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We present a method for the design of laser fields to control a selective preparation of enantiomers
from their racemate. An expression for two components of the laser pulses@EX(t) and EY(t)]
propagating along theZ axis is derived using a locally optimized control theory in the density
operator formalism. This expression was applied to a selective preparation of~R-, L-! enantiomers
from preoriented phosphinotioic acid~H2POSH) at low temperatures. The target operator was set
for the populations to be localized in one side of the double-well potential. First, a simple
one-dimensional model was treated. Then, a two-dimensional model in which a free rotation around
the preoriented torsional axis is included was briefly considered. In the one-dimensional model,
almost complete preparation of the enantiomers was obtained. The optimal electric field consists of
a sequence of two linearly polarized pulses with the same phases but with different magnitudes. This
means that the resultant electric field is linearly polarized with the polarization for obtaining the
R-form nearly parallel to its S–H bond. The optimal electric field transfers the L-form into the
R-form while suppressing the reverse process. In the two-dimensional model, the enantiomer
selective preparation is controlled by a sequence of circularly polarized pulses. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1334867#
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I. INTRODUCTION

Much interest has recently been shown in the selec
preparation of enantiomers from their racemates in the fie
of both chemical physics and in synthetic chemistry.1 Vari-
ous methods such as optical resolution or asymmetric s
thesis have been developed for practical purposes.2–5 Re-
cently, new scenarios of selective preparation
enantiomers, which are based on quantum control or co
ent control, have been proposed.6–9 The first proposal of co-
herent control of enantiomer selective preparation was
Shapiro and Brumer.6 In their scenario, enantiomer selectio
is performed by applying linearly polarized lasers to
prochiral molecule. A wave packet theory has been de
oped by Cina and Harris.7 They have shown the possibilit
of preparation and phase control of superposition states o
and R-enantiomers produced in an electronically exc
state from a double-well potential in the ground state.
theory for controlling molecular chirality in chemical rea
tions by using circularly polarized fields has been presen
by Shao and Ha¨nggi.8 Recently, Shapiroet al. proposed a
new scenario for enantiomer control in a racemic mixtur9

In their scenario a superposition of rovibronic states in
common excited electronic state of two enantiomers is m
nipulated to a desired enantiomer by a control laser.

In a previous study,10 by applying a locally optimized
control method, we achieved quantum control of an ena
omer selective preparation of preoriented phosphinot
acid H2POSH at a low temperature limit. In that study, w
adopted a one-dimensional model. In this simple o
dimensional model, the torsion of SH around the PS bon
the reaction coordinate. Laser pulses were designed to
vert the lowest, symmetric coherent achiral state of H2POSH
1570021-9606/2001/114(4)/1575/7/$18.00
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into a nonsymmetric localized state which represents a sin
enantiomer. H2POSH is a molecule with axial chirality. Thi
type of molecule has a memory of chirality that is called
dynamic chirality.4 The duration of the memory of chirality
of H2POSH is 630 ps, which is equal to the tunneling tim
between two localized states, L- and R-forms in the grou
torsional states.10 Such a dynamic chirality of H2POSH is
controlled by two linearly polarized pulses@EX(t) and
EY(t)]. The resultant pulses are elliptically or linearly pola
ized depending on the pulse intensity used. For example
medium intensity cases, elliptically polarized electric fiel
are obtained as the optimal ones, which interact w
H2POSH adiabatically, and the symmetry of dipole mome
functions and their magnitudes are reflected in the cont
ling electric fields. In a recent paper,11 we presented a sce
nario for enantiomer control of H2POSH from its racemic
mixture using a sequence of pulses with analytical shape

In this article, we present a method for quantum cont
of enantiomer selective preparation of enantiomers fr
their racemate, starting from the equal mixture of L- a
R-enantiomers at low temperature. For this purpose, we
tend our locally designed pulse-shaping theory to the cas
a mixed state by using the density operator formalism.
have developed locally designed pulse shaping theory
can be applicable not only to weak field cases but also
strong field cases.12–15 Theoretical treatments of quantum
control in density matrix formalism have been proposed
several groups.16–21

Before carrying out pulse shaping of enantiomer sel
tive preparation from its racemate, we note two fundamen
issues. The first one is associated with the choice of
target for population control in the mixed state. According
5 © 2001 American Institute of Physics
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1576 J. Chem. Phys., Vol. 114, No. 4, 22 January 2001 Hoki, Ohtsuki, and Fujimura
we cannot localize a racemic mixture of molecules in
lowest state, i.e., complete enantiomer selection in
ground state can not be realized except for the case o
initial pure state. This restriction is based on the fact that
maximum value of the population transferred can not exc
the maximum value of the initial population distribution in
control system without any dissipative process, as shown
Grosset al.22 This restriction to the population transfer ca
be understood from the unitary property of the density
eratorr̂(t)5U(t,t0) r̂(t0)U†(t,t0) wherer̂(t0) is the initial
density operator that is diagonalized in the random ph
approximation, andU(t,t0) is the time evolution operator
More specifically,

U~ t,t0!5T expF2
i

\Et0

t

dt8VI~ t8!G ,
whereT denotes a time-ordering operator andVI(t8) is the
interaction between molecules and controlling laser fields
the interaction representation. The eigenvalues ofr̂(t) are
thus invariant with respect to unitary transformation. T
population of a stateuj& in the target state at timet,

^jur̂(t)uj&, satisfies the condition that the minimum eige
value of r̂(t0)<^jur̂(t)uj&<the maximum eigenvalue o
r̂(t0). That is, the maximum population in a target state
time t f is equal to the maximum eigenvalue of the initi
density operatorr̂(t0). According to this fundamental issue
we have to choose an alternative target operator for a se
tive preparation of enantiomers from their racemate, wh
involves not only ground but also excited states of the tar
enantiomer.

The second issue is associated with the ensemble
racemates from which enantiomers are selectively prep
by lasers. We note that enantiomers in a spherically symm
ric ~isotropic! ensemble, such as in a gas phase or in hom
geneous solvents, can not be controlled by using la
within the permanent dipole interaction, as adopted in m
quantum control scenarios.23 This can be proven by a sym
metry consideration given next.

Consider an achiral~symmetric! ensemble whose densit
operator at the initial timet5t0 is denoted byr̂(t0). Here
achiral means thatr̂(t0) is invariant with respect to operatio
of space inversion operatorP̂,24 i.e., P̂r̂(t0) P̂5 r̂(t0). Now,
let us assume that a density operatorr̂R of a system with
R-form is produced by the permanent dipole interaction
t5t f . The density operator,r̂R , is expressed in terms of th
time evolution operator U(t f ,t0 ;E(t)) as r̂R

5U(t f ,t0 ;E(t)) r̂(t0)U†(t f ,t0 ;E(t)). Here the laser field
E(t) is explicitly shown inU(t f ,t0 ;E(t)) to emphasize the
initial phase dependence of the laser. Operation ofP̂ to r̂R

createsr̂L5 P̂r̂RP̂, which is also expressed asU(t f ,t0 ;
2E(t)) r̂(t0)U†(t f ,t0 ;2E(t)). This result implies that the
initial phase of the laser field should select a chiral syst
from an achiral ensemble. However, there are only few
ceptional case studies demonstrating an initial phase de
dence of femtosecond laser fields used in quantum contr25

This means that, in most cases, the assumption adopted
Downloaded 03 Jan 2010 to 130.34.135.21. Redistribution subject to AIP
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viously is invalid. In practice, it is extremely difficult, if no
even impossible, to create a chiral system from an ach
ensemble through their dipole interaction.

This second issue thus implies that for application
quantum control techniques within the dipole approximatio
it is necessary to introduce asymmetry into its ensemble
molecules, for example, by using preoriented racema
Such an orientation can be realized by applying nonreson
intense laser pulses to symmetric system.26–30 Under such a
condition, linearly polarized pulses or elliptically~circularly!
polarized pulses play the role of chiral reactants and tran
their chirality to molecules in racemic mixtures.

In the next section, we describe a control method
designing electric fields in the density operator formalism.
particular, we pay attention to how to obtain an express
for two optimal laser pulses,EX(t) andEY(t), which are not
independent of each other under the condition of their m
mum energies supplied and whose optimal solution is gi
by a trajectory in the two-dimensional functional space.
Sec. III, we describe an application of the locally optimiz
method presented in Sec. II to H2POSH under a preoriente
condition at low temperature. First, we use the simple o
dimensional model that already has been used, and we
consider pulse shaping of H2POSH in a two-dimensiona
model by taking into account the degree of freedom of m
lecular rotation. The mechanisms of the enantiomer selec
preparation from its racemic mixture are discussed.

II. LOCAL CONTROL OF ENANTIOMER SELECTIVE
PREPARATION IN THE DENSITY OPERATOR
FORMALISM

Consider a selective preparation of enantiomers by us
two linearly polarized pulses propagating along theZ axis in
the space-fixed coordinates, whose electric fields are wri
asEX(t) for theX component andEY(t)for theY component.
We outline the local control method for obtaining local
optimized pulses at finite temperatures. The density oper
of the systemr̂(t) satisfies the following equation:

i\
]r̂~ t !

]t
5@Ĥ~ t !,r̂~ t !#. ~1!

Here Ĥ(t), the total Hamiltonian, is given by

Ĥ~ t !5ĤM2m̂XEX~ t !2m̂YEY~ t !. ~2!

The first term on the right-hand side,ĤM , is the molecular
Hamiltonian and the other terms are interactions betw
molecules and control fields in the dipole approximation.mX

andmY are theX andY components of the dipole momen
respectively. The objective functionalJ$EX(t),EY(t)% is de-
fined as

J$EX~ t !,EY~ t !%5Tr$r̂~ t f !Ŵ%

2
1

\AEt0

t f
dt@EX~ t !21EY~ t !2#. ~3!

Here the first term on the right-hand side is the average of
target operatorŴ over the distribution at a fixed timet
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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1577J. Chem. Phys., Vol. 114, No. 4, 22 January 2001 Selective preparation of enantiomers
5tf . The second term represents the penalty of the energ
the control laser pulses.A is a parameter specifying the ma
nitude of the electric field energy.

The objective function is rewritten in the integral for
as

J$EX~ t !,EY~ t !%5E
t0

t f
dtg~ t !1Tr$r̂~ t0!Ŵ%. ~4!

Hereg(t) is expressed as

g~ t !5
d

dt
Tr$r̂~ t !Ŵ%2

1

\A
@EX~ t !21EY~ t !2#. ~5!

The condition for the local optimization is given b
g(t)50.14 Local control optimization means that the rate
the expectation value of the target operator is positive an
proportional to the laser intensity at each time. In oth
words, there is no memory effect, and the wavepacket
tion is determined at each time when the electric fields in
act with the system. That is, Eq.~5! is expressed as

d

dt
Tr$r̂~ t !Ŵ%5

1

\A
@EX~ t !21EY~ t !2#>0. ~6!

In global optimization, on the other hand, memory effects
taken into account by evaluating the forward and backw
wavepacket propagation.

Equation~5! is rewritten as

g~ t !5
i

\
Tr$r̂~ t !@ĤM ,Ŵ#%2

1

\A
@EX~ t !2

12A Im Tr$r̂~ t !Ŵm̂X%EX~ t !1EY~ t !2

12AIm Tr$r̂~ t !Ŵm̂Y%EY~ t !#50 ~7!

where@ , # is a commutator. This leads to

Tr$r̂~ t !@ĤM ,Ŵ#%50, ~8!

and

@EX~ t !1A Im Tr$r̂~ t !Ŵm̂X%#2

1@EY~ t !1A Im Tr$r̂~ t !Ŵm̂Y%#2

5~A Im Tr$r̂~ t !Ŵm̂X%!21~A Im Tr$r̂~ t !Ŵm̂Y%!2. ~9!

It should be noted thatEX(t) andEY(t) are not independen
of each other. From Eq.~9!, solutions ofEX(t) andEY(t)for
local control are given by a circle in a two-dimension
space. To determine the optimal solution for each elec
field uniquely, we impose the additional condition und
which the electric fields give the maximum rate of the e
pectation value, (d/dt)Tr$r̂(t)Ŵ%max.

The conditions for our local optimal electric fields ha
an illustrating geometric interpretation. Figure 1 shows t
circles that come into contact at one point on the tw
dimensional electric field surface. One is a circle with a
dius of $(A Im Tr$r̂(t)Ŵm̂X%)21(A Im Tr$r̂(t)Ŵm̂Y%)2%1/2

around its center (2A Im Tr$r̂(t)Ŵm̂X%,
2A Im Tr$r̂(t)Ŵm̂Y%), and the other is a circle around th
origin ~0, 0! with a radius$$\A(d/dt)Tr$r̂(t)Ŵ%max%

1/2. In
Downloaded 03 Jan 2010 to 130.34.135.21. Redistribution subject to AIP
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Fig. 1, the inner circle denotes solutions of the locally op
mized pulses, which is given by Eq.~9!. One trivial solution
is given byEX(t)50 andEY(t)50, which is involved at the
origin of the figure. The outer circle denotes the contour
the intensity of the electric fields whose radius gives
maximum rate of the expectation value of the target opera
Ŵ, (d/dt)Tr$r̂(t)Ŵ%max, at the point P.

The optimal control pulsesEX(t) andEY(t) are given by
the point P at which the two circles come into contact. Th
is, the locally optimized control fields are expressed as

EX~ t !522A Im Tr$r̂~ t !Ŵm̂X% ~10a!

and

EY~ t !522A Im Tr$r̂~ t !Ŵm̂Y%. ~10b!

Because of the restriction in locally optimized contro
given by Eq.~8!, i.e., the target operator should commu
with the free-field molecular Hamiltonian, a backward tim
propagation method is adopted.14 The target operator for the
backward propagation is given as the diagonal density op
tor in the mixed state, which is the density operator at
initial time t0 . The initial state for the backward propagatio
is taken as the state that corresponds to the final target
for the forward propagation.

III. APPLICATION TO H 2POSH

A. One-dimensional model

Consider an enantiomer selective preparation
H2POSH in a one-dimensional model as shown in Fig. 2

The initial distributionr̂(t0) is assumed to be a Boltz
mann distribution,

FIG. 1. Two-dimensional electric field@EX(t)andEY(t)] surface for giving
the expression for locally optimized electric fields. The optimized fields
located at the point P at which the two circles come into contact. The ra
of the outer circle corresponds to the maximum rate of the expectation v
of the target operator, and the inner circle denotes solutions of the loc
optimized pulses.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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r̂~ t0!5
exp~2ĤM /kT!

Tr@exp~2ĤM /kT!#
, ~11!

wherek denotes the Boltzmann constant andT is the tem-
perature.

Taking into account the torsional energy level structu
of H2POSH, in which the energy gap between the low
state u01& and the first excited stateu02& is about 0.05
cm21 and that betweenu01& and the second excited sta
u11& and the third excited stateu12& is about 200 cm21,10

we assumed that in a low temperature limit, the initial de
sity operator is given by

r̂~ t0!5u01& 1
2^01u1u02& 1

2^02u, ~12!

that is, only two states,u01& and u02&, are populated, and
they are equally distributed. The localized states,unR& (n
50 and 1! which are localized in a well in the right-han
side andunL& which are localized into the left well are ex
pressed as

unR&5
1

A2
~ un1&2un2&) ~13a!

and

unL&5
1

A2
~ un1&1un2&), ~13b!

respectively.
The initial density operator, Eq.~12!, can be rewritten in

terms of the localized basis, Eq.~13!, as

r̂~ t0!5u0R& 1
2^0Ru1u0L& 1

2^0Lu. ~14!

FIG. 2. Geometry of H2POSH in ~a! a one-dimensional model and~b! a
two-dimensional model.
Downloaded 03 Jan 2010 to 130.34.135.21. Redistribution subject to AIP
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state since the L-form and R-form are equally populated
We now specify the target operatorŴ for enantiomer

selection. As already described in the Introduction, the la
est population transferred by optimal pulses cannot exc
the maximum eigenvalue ofr̂(t0). In the present enantiome
selection, there are two nonzero eigenvalues of1

2, which is
the maximum eigenvalue ofr̂(t0). Let the target population
be localized in one of the wells, e.g., to produce the R-fo
of H2POSH. Since the transformation between the eigens
representation and the localized state representation is
tary, the eigenvalues are invariant under the transformat
The choice of the target operator is not unique. In this stu
we chose

Ŵ5u0R& 1
2^0Ru1u1R& 1

2^1Ru ~15!

as the target operator since his gives the lowest energy o
mixed system in the final product.

Figure 3~a! shows the time-development of the localiz
tion of enantiomers to the R-form, which is calculated by t
locally optimized control method. The solid and dotte
curves in Fig. 3~a! are population changes in H2POSH with
the R- and L-forms, respectively. We can see that there

FIG. 3. ~a! Population changes in enantiomers localized on the R-w
~solid curve! and L-well ~dotted curve!. ~b! Locally designed pulse shape
for controlling the enantiomer selective preparation in a mixed state.
upper and lower figures show the pulse shapes ofEX(t) andEY(t), respec-
tively. The inserted figure shows the expanded view ofEX(t) ~solid line!
andEY(t) ~dotted line!. These electric fields are characterized by their sa
phase.
 license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



in
e-

n

ric
rt
c

es

ag
lin

ric
n-

a
nd
is

th
he
th
o

of
e
o

h
ar
r
s
tw

o
te
u

at
in

n of
re
tric
t

ri-

ed
ro-
lar

n in
S

-
mer

and
rdi-
gh

g
-

lec
nd

1579J. Chem. Phys., Vol. 114, No. 4, 22 January 2001 Selective preparation of enantiomers
almost complete localization within 60 ps. The oscillation
Fig. 3~a! whose period is of 21 ps originates from the fr
quency difference of 1.6 cm21 betweenu11& and u12&
states.10

Figure 3~b! shows the optimal pulses for the localizatio
of the enantiomers in Fig. 3~a!. The upper~solid! and lower
~dotted! curves represent the pulse shapes ofEX(t) and
EY(t), respectively. The expanded view of the two elect
fields between 30.5 and 32.0 ps is also shown in the inse
figure. The two electric fields consist of the central frequen
of ;200 cm21, which correspond to transition frequenci
betweenu06& and u16&. Figure 3~b! also shows that the
two electric fields have the same phase with different m
nitudes, which means the synthesized electric field is a
early polarized one oriented about 60° with respect to theYZ
plane as shown in Fig. 4. This orientation of the elect
fields is close to that of the R-form in the equilibrium co
figuration.

Figure 4 shows the polarization direction of the optim
field together with the two configurations, the R- a
L-forms. The polarization of the synthesized electric field
parallel to the S–H bond of the R-form. This means that
resultant field has the ability to transfer the L-form into t
R-form while suppressing its reverse process. This is
mechanism of the enantiomer selective preparation
H2POSH in the mixed state.

In a previous paper,11 we proposed a control scenario
enantiomer preparation from its racemates by a sequenc
analytical pulses. It is interesting to compare the results
this study with those obtained by the analytical method. T
electric fields designed by the optimal control method
approximated by a sequence of Gaussian pulses simila
those used in an analytical treatment, but the electric field
the former are smaller than those in the latter by one to
orders of magnitudes. This difference in the magnitudes
the fields originates mainly from the mechanisms adop
The present study yields dominant transitions between fo
levels, in comparison with five-levels in the analytical tre
ment. The difference also originates partly from the sett

FIG. 4. The optimal electric field polarization synthesized by the two e
tric fields shown in Fig. 3. Two enantiomer configurations of the R- a
L-forms are shown as well.
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of the final timet f :t f 5 60 ps in the present study andt f

5;40 ps for the analytical treatment.
So far we have demonstrated the selective preparatio

the R-form from its racemates. To selectively prepa
L-enantiomers from their racemates, we need two elec
fields with the relative phase of2p. This means the resultan
field is a linearly polarized field whose polarization is o
ented by260°.

B. Two-dimensional model

We now briefly consider quantum control of prealign
H2POSH by taking into account the degree of molecular
tations. For simplicity, we restrict ourselves to the molecu
rotation around the principalZ axis as shown in Fig. 2. The
model Hamiltonian including the molecular rotation,Ĥ(t), is
expressed as

Ĥ~ t !52
\2

2I HS

]2

]fHS
2

2
\2

2I H2PO

]2

]fH2PO
2

1V~fHS2fH2PO!

2mX~fHS,fH2PO!EX~ t !

2mY~fHS,fH2PO!EY~ t !. ~16!

Here fHS and fH2PO are the angles of the HS and H2PO
groups around the PS bond measured from theX axis in
space-fixed Cartesian coordinates, respectively, as show
Fig. 2. I HS and I H2PO are the moments of inertia of the H
and H2POSH groups, respectively. The OP bond of H2POSH
is taken to be in they/z plane of the molecular-fixed Carte
sian coordinates. The reaction coordinate of the enantio
selective preparation is given asf5fHS2fH2PO. mX and
mY are, respectively, theX andY components of the dipole
moment functions defined in the space-fixed coordinates,
they are related to those defined in molecular-fixed coo
nates,x,y and depending on the reaction coordinate throu

S mX~fHS,fH2PO!

mY~fHS,fH2PO!D 5S cos~fH2PO! 2sin~fH2PO!

sin~fH2PO! cos~fH2PO! D
3S mx~fHS2fH2PO!

my~fHS2fH2PO!D . ~17!

The angular momentum operator of the rotation,Ĵ, is defined
as

ĴZ52 i\S ]

]fHS
1

]

]fH2PO
D , ~18!

since

exp@2 ia ĴZ#c~fHS,fH2PO!5c~fHS1a,fH2PO1a!,
~19!

where c is the wave function of H2POSH in the two-
dimensional model. The molecular Hamiltonian includin
the molecular rotation,ĤM , and ĴZ satisfies the commuta
tion relation

-
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@ĤM ,ĴZ#50. ~20!

The quantum number ofĴZ is denoted by M~5 0, 61, 62,
63,...). The basis set in the two-dimensional model is
noted byun6,M &. The energies of the eigenstatesun6,M &
are approximated by

En6,M'En61
\2

2I
M2, ~21!

whereI is the moment of inertia of H2POSH, and the value
of \2/2I in units of cm21 is 0.58.

Consider the simplest case in whichM50 under a low
temperature condition. We set the initial density operator

r̂~ t0!5u01,0& 1
2^01,0u1u02,0& 1

2^02,0u, ~22!

since the energy differences both between two sta
u02,1& and u02,0& and betweenu01,1& and u01,0& are
larger than the energy difference betweenu01,0& and
u02,0&. We set the target operator as

Ŵ5u0R,0& 1
2^0R,0u1u1R,1& 1

2^R,1u. ~23!

Here localized states, the R~L!-forms of the enantiome
unR,M &(unL,M &) are expressed in a similar way to that
Eq. ~13! as

unR,M &5
1

A2
~ un1,M &2un2,M &), ~24a!

unL,M &5
1

A2
~ un1,M &1un2,M &). ~24b!

Figure 5~a! shows the time-development of the localiz
tion of enantiomers to the R-form starting from its racema
Hereun6,M & with n50,1,2,3 anduM u50,1,2,3 was used a
the basis set. Solid and broken curves denote the popula
of the R-form and L-form, respectively. We can see fro
Fig. 5 that;60% of the R-form is produced within;100 ps.
Thus, inclusion of molecular rotation reduces the ability
enantiomer selection compared with that of the o
dimensional case. If we use pulses with a long duration,
can obtain as efficient an enantiomer selection as that in
case of the previous one-dimensional model. However,
are interested in enantiomer control within shorter time
gime than the tunneling time of 630 ps in the present mo
system.

Figure 5~b! shows the optimal fields controlling th
enantiomer selection. The control pulses consist of cen
frequency of;200 cm21, which corresponds to the trans
tion frequencies betweenu06,0& to u16,1&, and consists of
a sequence of circularly polarized pulses, i.e., the phase
ference between two pulses,EX(t) and EY(t), is p/2, and
their amplitudes are equal to each other, as shown in
inserted figure of Fig. 5. This is because the selection rule
one-photon transitions between two rotational states is g
by DM561 in the two-dimensional model, and such tra
sitions are induced by circularly polarized pulses. By app
ing such a circularly polarized pulse to racemates a transi
(M51←M50 for a right circularly polarized pulse, orM
521←M50 for a left circularly polarized one! is induced,
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-

s

s

.

on

f
-
e
he
e
-
el

al

if-

e
r
n

-
-
n

and the coherent super position of the eigenstates, i.e., R~L!-
enantiomer, is created on the same well as that in the in
state.

IV. CONCLUSION

In order to carry out quantum control of the selecti
preparation of enantiomers from racemates, we have der
an expression for the optimal electric fields of two linea
polarized pulses in the density operator formalism. The tre
ment is an extension of a locally optimized pulse shap
method. We applied the method to the enantiomer selec
preparation of pre-oriented or pre-aligned H2POSH from its
racemates in both simple, one- and two-dimensional mod
The controlling field in a nonrotating one-dimensional ca
consists of a sequence of two linearly polarized pulses w
their same phase. The polarization of the optimized elec
field is parallel to the S–H bond of the R-enantiomer. T
resultant field has the ability to transfer the L-enantiom
into R-enantiomers while suppressing its reverse process
the case of a two-dimensional model, the rotational degre
freedom of enantiomers for rotation around the torsional a

FIG. 5. ~a! Time development of localization of enantiomers to the R-fo
in the two-dimensional model. Solid and broken curves denote the pop
tions of the R-form and L-form, respectively.~b! Locally designed pulses in
the 2-dimensional model. The upper and lower figures show the p
shapes ofEX(t) and EY(t), respectively. The inserted figure shows th
expanded view ofEX(t) ~solid line! andEY(t) ~dotted line!. These electric
fields arep/2 phase shifted, i.e., the resultant field is a circularly polariz
one.
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is taken into account. The optimal field calculated in the c
in which M50 consists of a sequence of circularly polariz
pulses.
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