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Design of tailored microwave pulses to create rotational coherent states
for an asymmetric-top molecule

Juan Ortigoso
Instituto de Estructura de la Materia, CSIC, Serrano 119, 28006 Madrid, Spain

~Received 29 December 1997!

Tailored microwave pulses, to guide asymmetric-top molecules from selected rotational states belonging to
the vibronic ground state to generalized angular-momentum coherent states, are designed by using optimal
control theory. Characteristics that the molecules have to fulfill in order to achieve the goal with feasible pulses
are discussed. Properties of the pulses are discussed as well. The further dephasing among the components of
the wave packet which, for the simplest coherent state, is a form of dynamical tunneling, can be locked by
exploiting the changes that energy levels and eigenfunctions undergo in the presence of an external static
electric field with appropriate intensity. For the special case withM50, periodic fields are more flexible in
avoiding dephasing. This is shown by examining properties of quasienergies and dressed states resulting from
the diagonalization of a truncated Floquet matrix.@S1050-2947~98!03006-6#

PACS number~s!: 33.80.Rv, 33.55.Be, 33.90.1h, 42.50.Hz
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I. INTRODUCTION

Coherent states are quantum states with a strong clas
character. They were proposed originally for the harmo
oscillator by Schro¨dinger @1#, although the term ‘‘coheren
state’’ was introduced by Glauber@2# in quantum optics. In
the harmonic oscillator, due to the fact that the energy lev
are equally spaced, coherent states do not spread, an
expectation values for coordinate and momentum are s
tions of Hamilton’s equations at any time. Since Glaube
work, a number of coherent states with different propert
have been proposed from a theoretical point of view for d
ferent systems: squeezed states@3#, atomic coherent state
@4#, intelligent states@5#, angular-momentum coherent stat
@6–8#, wave packets for Rydberg atoms~Trojan states@9#,
elliptical squeezed states@10#!, etc. Usually three differen
definitions are given for generalized coherent states of a
trary dynamical systems:~i! eigenstates of the lowering op
erator,~ii ! states of minimum uncertainty, and~iii ! displaced
states of a reference state. A critical comparison of the th
approaches and group-theoretical algorithms to build co
ent states can be found in the excellent review paper of R
@11#.

The experimental realization of generalized coher
states has begun to be studied with the same interest. S
papers dealing with coherent states for Rydberg electron
atoms@12#, coherent states for photons@13#, SU~1,1! intelli-
gent states@14#, and vibrational wave packets for anha
monic molecules@15# have been published. Since these o
jects are a bridge between the classical and quantum wo
their experimental study should be illuminating.

In the present paper the possibility of creating generali
angular momentum coherent states~AMCS’s! for asymmet-
ric top molecules by using tailored microwave radiation
investigated. For this kind of state~as for coherent states o
any compact group!, definition ~i! is not appropriate@16#.
AMCS’s are defined properly by generalizing definition~iii !.
Our goal is the design of microwave fields able to cre
AMCS’s for a rigid or semirigid@17# asymmetric top mol-
571050-2947/98/57~6!/4592~8!/$15.00
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ecule by using optimal control theory. The different ener
of the states forming the coherent wave packet gives ris
dephasings that destroy the localization, and minimum
certainty properties which are characteristic of the coher
state. The introduction of further static electric fields c
cancel the dephasing for the simplest coherent state. Per
fields can also produce the same effect, as can be show
examining quasienergy plots obtained by diagonalizing
appropriate Floquet Hamiltonian@18#. For the simplest
AMCS ~an extremal state, given by the symmetric-top eige
function uJ,k52J&, whereJ is the angular momentum an
k is its projection onto the molecule-fixedz axis!, the
dephasing is equivalent to dynamical tunneling between1K
and 2K (K is the absolute value ofk) regions of the clas-
sical phase space. Therefore, the application of approp
fields can be understood as a form of tunneling suppress
although its mechanism is essentially different from a rela
phenomenon discovered for quartic double wells@19–21#.

Research in the field of coherent control of molecu
states has mainly been dedicated to the design of sha
laser pulses to control vibrational wave packets@22# or
branching ratios of chemical reactions@23#. However, only a
few papers on coherent control of rotational states have b
published@24–26#. Hudsonet al. @24# discussed the capabili
ties of microwave pulses to create superpositions of ro
tional eigenfunctions for diatomic molecules with a high d
gree of orientation, and the design of pulses with reasona
microwave peak power to achieve maximum populat
transfer at specific target times. Oriented states of molec
with small dipole moments can be created with these te
niques, in contrast to the pendular states created by the b
force method@27#, which is only feasible for molecules with
a high value of the ratio between the dipole moment and
rotational constant (m/B). However, the oriented states cr
ated by a microwave pulse remain oriented for only a v
short time after the pulse ends due to dephasing among c
ponents, and consequently their usefulness is much m
limited than that of genuine pendular states, which are eig
functions of a time-independent molecule-field Hamiltoni
with trivial time evolution.
4592 © 1998 The American Physical Society
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57 4593DESIGN OF TAILORED MICROWAVE PULSES TO . . .
The creation of coherent rotational states for nuclei a
molecules by using strong nonresonant electromagn
pulses was suggested in Ref.@25#. For molecules, the rota
tional coherent states are created via Raman-scattering
cesses that can generate superpositions of about 40 rota
states. The phenomenon was described in Ref.@25# using, in
the sudden approximation, quantum field-theoretical me
ods for the electromagnetic field. The method is especi
appropriate to create coherent states for diatomic and lin
molecules with no permanent dipole moment since
molecule-field interaction takes place through the dipole
duced by the field~polarizability!. A close idea was furthe
explored by Friedrich and Hersbach@28#, who studied the
creation of pendular states~directional superpositions o
field-free rotor states! of diatomic molecules by using stron
short nonresonant lasers. The rotational coherent states
ied in the present paper are superpositions of field-f
asymmetric-top eigenstates with fixedJ, and therefore they
cannot be created with the method proposed in Ref.@25#
because the Raman-type transitions would also popu
states with differentJ values. However, it would be worth
exploring its use for the creation of the oscillatorlike states
Gulshani @8#. Other studies related to rotational coheren
phenomena were undertaken by Siederman@26#, who studied
the possibility of aligning linear and symmetric-top mo
ecules by using a laser of moderate intensity resonant
an electronic transition. This laser can create rotational w
packets well defined in the conjugate angle space, but wi
broad distribution in angular momentum space. On the o
hand, Felker, Baskin, and Zewail@29# studied the conse
quences of free rotation in molecules excited by short la
pulses.

Our approach uses Krotov’s method@30,31# for solving
optimal control theory problems, as formulated originally
Rice and co-workers@32,33#, and more formally by Rabitz
and co-workers@34#. Our problem can be stated in the fo
lowing form: find a field that guides a pure initial state to
specific target~rotational coherent state! after a predeter-
mined time subject to a constraint in the power of the mic
wave field.

In Sec. II, angular momentum coherent states for as
metric top molecules are discussed. In Sec. III, the al
rithms employed to determine optimal fields for this partic
lar problem are revised, and the results for a model molec
are discussed. In Sec. IV, the use of further static and p
odic fields to avoid dephasing and destruction of the cohe
state is discussed. Finally, some theoretical questions
ideas that could be answered by the experimental stud
rotational coherent states are discussed in Sec. V.

II. ANGULAR-MOMENTUM COHERENT STATES
FOR ASYMMETRIC-TOP MOLECULES

The rotational Hamiltonian of an asymmetric-top mo
ecule in the electronic-vibrational ground state can be writ
as

H05AJa
21BJb

21CJc
2 , ~2.1!

where Ja , Jb , and Jc are the components of the angul
momentum along molecule-fixed principal axes of inertiaa,
b, andc, andA, B, andC ~with A.B.C) are the rotational
d
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constants which are basically the inverse of the moment
inertia. Eigenvalues and eigenvectors of this Hamilton
can be obtained by diagonalizing a matrix representation
H0 in a basis set of symmetric-top wave functionsuJ,k,M &,
whereM is the projection ofJ onto the laboratory-fixedZ
axis, andk is the projection ofJ onto the molecule-fixeda
axis. For the rotational eigenstates of the asymmetric topM
is a good quantum number, butk is not. Therefore, the rota
tional eigenstates of asymmetric tops are commonly labe
by the rigurous quantum numbersJ and M , and by the ap-
proximate quantum numbersKa andKc , which indicate, re-
spectively, the prolate symmetric-top and oblate symmet
top levels with which the particular asymmetric-top ener
level is correlated@35#. These two labels are assigned una
biguously from the energy ordering in such a way thatKa
varies from zero~for the lowest state of a givenJ) to J ~for
the highest state!, and Kc from J to zero. Therefore, the
rotational wave functions of the asymmetric top are rep
sented by the ketuJ,Ka ,Kc ,M &, and the energy levels ar
labeled byJKa ,Kc

.
The Lie group appropriate for this problem is SU~2!. Co-

herent states for this group are defined for a fixed value
the total angular momentumJ. They can be generated b
displacing a minimum uncertainty state belonging to the H
bert space spanned by the basisuJ,k&, k52J, . . . ,J. The
unitary operator which carries out the displacement of
reference state (uJ,k52J&) is @36#

U~u,f!5exp~jJ12j* J2!, ~2.2!

where J65Jx7Jy , and j5(u/2)e2 if. The coordinates
u and f are the polar and azimuthal angles which para
etrize the classical phase space for this problem~the two-
dimensional sphere!. The coordinateu is related to the
classical phase-space canonical coordinatek as u
5arccos~2k/J), and f is the conjugate angle tok @36#.
Therefore, a different coherent state can be defined for e
point of the phase space. The action ofU(u,f) on the ex-
tremal stateuJ,k52J& produces a new state centered at t
point (u,f) of the sphere, which retains the minimum u
certainty of the reference state. Systems for which the
namical group is SU~2! are, for example, rigid rotating asym
metric molecules and spin systems.

The result of applying the unitary operatorU(u,f) to the
reference stateuJ,k52J& can be expressed in terms of th
basis setuJ,k& @36#

uu,f&5 (
k52J

k5J S 2J

J1kD 1/2

sinJ1k~u/2!

3cosJ2k~u/2!e2 i ~J1k!fuJ,k&. ~2.3!

These states can be expanded in terms of the eigenfunc
of H0 for given J:

uu,f&5 (
n50

2J11

cnuJ,Ka ,Kc&, ~2.4!

with cn given by
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4594 57JUAN ORTIGOSO
cn5^J,Ka ,Kcuu,f&

5 (
k52J

k5J

dk
n3S 2J

J1kD 1/2

sinJ1k~u/2!cosJ2k~u/2!

3e2 i ~J1k!f, ~2.5!

wheredk
n is the coefficient of the expansion of the eigenve

tor uJ,Ka ,Kc& in the set of symmetric-top basis function
corresponding touJ,k&.

A special property of AMCS’s is that they are minimu
uncertainty states with respect to the relations@37#

~DJz!
2~D sin f!2> 1

4 ^cosf&2, ~2.6!

~DJz!
2~D cosf!2> 1

4 ^sin f&2. ~2.7!

The usual uncertainty relation forJz and its conjugate
anglef (DJzDf> 1

2 ) does not hold, sincef is not Hermit-
ian with respect toJzuJkM& due to the nonperiodicity o
fuJkM& @38#. Nonetheless, the uncertainty relations giv
above reduce to the usualDJzDf> 1

2 when the wave func-
tion is strongly localized inf. Another interesting property
of AMCS’s is that they minimize the fluctuations of the d
rection of the angular-momentum vector. On the other ha
AMCS’s spread after some time, since the energy levels
the rigid rotor are not equally spaced, although they c
show recurrences.

AMCS’s were used by Martens@36# to investigate
classical-quantum correspondence in a model of Cori
coupling in polyatomic molecules, since coherent states
low the calculation of quantum surfaces of section~QSS!
which can be easily compared to Poincare´ surfaces of section
obtained by running classical trajectories. In Ref.@39#,
AMCS’s were used to construct QSS for a molecule conta
ing an internal rotor to relate classical chaos with anomal
asymmetry splittings between pairs of quantum eigenvalu

Other rotational coherent states have been studied in
past. Gulshani@8# found oscillatorlike coherent states for a
asymmetric top by using the Schwinger realization of
angular-momentum algebra. He uses a transformation f
the Euler angles to the so-called Cailey-Klein variables.
also discussed the relation between these wave packets
those defined by other authors. In particular, he showed
various definitions of the coherent states of the angular
mentum are special cases of the generalized coherent s
of the SU~2! algebra obtained by Mikhailov@40#.

Since coherent states are the most classical quan
states, they are good approximations for the wave functi
of the rotational Hamiltonian in the high-J limit. Huber,
Heller, and Harter@41# developed a semiclassical method
calculate eigenvalues and eigenfunctions for highly exc
states of asymmetric tops based on the propagation of a
herent state using Hamilton’s equations.

III. MICROWAVE FIELD DESIGN

Assuming an ensemble of molecules in a pure state wh
can, for simplicity, be the ground state 00,0 and a target at
time t f consisting of a generalized angular-momentum coh
ent stateuu,f&, the problem studied in the present paper is
determine the optimum time evolution operatorU(t f ,t0):

f~ t f ![uu,f&5U~ t f ,t0!uJ50,Ka50,Kc50&. ~3.1!
-
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U(t f ,t0) can be written as

U~ t f ,t0!5expF E
t0

t f
[ 2 i „H01H8~t!…]dtG , ~3.2!

with H0 being the molecular Hamiltonian given by Eq.~1!,
andH8(t) representing the interaction at timet between the
molecular dipole momentm and the external electric fielde
directed along the laboratory-fixedZ axis @42#:

H8~t!52mZe5~mZxlZx1mZylZy1mZzlZz!e~t!,
~3.3!

wheremZa is the component of the dipole moment along t
body-fixeda axis, andlZ,a is the direction cosine betwee
the body-fixeda axis and the space-fixedZ axis.

H8(t) can be written in a more convenient form to sim
plify the calculation of matrix elements@43#:

H8~t!5@mZzlZz1~mZx1 imZy!~lZx2 ilZy!1~mZx2 imZy!

3~lZx1 imZy!#e~t!. ~3.4!

Direction cosine matrix elements in a basis set of symmet
top wave functions can be found in Ref.@44#. lZz is respon-
sible for couplings between symmetric-top wave functio
with the samek, while the termslZx6 ilZy couple basis
functions withDk561. For a given matrix elements onl
one of the three terms can be nonzero. Also, only ma
elements between states withDJ50,61 are nonzero. On the
other hand, depending on the polarization characteristic
the incident light, transitions with onlyDM50 ~linear po-
larization! or DM561 ~circular polarization! can be se-
lected.

A pure state can be created, in principle, in a strong
personic expansion for molecules with convenient values
the rotational constants, but normally a mixed state will
sult with a thermal distribution of rotational states. Accor
ing to Hudsonet al. @24#, for diatomic molecules with rota-
tional constants smaller than about 20 GHz, it is not poss
to create a pure state by cooling in a strong expansion. M
ods based on the density-matrix formalism have been de
oped to determine optimal fields to achieve specific targ
when the initial state is a mixture. However it has be
shown @45# that in this case a maximum limit for th
achievement is imposed by the largest coefficient in
density-matrix expansion, in such a way that only a limit
number of molecules from the ensemble can be placed in
target state. Girardeauet al. @45# showed that for anN-level
system in which the statistical weight of all members of t
ensemble is equal to 1/N, enhancement of populations is n
possible since they will remain in any case equal to 1N.
Therefore, if we start with an ensemble described by
density matrix r5(M1/~2J11!uJ,Ka ,Kc ,M &^J,Ka ,Kc ,M u
with all the M sublevels equally populated, total control
not possible since onlyN/(2J11) molecules could be pu
into the coherent stateuu,f&. In the following it is assumed
that an initial ensemble described by a pure state is availa

The shape of the optimum field which guides the m
ecule from an initial stateuE0& at time t0 to uu,f& at time t f
can be determined by using optimal control theory combin
with Krotov’s method. This method provides a local iterati
scheme~see Ref.@30# for a critical comparison of loca
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57 4595DESIGN OF TAILORED MICROWAVE PULSES TO . . .
methods and gradient or conjugate gradient methods!. In the
present paper the following algorithm summarized in R
@31# has been used.

~i! Propagate the target~in our case, the coherent sta
uu,f&5c) backward from the target time,t f , to t0 using the
field from the previous iteration.

~ii ! Calculate the field for the new iteration (n11) at time
t0,

e~n11!~0!5e~n!~0!2Im^cn~0!umuE0~0!&/l, ~3.5!

wherel is a penalty on the energy of the field.
~iii ! Usee (n11)(0) to propagateuE0& to time Dt.
~iv! Calculatee (n11)(Dt),

e~n11!~Dt !5e~n!~Dt !2Im^cn~Dt !umuE0
~n11!~Dt !&/l.

~3.6!

~v! Repeat~iii ! and ~iv! until t5t f .
The time propagation of the initial and target wave fun

tions is carried out by using the Riemann product integ
method@46#. In this method, the unitary evolution operator
calculated as

U~ t f ,t0!5T)
k51

n

expS E
tk21

tk
2 i @H02me~ t !#dtD , ~3.7!

where T is the time ordering operator which arranges t
product in chronological order. In other words, the interv
@ t0 ,t f # is discretized in a number of subintervalsDt such that
H(t) is approximately constant in each; then the exponen
matrix is evaluated for each subinterval.

A linearly polarized field has been assumed in the f
lowing calculations. Therefore, molecules in the st
uJ50,Ka50,Kc50,M50& only can reach states withM50.
Figure 1 shows an energy-level diagram for severalJ values
corresponding to a hypothetical molecule with rotation
constantsA56 GHz, B53 GHz, andC52 GHz, and two
dipole moment componentsma51.5 D andmb51.2 D, each
of which gives rise to different couplings.ma couples levels
with DKa even andDKc odd, while the levels coupled bymb
haveDKa odd andDKc odd.

The time dependence of the optimum fields to take t
hypothetical molecule from the lowest eigenstate withM
51 (uJ51,Ka50,Kc51&) to the simplest coherent sta
with J53 (uJ53,k523&), for different target times, is
shown in Fig. 2. The absolute value of the Fourier transfor
of the fields are also shown in this figure. The maximu
field intensity increases for shorter target times. The ini
field is given for a superposition of three cosine-type mo
chromatic fields with frequencies corresponding to the tr
sitions 11,0←10,1 ~4.0 GHz!, 22,1←11,0 ~20.0 GHz!, and
33,0←22,1 ~32.6 GHz! ~see Fig. 1!. An appropriate sequenc
of three pulses with these three frequencies would tak
molecule from 10,1 to 33,0. Since there are two dipole com
ponents, different routes of sequencial excitation can be
lowed to reach the target state. For example, an initial fi
containing a frequency resonant with any of the energy
tervals 11,0211,1, 22,0222,1, 33,0233,1, or containing two
or even three resonant frequencies, could have been ch
forcing in some way a preferred route. However none
these couplings were present in the initial Hamiltonian, le
f.

-
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ing to the iterative procedure the choice of a route. The sp
trum given in Fig. 2~d! shows that the algorithm has no
chosen the route consisting in populating firstuJ53,Ka53,
Kc50& which would be possible with the field initially cho
sen, and then redistributing the population betwe
uJ53,Ka53,Kc51& and uJ53,Ka53,Kc50& ~these two
states almost exhaust the simplest coherent state forJ53).
However, the frequency corresponding to 22,0211,1 ~21.2
GHz! appears in the spectrum. This frequency would not
necessary using the route just described. In other words
procedure gives a field which takes advantage of all poss
routes to populate the eigenstates that form the coherent
instead of choosing the simplest one. For longer times@Fig.
2~b!#, this behavior is more evident because the line at
proximately 25 GHz (33,1221,2) becomes more intense tha
the corresponding to 22,1211,0. Also, a pair of closed lines
centered at approximately 35 GHz can be seen in Figs.~b!
and 2~d! @in Fig. 2~f! only a wide line is observable#.
These two lines correspond to the transitions 43,1←40,4 and
43,1←41,4, and the field must contain them to avoid popu
tion flow to higher states.

For a molecule with only one dipole moment compone
more complex routes have to be followed to reach the tar
For a case in whichmaÞ0 andmb50 it is not possible to
populate 33,0 starting from 00,0 with one-photon transitions
Therefore, the target can only be reached with stron
fields.

Figure 3 is equivalent to Fig. 2, but the target is now t

FIG. 1. Energy levels~in GHz! for the hypothetical molecule
studied in this paper for severalJ values. The ground state and th
energy levels corresponding toJ54 are labeled usingJKa ,Kc

~see
text!. For a givenJ, the lowest-energy level isJ0,J and the highest
is JJ,0 . For J52, 3, and 4,K splittings corresponding to the
highest-energy levels (JJ,0 ,JJ,1) are not observable at the plot res
lution. The arrows correspond to the frequencies contained in
initial electric field used to create the simplest coherent s
uJ53,k523&.
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4596 57JUAN ORTIGOSO
coherent stateuJ53;u50.7,f50.1&. The initial state is
againuJ51,Ka50,Kc51,M51&. The frequency spectra fo
the optimum fields are more complex than those obtai
when the target was the simplest coherent state, since m
energy eigenstates contribute to this state. In fact, this co
ent state is a combination of the seven eigenstates co
sponding toJ53, and therefore it can be classified amo
the most complex coherent states, in contrast to the simp
coherent state discussed above.

IV. SUPPRESSION OF DEPHASING FOR THE SIMPLEST
COHERENT STATE

As we saw in Sec. II, AMCS’s are linear combinations
eigenstates of the molecule, and consequently they are
stationary states. The free time evolution of these states
the pulse is over gives rise to dephasing among the diffe
components of the wave packet. As a result of dephasing
minimum uncertainty property and strong localization of t
AMCS are lost, although revivals will periodically appear

Next we will concentrate on the simplest type of angul
momentum coherent state, namely, the so-called extre
state, given by the symmetric-top wave functionuJ,k52J&.
This state is mainly formed of the eigenstatesuJ,Ka5J,
Kc50& and uJ,Ka5J,Kc51& with small contributions from
uJ,Ka5J22,Kc52& and uJ,Ka5J22,Kc53&. In this case,
the dephasing gives rise to quantum dynamical tunne
~i.e., tunneling not associated with a potential barrier!, and
the wave packet oscillates between the statesuJ,k52J& and
uJ,k5J& @47#.

FIG. 2. Optimum electric fields@~a!, ~c!, and~e!# and their Fou-
rier transforms@~b!, ~d!, and~f!# for different target times, to guide
the hypothetical molecule studied in this paper from the s
uJ51,Ka50,Kc51,M51& to the simplest coherent stateuJ53,
k523&. Target times are~a! t f54.8 ns,~c! t f52.4 ns, and~e! t f

51.2 ns.
d
re
r-

re-

st

n-
ter
nt
he

-
al

g

Control of processes induced by dephasing is raising
increasing interest. Recently@19#, it was shown that coheren
destruction of tunneling for a particle in a symmetric doub
well potential can be achieved by using a monochroma
driving force. This driving force is tuned to a suitably chos
frequency in the vicinity of an exact crossing of the tw
Floquet states corresponding to a doublet of close-ly
states of the molecular Hamiltonian. On the other ha
Holthaus@20# showed the opposite phenomenon, i.e., the
hancement of tunneling, by using appropriately shap
smooth laser pulses. Holthaus showed that when the qua
ergy difference between the pair of Floquet eigenstates
volved in the tunneling doublet becomes larger than the b
tunnel splitting, the tunneling time can be much shorter th
in the case of the undriven system. In the same line, Gu´rin
and Jauslin@21# demonstrated, using Floquet theory, a d
ferent mechanism of tunneling enhancement which requ
less intense laser pulses.

Another issue related to the control of dephasing is
possibility of achieving selective elimination of intramolec
lar vibrational redistribution~IVR! using strong resonant la
ser fields@48#. In this case the dephasing that causes IVR
eliminated by coherently coupling the ground state and
doorway state. The mechanism at work in this case is dif
ent from the one responsible for suppression of tunneling
the double well. Here, when the Rabi frequency is larger th
the energy spread of the eigenstates involved in IVR,
doorway state becomes effectively an eigenstate of
molecule-field Hamiltonian suppressing energy-transfer p
cesses. The limitation of this technique is obvious when

e

FIG. 3. Optimum electric fields@~a!, ~c!, and~e!# and their Fou-
rier transforms@~b!, ~d!, and~f!# for different target times, to guide
the hypothetical molecule studied in this paper from the st
uJ51,Ka50,Kc51,M51& to the coherent stateuJ53,u50.7,
f50.1&. Target times are~a! t f54.8 ns,~c! t f52.4 ns, and~e! t f

51.2 ns.
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bright state contains a large number of molecular eigenst
with a huge frequency spread.

A. Static fields

Dephasing can be suppressed for the simplest AMCS
using a static field of appropriate intensity. This is an e
ample of Stark effect for two nearby levels, as explained
the classic book by Townes and Schawlow@44#. However,
from the experimental viewpoint it would be more conv
nient to create coherent states with the static field on, s
the time to raise the field from zero to the needed value
necessarily finite. Therefore the microwave pulses should
optimized by using the Stark eigenstates instead of the fi
free molecular eigenstates.

For appropriate energy differences and dipole mom
matrix elements, the coherent state becomes an eigensta
the molecule-field Hamiltonian, and therefore the molec
will not tunnel from1K to 2K, or vice versa. However, i
is not possible for every molecule to attain an exact match
with the extremal state at reasonable fields. In some cas
is not possible for any reasonable field strength to make
extremal state an eigenstate of the molecule-field Ham
tonian, because other states begin to be significantly cou
to it. However, similar states, such that the tunneling ti
increases considerably for them with respect to the bare
neling time, can be found. The extremal stateuJ53,
k523& for the model molecule becomes an eigenstate
the molecule-field Hamiltonian for a field ofe'6 kV/cm for
the caseM51. Stronger fields couple the extremal state
higher states. Smaller fields (e'280 V/cm! give rise to
states similar enough to the extremal state such that no
nificant dephasing arises after 25 ns. In the absence of
external field the time for complete tunneling fromk523 to
3 is about 15 ns. These calculations are only a rough
proximation of the dynamics of a real molecule, as for the
long times centrifugal distortion terms have to be taken i
account in the molecular Hamiltonian. Centrifugal distorti
parameters are routine in high-resolution spectrosco
analysis, and their inclusion in the kind of calculations do
in the present work does not add any extra complicati
since the most important centrifugal distortion factors ma
only diagonal contributions to the Hamiltonian.

The fact that some eigenfunctions of the molecule-fi
Hamiltonian are similar to extremal states does not im
that coherent states can be obtained simply by switching
an appropriate electric field suddenly, since the wave fu
tion at zero time is a molecular eigenfunction. This wa
function can be expressed as a linear combination of eig
states of the molecule-field Hamiltonian:

f~ t50!5(
J,n

cJnuJ,En& f . ~4.1!

This function evolves in time under the action of the sta
field as

f~ t !5(
J,n

cJnexp2 iEJntuJ,En& f , ~4.2!

and consequently an uncontrolled sudden application of
field does not transform the molecular eigenfunction in
extremal state even when this is an eigenstate of
es

y
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molecule-field Hamiltonian. Under realistic conditions, co
lisions among molecules will eventually destroy the coh
ence characteristic off(t), placing the molecule in the ex
tremal state. Adiabatic switching of the perturbation cou
also be able to guide the molecule from the initial eigenst
to the extremal state.

For M50 the statesuJ53,Ka53,Kc50& and uJ53,
Ka53,Kc51& are not connected by the field, and therefo
the extremal state cannot be an eigenstate of the molec
field Hamiltonian. However a different mechanism can avo
the dephasing in this case. For fields aboute510 kV/cm, the
states forming the coherent state forJ53 receive a small
contribution from states belonging toJ54, which gives rise
to nearly degenerate energies, as can be seen in Fig. 4.
consequence, the extremal state will not dephase as lon
the field is on.

B. Periodic fields

Periodic fields can be used to avoid dephasing, and th
especially interesting for the case withM50 for which
strong static fields are needed. The Schro¨dinger equation for
an asymmetric top molecule in the presence of an exte
periodic field with frequencyv has quasiperiodic solution
that can be expanded as

F~ t !5e2 ilt (
n52`

`

(
J50

`

(
Ka ,Kc

c~J,Ka ,Kc ,n!e
invtuJ,Ka ,Kc&,

~4.3!

whereuJ,Ka ,Kc& are the eigenstates of the molecular Ham
tonian, andl are the quasienergies. These states are
stationary states~dressed states! of the time-dependent peri
odic Hamiltonian, and they can be obtained by diagonaliz
a truncated representation of the infinite Floquet matrix@18#.

Figure 5 shows a plot of the quasienergies as a functio
the amplitude of the external field for fixed frequency. Figu
5~a! corresponds toM50, and Fig. 5~b! corresponds toM
51. Avoided crossings between the dressed states corre

FIG. 4. Energies corresponding to the statesuJ53,Ka53,
Kc51,M50& and uJ53,Ka53,Kc50,M50& of the hypothetical
molecule studied in this paper in the presence of a static ele
field as a function of the field strength. These two states are ne
degenerate for a range of strengths aroundueu510 kV/cm.
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4598 57JUAN ORTIGOSO
adiabatically with the two eigenstates forming the coher
state take place at different field intensities for different f
quency values. At the crossing point the two dressed st
have components belonging to several photon states. Fo
ample, for the caseM50 there is an avoided crossing ate
56.1 kV/cm andv51.5 GHz. ForMÞ0, due to the differ-
ent dipole couplings, the dressed states involve more ph
states. For example, the extremal state withM51 evolves in
time according to

f~ t !.0.7uJ53,Ka53,Kc50&S (
n

cnueinvt& De2 il3,3,0t

10.7uJ53,Ka53,Kc51&S (
n

cnueinvt& De2 il3,3,1t,

wherel3,3,0 and l3,3,1 are the quasienergies of the dress
states correlated to the zero-field statesuJ53,Ka53,Kc50&
and uJ53,Ka53,Kc51&. For the avoided crossing corre
sponding toe50.59 kV/cm andv593 MHz, the coefficients
entering into both summations are nearly the same. Th
fore the wave function can be simplified to

FIG. 5. Quasienergies corresponding to the states correl
adiabatically with the zero-field statesuJ53,Ka53,Kc51&,
uJ53,Ka53,Kc50& of the hypothetical molecule studied in th
paper in the presence of an oscillating electric field as a functio
the field strength.~a! corresponds toM50 andv51.5 GHz, and
~b! to M51 andv593 MHz.
t
-
es
x-

on

d

e-

f~ t !.0.7~ uJ53,Ka53,Kc50&1uJ53,Ka53,Kc51&)

3(
n

cnueinvt&e2 ilt.uJ53,K53&e2 idt.

The time evolution of this wave function is therefore trivi
under the action of the appropriate field, and the state
remain coherent forever in the absence of spontaneous e
sion or collisions.

V. CONCLUSIONS

It has been shown here that angular momentum cohe
states could be experimentally obtained for a semiri
asymmetric top molecule by using tailored microwa
pulses. Some requirements on the rotational constants~since
power and bandwith are anticorrelated@24#! and dipole mo-
ment are needed to achieve this goal with feasible pulses
AMCS comprises, in principle, the 2J11 rotational eigen-
states corresponding to a particularJ, and therefore, the re
quired bandwidth to create a rotational coherent state fo
near prolate asymmetric top will be, approximately, 2AJ1B.

For molecules with two nonzero dipole moment comp
nents, couplings to connect all the rotational levels are av
able, and therefore it is easier to create AMCS’s than
molecules with only one nonzero component, for whi
stronger fields are needed. On the other hand, due to
complex energy-level structure of asymmetric-top m
ecules, small dipole moments can be enough to cre
AMCS’s. For the dipole components of the model molecu
chosen in this paper (ma51.5 D andmb51.2 D!, AMCS’s
can be created with fields around 5 kV/cm. The method
quite general, and AMCS’s could be produced in numero
molecules.

Due to the fact that the simplest coherent st
uJ,k52J& consists mainly of the two components of a clu
ter doublet~angular momentum analog of inversion doub
levels of a two-well oscillator potential@47#!, dephasing
gives rise to dynamical tunneling that can be suppressed
the application of external fields.

Interesting dynamical aspects could be analyzed from
study of AMCS’s. For example, it was shown in Ref.@39#
that some rotational eigenstates of torsional states of ac
dehyde have anomalously large asymmetry splittings. T
was explained in Ref.@39# as chaos-enhanced quantum
mechanical tunneling. When the maxima of the Husimi re
resentation of the involved eigenvectors lie in chaotic
gions of the phase space, the dynamical tunneling
enhanced and the asymmetry splittings increase. An exp
ment could be devised in which rotational coherent states
a torsional eigenstate close to the barrier to internal rota
were created. Then the behavior of AMCS’s lying in chao
regions of the classical phase space could be compared t
behavior of AMCS’s lying in regular regions, looking fo
distinctive characteristics.
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