathways 1 and

2, indicating that the diabatic coupling around the AC point at
s = 5.8 a.u. is small and hardly affects the control dynamics.
Since the energy gap at s = 5.8 a.u. between V d

11 and V d
22,

0.00170 hartree, is comparable with or slightly larger than
the energy gaps at other AC points (see Sec. II C), this result
strongly suggests that the corresponding wave packet is likely
to pass through all AC points diabatically, i.e., the chances of
all other excited diabatic states, other than V d

22, participating
in the controlled dynamics are very low as long as the cor-
responding optimal control fields are properly bandlimited in
their frequencies.

V. RESULTS AND DISCUSSION

A. Pathway 1

1. Case 1

Figure 6 shows (a) the optimized field and (b) its power
spectrum from the OCT calculation without the nonlinear
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TABLE II. Simulation results.

Pathway α0
a Max. field amp. (a.u.) Fluence (a.u.) Yield

No nonlinear field effectsb

Pathway 1
Case 1 0.0005 0.222 140.4 0.973
Case 2 0.0005 0.253 138.1 0.946
Case 3 0.0005 0.237 133.6 0.985
Case 4 0.0005 0.242 134.7 0.946

Pathway 2
Case 1 0.0001 0.774 1318.6 0.637
Case 2 0.0001 0.774 1317.8 0.531
Case 3 0.0001 0.774 1318.6 0.657
Case 4 0.0001 0.774 1318.4 0.540

Nonlinear field effectsc

Pathway 1
Case 1 0.0005 0.190 134.3 0.975

Pathway 2
Case 1 0.00001 0.855 607.1 0.858

aWeight in the cost function of Eq. (13).
bVint = −με is adopted.
cVint = −(με + (2!)−1αε2 + (3!)−1βε3) is adopted.

field effects for case 1 of pathway 1. The optimized field,
Fig. 6(a), is highly oscillatory for t < 20 000 a.u. and becomes
considerably less so for t > 40 000 a.u. The power spectrum,
Fig. 6(b), contains a strong high frequency component
corresponding to the electronic excitation energy for the

FIG. 6. (a) The optimal field and (b) its spectrum for case 1 of pathway 1,
obtained without nonlinear field effects.

transition from the initial state to the secondary well of PEC
V d

22. The power spectrum also contains modest low frequency
components, including some overtones (see the inset),
corresponding to the vibrational level spacings of diabatic
PEC V d

22. Table II summarizes the results for all of the
cases. The optimal field (maximum amplitude 0.222 a.u. and
fluence 140.4 a.u.) for case 1 of pathway 1 produces a final
yield of 0.973.

Figure 7 shows the temporal evolution of (a) the expec-
tation value of the molecular field-free Hamiltonian, 〈H0〉,
(b) the expectation value of position, 〈s〉, and (c) the popula-
tions 〈ψ1|ψ1〉 and 〈ψ2|ψ2〉 in the diabatic states V d

11 and V d
22,

respectively, and the norm 〈ψ |ψ〉 of the total wave packet.
These plots reveal different aspects of the transition dynam-
ics associated with the optimal control field given in Fig. 6(a).
Figure 7(a) shows that direct electronic transitions take place
between t = 0 and 40 000 a.u., characterized by large oscil-
lations in 〈H0〉. Figure 7(b) reveals that 〈s〉 oscillates with
small amplitude around s = 9.5 a.u. (see Fig. 2(a)) between
t = 10 000 and 30 000 a.u., indicating that a vertical elec-
tronic transition takes place between the open isomer and the
shallow secondary well of PEC V d

22. This is followed by os-
cillations of much larger amplitude between t = 35 000 and
70 000 a.u., before finally reaching the target equilibrium po-
sition at t = 80 000 a.u., indicating that the descending transi-
tions take place over a ladder of vibrational levels of PEC V d

22.
Figure 7(c) depicts the individual temporal populations on the
two diabatic PECs, respectively, consistent with the findings

FIG. 7. Temporal evolution driven by the optimal field for case 1 of path-
way 1 given in Fig. 6(a), obtained without nonlinear field effects: (a) the ex-
pectation value of molecular field-free Hamiltonian, 〈H0〉. The origin of the
vertical axis corresponds to the asymptotic energy of V d

11; (b) the expectation
value of position, 〈s〉; (c) the populations of the diabatic states V d

11 and V d
22

and the norm of wave packets, 〈ψ1|ψ1〉, 〈ψ2|ψ2〉, and 〈ψ |ψ〉.
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in Figs. 7(a) and 7(b). There is a small total population loss
due to the dissociation process. Snapshots of the wave-packet
components for PECs V d

11 and V d
22 are shown in Fig. S3 in the

supplementary material,43 explaining the temporal changes
observed in Fig. 7.

2. Cases 2–4

Final optimal yields for cases 2–4 of pathway 1 are be-
tween 0.95 and 0.99 and the corresponding optimal control
fields have amplitudes between 0.24 and 0.25 a.u. and flu-
ences between 134 and 138 a.u. These values are close to
those obtained for case 1 (Table II). Furthermore, the opti-
mal fields, the power spectra, 〈H0〉, 〈s〉, state populations, and
wave-packet propagation for cases 2–4 all have similar be-
havior to those for case 1 (not shown). These findings may
be attributed to the fact that the secondary shallow well on
PEC V d

22 lies sufficiently high above the AC point so that the
emerging wave packet has enough energy to hop over the AC
point very quickly. It is likely, however, that a much stronger
diabatic coupling than five times the ab initio raw data would
substantially lower the final yield. Nonlinear field effects on
the control results for pathway 1 are small, as shown in
Table II, because the fields are only of moderate intensity.

B. Pathway 2

1. Case 1

The OCT results for case 1 of pathway 2, excluding non-
linear field effects, are plotted in Figs. 8 and 9. Figure 8
shows: (a) the temporal field profile and (b) its power spec-
trum. Of particular note in Fig. 8(a) is the large spikes be-
tween t = 20 000 and 50 000 a.u. These spikes are respon-
sible for the electronic transition to PEC V d

22 of the residual
wave packet moving back and forth in the well of PEC V d

11
and repeatedly passing through a position appropriate for the
electronic transitions. It is found in Fig. 8(b) that the opti-
mal control field contains several very strong, high frequency
components near the upper limit (0.1 a.u.) within a small fre-
quency window. These high frequencies are responsible for
the electronic excitation from V d

11 to V d
22. The spectrum also

contains much weaker components in the low frequency re-
gion, which produces vibrational transitions in V d

11 and V d
22.

A Husimi plot giving time-frequency correlation of the opti-
mal field is shown in Fig. S6 in the supplementary material.43

Table II shows that a final yield of 0.637 is obtained along
with the maximum field amplitude and fluence equal to 0.774
and 1318.6 a.u., respectively. Despite the high control field
intensity and fluence involved, the final yield for case 1 of
pathway 2 is much smaller than that for the same case of
pathway 1. This happens because pathway 1 involves a di-
rect electronic transition between the ground vibrational state
of PEC V d

11 and the shallow well of PEC V d
22, whereas path-

way 2 involves intermediate transitions to some high vibra-
tional levels close to the V d

11 dissociation limit, thus, incurring
loss to dissociation. This result suggests that a very intense,
short control pulse would be required with pathway 2 in or-
der to quickly pump the molecule into PEC V d

22 and thereby
minimize the loss.

FIG. 8. (a) The optimal field and (b) its spectrum for case 1 of pathway 2,
obtained without nonlinear field effects.

Figure 9(a) displays the expectation value of field-free
molecular Hamiltonian 〈H0〉 as a function of time, showing
that the wave packet climbs up the vibrational ladder in PEC
V d

11 in the first period (0 < t < 20 000 a.u.), followed by a se-
quence of quick transitions (spikes) to PEC V d

22 in the second
period (20 000 < t < 60 000 a.u.), and finally progresses down
the slope to reach the target in the last (third) period (60 000
< t < 80 000 a.u.). These rapid transitions (spikes) involve
different vibrational levels on the two PECs. The expectation
value of position 〈s〉, Fig. 9(b), depicts the vibrational motion
in PEC V d

11 in the first half (0 < t < 40 000 a.u.) and in PEC
V d

22 in the second half (40 000 < t < 80 000 a.u.) of the control
interval. Figure 9(c) shows that the population of PEC V d

11,
〈ψ1|ψ1〉, remains around 0.05 near the end of the control in-
terval and the norm of the wave packet, 〈ψ |ψ〉, drops to about
0.7, indicating that a substantial portion of the population
has dissociated. As suggested above, an intense control field
may be required for pathway 2 to make a quick transition to
PEC V d

22 in order to mitigate leakage of the wave packet into
the asymptotic region. Snapshots of the wave-packet com-
ponents for PECs V d

11 and V d
22 are shown in Fig. S4 in the

supplementary material.43

2. Cases 2–4

Table II also shows that the final optimal yields for cases
2–4. It was found that the results for cases 1 and 3 are about
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FIG. 9. Temporal changes driven by the optimal field for case 1 of pathway 2,
given in Fig. 8(a): (a) the expectation value of the molecular field-free Hamil-
tonian, 〈H0〉. The origin of the vertical axis corresponds to the asymptotic
energy of V d

11; (b) the expectation value of position, 〈s〉; (c) the populations
of the diabatic states V d

11 and V d
22 and the norm of wave packets, 〈ψ1|ψ1〉,

〈ψ2|ψ2〉, and 〈ψ |ψ〉.

the same (here equal to 0.637 and 0.657, respectively) and so
are those for cases 2 and 4 (0.531 and 0.540, respectively),
despite having nearly the same field amplitudes and fluencies.
These results indicate that the diabatic coupling may have a
substantial effect on the final yield, while the TDM has a
negligible effect around the AC point. Cases 2 and 4 show
that a larger dipole coupling can more likely induce popu-
lation oscillation between the two PECs V d

11 and V d
22, thus

generate more loss due to dissociation in PEC V d
11. Neverthe-

less, despite the differences in the final yields, there is little
difference in the temporal shapes and spectra of the optimal
fields and in the behavior of 〈H0〉 and 〈s〉 for all four control
scenarios, indicating very similar controlled dynamics.

C. Nonlinear field effects on pathway 2

In contrast to pathway 1, nonlinear field effects can
drastically alter the control mechanism along pathway 2.
Figure 10(a) shows that the optimal field deduced from in-
cluding the nonlinear field effects due to polarizability and
hyperpolarizability has large amplitudes between t = 20 000
and 40 000 a.u. and becomes significantly negative around t =
30 000 a.u. The optimal field has a broad frequency spectrum,
as shown in Fig. 10(b). In particular, it contains strong, very
low frequency components. The low frequency components
around 0.005 a.u. (the inset of Fig. 10(b)) correspond to the
vibrational level spacings of either PEC V d

11 or PEC V d
22. Fre-

quency components of small amplitude are widely distributed

FIG. 10. (a) The optimal field and (b) its spectrum for case 1 of pathway 2,
obtained when considering nonlinear field effects.

over the range 0.02–0.1 a.u., suggesting that the electronic
transition from PEC V d

11 to PEC V d
22 occurs at many transition

energies. In the supplementary material43 we give the rele-
vant figures: Husimi plot of the optimal field (Fig. S7); 〈H0〉,
〈s〉, 〈ψ1|ψ1〉, 〈ψ2|ψ2〉, and 〈ψ |ψ〉 (Fig. S8); snapshots of the
wave-packet components for PECs V d

11 and V d
22 (Fig. S5). As

summarized in Table II, the final yield with this field is 0.858
and the maximum field amplitude and fluence are 0.855 and
607.1 a.u., respectively. The final yield is substantially larger
when compared to the case neglecting the nonlinear field
effects.

The nonlinear field effects induced by strong low-
frequency components in the resultant optimal control field
between t = 15 000 a.u. and t = 40 000 a.u. (Fig. 10) ap-
pear to enable a quick electronic transition from PEC V d

11 to
PEC V d

22 to avoid leakage of the wave packet into the asymp-
totic region (Fig. S5). A large Stark effect can arise as a re-
sult of these strong field components and, thus, modulate the
two electronic PECs, thereby allowing for additional transi-
tions. Moreover, the inclusion of nonlinear terms associated
with polarizability and hyperpolarizability may further induce
multiphoton electronic transitions that were not accounted for
in the optimal control simulations without these nonlinear
terms. In the simulation for pathway 2 including the nonlin-
ear field effects resulted in a significantly higher final yield
(Table II).
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VI. SUMMARY

A two-state diabatic 1D reaction-path model has been
constructed from the lowest five 1A′ PECs obtained from
high-level ab initio calculations for ozone open → cyclic iso-
merization optimal control simulations. Two possible path-
ways (Fig. 2(b)) were identified along with the associated
band-limited control fields. Specifically, we performed four
OCT calculations using various combinations of diabatic cou-
plings and TDMs for both pathways around the AC point. The
OCT calculations for pathway 1 from all four cases revealed
similar outcomes, regardless of whether the nonlinear effects
are considered. The OCT results for pathway 2 from all four
cases showed that the strength of the diabatic coupling can
significantly affect the final yields. It was also found that due
to large amplitude of the resultant optimal control fields the
nonlinear field effects notably change the control mechanism
for pathway 2 and can enhance the final yield. The results
show that pathway 1 is much more efficient, thus suffering
much less photodissociation loss than pathway 2.

Pathway 2 in the current two-state model is similar to
that undertaken in the single-state 1D model in our previous
study,33 with both being directly competing with the dissoci-
ation asymptote. In contrast, the optimal fields for pathway
1 exploit a secondary shallow well in the excited electronic
state to bypass the dissociation channel, and as a result, pro-
ducing higher final target state yields. As shown in Fig. 1, the
excited 1D PECs are quite complex and there are likely some
PEC regions, including the shallow well on PEC V d

22, that can
relay the wave packet to the target with high efficiency. The
study suggests that the ozone isomerization control dynamics
is greatly enhanced by appropriate band-limited electric fields
with the aid of excited PECs.
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