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Quantum control of the S, —S; internal conversion in a complete 24-mode dimensionality model of
pyrazine is demonstrated. The fully quantum mechanical study makes use of the recently developed
“QP algorithm” for performing accurate computations of projected quantum dynamics and the
role of overlapping resonances in control. The results are extremely encouraging, demonstrating
active control over internal conversion so as to almost completely suppress the process over
time scales of ~50-100 fs [well in excess of the natural internal conversion times
(~20 fs)] or to accelerate it to complete internal conversion in less than 5 fs. A number of new
diagnostics are introduced to demonstrate the significance of overlapping-resonance contributions to
control. Control is far better than for a reduced dimensionality model of pyrazine, presumably
because of the increased degree of overlap between bound state resonances existing in the full
dimensionality case. © 2006 American Institute of Physics. [DOI: 10.1063/1.2346684]

I. INTRODUCTION

The field of quantum control"? deals with methods of
utilizing quantum effects, and most often quantum interfer-
ence effects, in the control of atomic and molecular pro-
cesses. It is of great interest to develop a generic “toolbox,”
constituting a set of simple control scenarios, such as “inter-
ference between different quantum pathways” or “ bichro-
matic control,”! “pump-dump” scenarios,” and adiabatic pas-
sage phenomena‘%’4 displaying essential features of control.
The hope is that all (numerically or experimentally derived)
successful control endeavors would be shown to be com-
posed of a sequence of such simple and understandable con-
trol scenarios. Only recently have experimental results been
subjected to sufficient scrutinysf7 in search of these constitu-
ents. More work in this direction is anticipated.

Recently, a new tool has been added to the toolbox of
generic control mechanisms, the “overlapping-resonance co-
herent control” scenario. Frishman and Shatpiro8 were the
first to show that optimal control of the interference between
overlapping resonances can be used to suppress spontaneous
emission. This work was followed by Christopher et al. who
illustrated the utility of the bound state analog of overlapping
resonances in suppressing intermolecular “radiationless tran-
sitions” phenomenalof16 and especially “internal conversion”
(IC)—the radiationless electronic transitions between two
excited singlet states—in model pyrazine.”_22 Gerbasi
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et al.” have used similar ideas to control intermolecular vi-
brational redistribution processes with applications to model
OCS.

In the present paper we reinvestigate the use of overlap-
ping resonances to control internal conversion in pyrazine. It
differs significantly from our earlier work in that, here, a
substantially more realistic model of pyrazine, taking into
account all 24 vibrational modes, is utilized. Our present
treatment of all the vibrational modes is made possible by
the development of a powerful new algorithm for the accu-
rate calculation of projected quantum dynamics, the so-
called QP algorithm.24

Internal conversion in pyrazine has been thoroughly
studied theoretically and experirnentally.17722 The process
starts with the optical excitation from the ground vibrational
state in S, (where S, is the ground electronic manifold) to the
second electronically excited singlet state S,. The optical ex-
citation is then followed by a rapid IC process [lasting
~20 fs (Refs. 16 and 17)] to the first excited singlet state .

There have been, to date, several physically motivated
schemes to control IC in pyrazine.g’25 26 Although the goal
was the same, the means of controlling IC were distinctly
different in each. Ferretti et al.” suggested controlling pyra-
zine using just the delay time between two very short light
pulses. Sukharev and Seideman®® have suggested suppress-
ing IC in pyrazine by preferentially populating those eigen-
states that happen to be predominately S, in character.
Finally, Christopher et al’ have suggested a more general

© 2006 American Institute of Physics
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scheme that relies upon preparing a particular initial super-
position of molecular eigenstates so that one suppresses the
IC process in the molecule by using interferences between
the bound state analog of overlapping resonances.

The main limitation of the computations advocating the
above control schemes has been their reliance on incomplete
models of pyrazine that employ a significantly reduced num-
ber of vibrational modes,g’zs’26 usually 4 rather than 24. This
was a result of the methodologies available at the time
wherein calculations involving all 24 modes'™?” were ex-
tremely time consuming and very demanding of storage
space. Recently, the situation has been substantially im-
proved by the introduction of our QP algorithm24 that en-
ables the study of large dimensionality radiationless transi-
tions problems in reasonable computation times and use of
reasonable storage space.

This paper makes use of the QP algorithm to demon-
strate the viability of controlling IC in 24-mode pyrazine
using the overlapping-resonances control scheme of Ref. 9.
In doing so, we demonstrate the important result that the
extent of control in the full 24-mode problem is substantially
greater than that seen in the more limited, reduced dimen-
sionality models. In addition, unphysical recurrences be-
tween electronic manifolds observed in the four-mode case
are eliminated.

Il. THEORY

A. Control using interference between overlapping
resonances

Throughout this paper, and in keeping with our previous
work”?* we refer to the manifold of vibrational states be-
longing to the S; electronic state as the P subspace and those
belonging to the S, state as the Q subspace. The P-subspace
basis states are denoted as |B) and the Q-subspace basis
states as | ). Thus, the projectors onto the P and Q subspaces
are given as P=3|B)(B| and Q=3 |k)(«], respectively.

We consider using an incident laser pulse to prepare an
initial (S,) excited state,

|(0)) = 2 e ). (1)

The radiationless evolution of this excited state is described
as [(1))=U(1)|(0)), where U(t)=e "=, |y)e +"(y] is
the evolution operator, |y) are the exact eigenstates of the
molecule, and E,, are the corresponding eigenvalues.

The amplitude of finding the system in the Q subspace at
time # is given as Q|i(1)); hence the corresponding probabil-
ity is given as

Polt) = (Y (0)[ 0¥ (1)) = 2 [e,Jau(0)

+ E C:C}ch’K(t)7 (2)

k' #x

where
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Physically, the functions g, measure the dynamics of a
system prepared in a single Q-subspace state |k) [i.e., |c,]
=1 implies that Py(r)=g,(r)], while f,, represent the dy-
namical interference between a pair of states |«) and |k’).
The more |«) and |«') interfere, the larger is the magnitude
of f,.(t). The fact that f,,(¢) represents interference makes
it a quantity of central importance in coherent control and the
overlapping-resonance mechanism.

It is important to note that the functions g,(7) and f,,(¢)
depend only on the properties of the material system; hence
the effect of the controlling field is entirely contained in the
preparation coefficients c¢,. Accordingly, the task of suppress-
ing the IC process amounts to finding the set of ¢, coeffi-
cients that maximizes Py(7) at a desired “optimization time”
T.

In order to better appreciate the concept of overlapping-
resonances control, consider a superposition of only two ba-
sis states, i.e., we choose an initial superposition state given
by [®)=c,|x)+c,|k'). It follows from Eq. (2) that Py(r) is
in this case given as

PQ(t) = |CK|2gK(t) + |CK’|2gK’(t) +2 Re[CKC:fK'K(t)] . (4)

If g,(T)=~g,(T), we have, due to the 2,|c,J*=1 normaliza-
tion, that

Po(T) = g (1) + 2 Re[c ¢ frr(D]. (5)

A direct result of this equation is that only the second term
depends on the optimization variables c,, and controllability
depends solely on the magnitude of f,, (7). As a result, the
degree of overlap between |«) and |«’) as measured by the
product («’|y'}{y'|Q| y){y|k) plays an important role. Hence,
determining the controllability of an overlapping-resonance
case only requires knowledge of the (k| 7y) overlap integrals,
an aspect of great utility.

The arguments above present the essence of the
overlapping-resonance perspective, but some details are
worth mentioning. First, frequently more than two states are
involved in the superposition, constituting a straightforward
extension of the above argument to multiple pairs of reso-
nances. Second, the magnitude of f,,, depends not just on
the overlap between the resonances of |«) and |«’) but also
on any common overlap with a third state |«”). In practice,
this does not present a great complication, because generally
the overlap of two basis states is a monotonically increasing
function of the common third ket overlap (see below and Fig.
8). Finally, the paragraph above ignored the effect of the
{g,(T)} on the control by assuming that g,(7T)= g, (T). This
condition is not always met, as will be detailed below. It can
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easily be seen from Eq. (4) that if g (7)>g,(T), for in-
stance, then Py(7) can be altered simply by changing the
populations |c,|> and |c,/|*. Further, if g, (7) is significantly
larger than g,/ (T), for example, then the maximized state
would have |c, /=1 and |c,/| =0, a condition we have termed
passive control’ because it does not use quantum interfer-
ences between basis states to affect control.

Understanding the passive or active nature of a control
scenario is important for understanding the underlying
mechanism. We therefore explore this issue in greater detail.
Equation (4) can be written as

Po(T) = e L) + e g, (T) +2le lew|

X|frr (T)|cos(x + ), (6)

where y is the phase difference between ¢, and c,, and ¢ is
the phase of f,,. It follows then that if g (T)=g,.(T), Py(T)
attains its extremal values when |c,/|=|c, /=272, with the
maximum achieved at y+ ¢=0 and the minimum at y+ ¢
=1TT.

To quantify the extent of control we define the degree of
controllability £ as

L(T) =Py (T) - Py™(T), 7)

where ’P(Qm“)(T) [or P(Qmi")(T)] denotes the maximal (or mini-
mal) P, at the target time 7. It is readily seen from Eq. (6)
that if g (T) =g,/ (T), leading to |c$'ax)|=|cf(max)|=2‘”2, then
L is given by 2|f,/,/. On the other hand, if g, (T)> g, (T)
and control is completely passive, i.e., E(max) |=1, cf:f‘ax)|=0
and |cf(min)|=0, |c:r,lln)|=1, then the controllability is £
=|g(T)-g,(T)|. Hence cf(m”x) and cf(mi“) denote the values of
the coefficients associated with maximization or minimiza-
tion of Py,

The above discussion leads one to the conclusion that
the active or passive nature of the control can be measured
by calculating

c

2|fK’K|

R,&\=—"""""—"7""
o 2|fK’K|+|gK_gK’|

(8)

and o,/ ,, “the degree of passivity” of the control, given as

O S

S S IO
As can be verified from the above discussion, o,/ =1 for
completely passive control and o,/ ,=0 for completely active
control. When the number of states used in the optimization
is larger than 2, o, is no longer useful as a measure of the
passivity of the optimized state. Rather, a new measure of
passivity is needed and we define the degree of interference
D (1) as

D)= 2 cxcofunt). (10)

Kk#K'

This is simply the second sum of the right hand side of Eq.
(2) and measures the contribution of interference to the sys-
tem dynamics.

J. Chem. Phys. 125, 124310 (2006)

Finally, a few additional definitions will prove useful.
We define two measures of the overlap of two resonances:

Qe = 2 K MIKAK")] (11)

and

AKK’:EQKK"QK”K/' (12)

Q,., is an intuitive measure of the overlap of two resonance
shapes, and A, is designed to expose the common third
state overlap between |«) and |«’). That is, the criteria for
active control are either overlap between the two resonances
or their overlap with a common third state. The relationship
between (), and A, is explored below.

B. Pyrazine dynamics and optimization

In the first stage of the computation, we used the QP
algorithm24 to calculate the eigenstates and eigenvalues of
the 24-mode model of pyrazine of Raab et al."” This model
expresses the vibrational motion of pyrazine in terms of a set
of oscillators, described by the (dimensionless) normal coor-
dinates Q; coupled by linear and quadratic functions of Q;.
The S| plus S, Hamiltonian is given as

(1 0\af & 2) (—AO)
H_;<o 1)2(&Q?+Qi Lo a

+ > (“" 0>Q,~+ )y (a"" O)Qin

ieG 0 bi i.jeG, 0 bij

0 oy 0 ¢
+( o )le 2( C’)QiQ,-. (13)

Noa O ijec, \C¢ij O

Here w; are the normal mode frequencies of the lowest states
of Sy, 2A is the energy difference between the zero points of
the S, and §; potential energy surfaces, a;, b;, a;;, and b;; are
“intrasurface” coupling constants, and A, and ¢;; are “inter-
surface” coupling constants. These constants were deter-
mined by fitting the above functional form to the ab initio
derived points on the potential energy surface. The linear
couplings only occur within the A, symmetry set of modes,
denoted as G,. The quadratic couplings occur between the
set of modes whose products are either of A, symmetry, de-
noted as G,, or of B, symmetry, denoted as Gj.

As mentioned above, our strategy is to first compute the
system eigenstates and eigenvalues using the QP algorithm.
In fact, the QP algorithm is the only method currently avail-
able that can be used to optimize the 24-mode pyrazine dy-
namics. Wave packet propagations, by e.g., the multiconfigu-
rational time dependent Hartree (MCTDH) method'” or
semiclassical methods,27 cannot be used for the optimization
problem because with these methods, each set of preparation
coefficients requires repeating anew the entire time depen-
dent propagation. In view of the enormous effort involved in
each 24-mode wave packet propagation calculation, optimi-
zation of the input pulse, which may require hundreds of
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FIG. 1. Maximized and minimized

P,(7) vs time using (a) resonances at
0.68 and 0.60 eV (Q.,=0.7), (b)
resonances at 1.04 and 0.83 eV (Q,,

=0.3), (c) resonances at 0.96 and
094 eV (Q,,=03), and (d) reso-
nances at 0.916 and 0913 eV (Q,/,
=0.72).

0 1 1 1 0 1 1
5 10

t {fs}

runs, would be entirely out of the question. By contrast, in
the QP method we solve once for the eigenstates and (coarse
grained) eigenvalues (a task requiring 40 min. when distrib-
uted over forty 1.8 GHz AMD Opteron processors in a va-
nilla Beowulf configuration). The eigenstates and eigenval-
ues, once obtained, can be effortlessly used over and over
again to optimize the time dependent dynamics.

The number of S, states included in the Q subspace was
chosen to be 176. This number was found to be sufficiently
large to represent the dynamics accurately, a fact verified by
comparisons with the computations of Thoss et al.”’ for the
Raab Hamiltonian, yet to be sufficiently small to make the
computations relatively inexpensive. Further details of the
QP algorithm and its use for the case of pyrazine IC dynam-
ics are provided in Ref. 24.

The optimization of the IC process proceeds as follows:
Given a vector of ¢, preparation coefficients, denoted as c,
Eq. (2) may be written as>’

15 20

Pot)=c"-K(1) - c, (14)

where 1 denotes the Hermitian adjoint, and the matrix K(z) is
given as

KK’KE gK5K’K+fK’K(1 - 5K’K)s

with g, and f,/ being defined in Eq. (3). It is easy to see®’
that maximization of Py(T) of Eq. (14), subject to the chc
=1 constraint, results in the eigenvalue equation

K(T) . c(max) — )\(max)(T)c(max)'

A similar equation holds for ¢™™ and \™in(7).

(15)

(16)

lll. RESULTS

Because IC in pyrazine comprises the transfer of popu-
lation from the S, manifold to the S; manifold, the suppres-
sion of the IC process is attained by maximizing P,(z)
=Py(1), the probability of observing the molecule in the S,

02

FIG. 2. R+ Vs 0, for a representa-
tive selection of resonance pairs.

04 0.8
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subspace. Likewise, the enhancement of the IC process is
attained by minimizing P,(f). As explained above, we per-
form the optimization at a specific target time =7, anticipat-
ing, as indeed happens, that the desired goal(s) is (are) also
met at neighboring times.

Consider first the use of just two overlapping reso-
nances. Figure 1(a) shows P(zmax)(t) and P;mm)(t) for a pair of
states that can be actively controlled due to their strong reso-
nance overlap (Q,s,=0.7). The optimization target time ¢
=T was chosen here to be 10 fs, but as is evident in the
figure, the effect of optimization is seen at other times as
well. Even though there are only two coefficients to opti-
mize, we see an extensive range of control.

Figure 1(b) shows the same plots for two states of only
moderate overlap (Q,s,=0.3). Clearly, the controllability
here is greatly diminished relative to the first case. Consis-
tent with this result, we find that the passivity of the control
of Fig. 1(b) (0,,=0.75) is greater than that of Fig. 1(a)
(0r,=0.14).

The above data are in keeping with a general trend for
two states control; states with fixed |g,(f)—g,(¢)| tend to be
more controllable, and in a more active fashion, as the degree
of mutual overlap (), increases. This is because an increase
in Q,, is accompanied by an increase in f,/,(7), thereby
increasing the R, . ratio of Eq. (8). This point is illustrated in
Fig. 2 where we plot R,/ versus the passivity o, for a
series of randomly selected pairs of states optimized at 10,
20, and 30 fs. Clearly from this figure and from Eq. (8), as
f  increases in magnitude compared to |g,—g
of the control becomes more and more active.

There are, however, instances where our results appear
to differ from the trend identified above. In Fig. 1(c) we
display an impressive range of control for a pair of states that
have only moderate overlap, €),,=0.3. In this case the mag-
nitude of |g(T)—g.(T)| is large. As a result the control is
primarily passive with o,/ ,~ 1, though the controllability is
large because it is equal to L=|g,(T)-g,(T)|.

, the nature

0.18 T Y T T r
060,068 +
1 0.916,0913 x
016 *++ ;
+
+
"y
%
014 F | E E
b
012 ¢ + 1 4
11
+
o1k + A ]
(A . .
lf“,(t)l % FIG. 4. || vs time for the reso-
008 F + L 4 nances used in Figs. 1(a) (0.60, 0.68)
+
5

and 1(d) (0.916, 0.913).
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In Fig. 3, we display g,(¢) for a representative set of
zero-order S, energies. Although g,(z) and its time depen-
dence appear to vary considerably, in fact, the time depen-
dence of most of the |«) states appears to be well bracketed
by the g1 .y curve from above and by the g, .y curve
from below. As a result of this similarity between a large
group of decay curves, the situation is well described by Eq.
(5), and as pointed out above, when this happens, controlla-
bility depends solely on the magnitude of f,,(7) and on the
degree of overlap between resonances.

In support of this analysis, we show in Fig. 1(d) a case in
which P(Zmax)(t) is very similar to P(zmm)(t) for a pair of well
overlapping resonances, (),/,=0.72. The results can be con-
trasted with those in Fig. 1(a). In the former case, controlla-
bility is small because |f,(7T)| happens to be small at the
particular optimization time, e.g., at 10 fs. To see this, con-
sider Fig. 4, where |f,,(t)| is presented for the two pairs of
states in Figs. 1(a) and Fig. 1(d). The |f,(f)| curve with the
large peak around 6 fs corresponds to the 0.68, 0.60 eV pair,

T
max —+—
Zer0-2e10 Y
min —¥—

FIG. 5. Maximized and minimized
P5(1) vs time for a set of 176 reso-
nances with optimization time of
20 fs. Also shown for reference is the
P, (1) for the zero-zero state (described
in the text).

35 40

whose extensive control is shown in Fig. 1(a). By contrast,
the other curve (corresponding to the 0.916, 0.913 eV pair)
pertains to the pair of states pictured in Fig. 1(d). Clearly,
|fr(1)] is much larger at the 10 fs optimization time for the
0.68, 0.60 eV pair than for the 0.916, 0.913 eV pair; hence
control is far better for the former pair of states. Note also
that due to the different time variation of |f,.(¢)| for differ-
ent pairs, optimizing at other target times can completely
change the extent of control.

The main goal of the preceding discussion was to high-
light the role of good overlap between pairs of resonances
and to extract a set of rules for control using pairs of states.
As noted above, there are exceptions to these rules, but we
expect these exceptions to become less noticeable as more
states are used in the IC control. This can be understood by
recognizing that the number of terms in the second term on
the right hand side of Eq. (2) [or equivalently the degree of
interference D_()] increases rapidly as the number of states
increases.

FIG. 6. Maximized and minimized
P,(t) vs time for a set of 176 reso-
nances with optimization time of
140 fs.
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¥
maximized at 50 fs ——
1 maximized at 65 fs —w— 7]
minimized at 50 fs ~=tt=——
minimized at 65 fs —&—~—

FIG. 7. Maximized and minimized
P,(1) vs time for a set of 176 reso-
nances with optimization time of 50
and 65 fs. Notice that the recrossing
hump appears for the optimization at
65 fs.

Consider then the multiresonance control. Figure 5
shows the P,(¢) curves for both the maximized and mini-
mized initial states where all 176 Q-subspace basis states are
included in the optimization. For reference we also include
the decay of the zero-zero state, where the zero-zero state is
the ground vibrational state of S, projected onto the S, mani-
fold. We first note that this figure shows impressive control-
lability, by far exceeding that observed using just a pair of

. ;o p(max) (min) -4
states; we attain P, (7)>0.9 and P,""(T) <107*, with the
corresponding controllability £ exceeding 0.9. Significantly,
this controllability also substantially exceeds that observed in
our past, reduced dimensionality studies.’

As mentioned above, the large multiresonance effect is
due to the increase of the interference contribution D.(T) as
the number of resonances is increased. Typically in the mul-
tiresonance case, D.(T)=0.3 and D (T)=0.14 for the maxi-
mized and minimized curves, respectively, whereas a typical
value of D (T) for a single pair of resonances is of the order
of 0.06. A further example of the important effect of inter-

state interference can be seen by comparing the various func-
tions in Fig. 3 with the decays of Fig. 5. The important point
is that the maximized (minimized) decay curve of Fig. 5 is
greater (less) than any of the g functions of Fig. 3 by a
significant amount.

Control is not limited to just short times. Figure 6 shows
the decay of P,(¢) for initial states maximized or minimized
at 140 fs. We see, similar to the 20 fs calculation of Fig. 5,
that the range of control in this case is good, with P(Zmax)
X(7)>034 and P""(T)<1073. As in Fig. 5, the maxi-
mized state of Fig. 6 experiences a larger degree of interfer-
ence compared to pairs of states, with D(T) being 0.21 and
0.034 for the maximized and minimized curves, respectively.

One of the most striking features of Fig. 6 is the strong
recurrence of P(zmax)(t) around the target optimization time, as
seen by the peak at ~140 fs. This interesting feature indi-
cates that after flowing from the Q subspace into the P sub-
space, a substantial part of the wave packet finds its way
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back to the Q subspace. Such “reverse flows,” which are the
hallmark of overlapping resonances,” are observed to occur
in all the multiresonance optimized cases at t> ~50 fs. An
example is given in Fig. 7 where the maximized (minimized)
curves are shown for optimization times of 50 and 65 fs.
Notice the recrossing hump in the maximized curve of the
65 fs optimization that is absent in the 50 fs curve.

As mentioned above, control between two states is, in
principle, determined not only by the overlap of the two
resonances but also by any common overlap of the two reso-
nances with a third resonance. In practice these distinctions
are unnecessary because, typically, the overlap of two states
scales like the overlap of the two states with a common third
state. In other words, A,/ of Eq. (12) is a monotonically
increasing function of ),/ of Eq. (11). This behavior is
exactly what is observed in Fig. 8, where a plot of A/, vs
Q,., is shown for representative pairs of basis states. We see
that, although there is some noise, there is a clear monotonic
trend in the data.

Finally, we display in Fig. 9 the average magnitude of
Sy over the time interval A, i.e.,

A
<fK’K(t»A= iJ dtlfK’K(t)|’ (17)
0

for A=3000 fs vs Q. These data show the strong connec-
tion between the overlap of the resonances and the average
value of the interference contribution f, .

IV. CONCLUSION

This paper examines the quantum control of IC in 24-
mode pyrazine. The results are extremely encouraging: it is
possible to almost completely suppress the process over time
scales of ~50-100 fs, well in excess of the natural process
(~20 fs), or to accelerate it to be over in less than 5 fs. The
results are much more impressive than those in the limited
reduced dimensionality ones, presumably because of the in-
creased degree of overlap between bound state resonances

existing in the correct picture of 24-mode pyrazine. It also
suggests similar possible control in reasonably sized mol-
ecules.

The approach proposed here is active in that it does not
rely on the chance occurrence of ‘“extreme motion”
states®**> that are primarily S, in character. Instead, the
method relies entirely on the use of many overlapping-
interfering resonances via the prepared initial state.
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