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Design of tailored microwave pulses to create rotational coherent states
for an asymmetric-top molecule
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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 Mth 0, 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 matfi&1050-294{®8)03006-6

PACS numbgs): 33.80.Rv, 33.55.Be, 33.96h, 42.50.Hz

I. INTRODUCTION ecule by using optimal control theory. The different energy
of the states forming the coherent wave packet gives rise to
Coherent states are quantum states with a strong classigé#phasings that destroy the localization, and minimum un-
character. They were proposed originally for the harmoniccertainty properties which are characteristic of the coherent
oscillator by Schidinger[1], although the term “coherent State. The introduction of further static electric fields can
state” was introduced by Glaubg2] in quantum optics. In cancel the dephasing for the simplest coherent state. Periodic
the harmonic oscillator, due to the fact that the energy level§€lds can also produce the same effect, as can be shown by
are equally spaced, coherent states do not spread, and th&aMining quasienergy plots obtained by diagonalizing the

expectation values for coordinate and momentum are solAPpropriate Floguet Hamiltoniain18]. For the simplest

tions of Hamilton’s equations at any time. Since GIauber’sANICS (an extremal state, given by the symmetric-top eigen-

work, a number of coherent states with different propertie{uncupn |‘]’k.= _.‘J>’ whereJh|s the Ianglula:j momeptumhand
have been proposed from a theoretical point of view for dif- Is its projection onto the molecule-fixed axig, the
ferent systems: squeezed staf8% atomic coherent states dephasing 1S equivalent to dynamical tun_nelmg betweeh

; ; lar- t herent statesa.nd —K (K is the absolute value ) regions of the Clas-_
%g]é]n tiy;%eentpztca;gg]fb?rg;dirego;r:gr%;rr:j;:: stateg9] sical phase space. Therefore, the application of appropriate

] ) fields can be understood as a form of tunneling suppression,
elliptical squeezed statgd0]), etc. Usually three different  5ihoygh its mechanism is essentially different from a related

definitions are given for _gen_eralized coherent state_s of arbiphenomenon discovered for quartic double wil8—21.
trary dynamical systemsi) eigenstates of the lowering op- * Research in the field of coherent control of molecular
erator,(ii) states of minimum uncertainty, ariii) displaced  states has mainly been dedicated to the design of shaped
states of a reference state. A critical comparison of the thregser pulses to control vibrational wave packé®®] or
approaches and group-theoretical algorithms to build cohembranching ratios of chemical reactiof3]. However, only a
ent states can be found in the excellent review paper of Refew papers on coherent control of rotational states have been
[11]. published 24—-26. Hudsonet al.[24] discussed the capabili-

The experimental realization of generalized coherenties of microwave pulses to create superpositions of rota-
states has begun to be studied with the same interest. Sortienal eigenfunctions for diatomic molecules with a high de-
papers dealing with coherent states for Rydberg electrons igree of orientation, and the design of pulses with reasonable
atoms[12], coherent states for photofik3], SU(1,1) intelli- microwave peak power to achieve maximum population
gent stateg14], and vibrational wave packets for anhar- transfer at specific target times. Oriented states of molecules
monic moleculeg15] have been published. Since these ob-with small dipole moments can be created with these tech-
jects are a bridge between the classical and quantum worldejques, in contrast to the pendular states created by the brute
their experimental study should be illuminating. force method27], which is only feasible for molecules with

In the present paper the possibility of creating generalized high value of the ratio between the dipole moment and the
angular momentum coherent stat@dCS’s) for asymmet-  rotational constanty/B). However, the oriented states cre-
ric top molecules by using tailored microwave radiation isated by a microwave pulse remain oriented for only a very
investigated. For this kind of statas for coherent states of short time after the pulse ends due to dephasing among com-
any compact groyp definition (i) is not appropriate 16]. ponents, and consequently their usefulness is much more
AMCS'’s are defined properly by generalizing definiti@in).  limited than that of genuine pendular states, which are eigen-
Our goal is the design of microwave fields able to createfunctions of a time-independent molecule-field Hamiltonian
AMCS'’s for a rigid or semirigid[17] asymmetric top mol- with trivial time evolution.
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The creation of coherent rotational states for nuclei anctonstants which are basically the inverse of the moments of
molecules by using strong nonresonant electromagnetimertia. Eigenvalues and eigenvectors of this Hamiltonian
pulses was suggested in RE25]. For molecules, the rota- can be obtained by diagonalizing a matrix representation of
tional coherent states are created via Raman-scattering prbt, in a basis set of symmetric-top wave functiddsk,M ),
cesses that can generate superpositions of about 40 rotationgthere M is the projection of] onto the laboratory-fixe@
states. The phenomenon was described in R&f.using, in  axis, andk is the projection of] onto the molecule-fixed
the sudden approximation, quantum field-theoretical methaxis. For the rotational eigenstates of the asymmetricNbp,
ods for the electromagnetic field. The method is especiallys a good quantum number, blatis not. Therefore, the rota-
appropriate to create coherent states for diatomic and lineaional eigenstates of asymmetric tops are commonly labeled
molecules with no permanent dipole moment since theyy the rigurous quantum numbedsand M, and by the ap-
molecule-field interaction takes place through the dipole inproximate quantum numbeks, andK ., which indicate, re-
duced by the fieldpolarizability). A close idea was further spectively, the prolate symmetric-top and oblate symmetric-
explored by Friedrich and Hersba¢B8], who studied the top levels with which the particular asymmetric-top energy
creation of pendular state@lirectional superpositions of level is correlated35]. These two labels are assigned unam-
field-free rotor statgsof diatomic molecules by using strong biguously from the energy ordering in such a way tKat
short nonresonant lasers. The rotational coherent states stughries from zerdfor the lowest state of a gived) to J (for
ied in the present paper are superpositions of field-freghe highest staje and K, from J to zero. Therefore, the
asymmetric-top eigenstates with fixédand therefore they rotational wave functions of the asymmetric top are repre-

cannot be created with the method proposed in R88]  sented by the kefJ,K,,K.,M), and the energy levels are
because the Raman-type transitions would also populatgbeled byJy K.

states with different) values. However, it would be worth 115 e graou?) appropriate for this problem is @) Co-
exploring its use for the creation of the oscillatorlike states of,qrant states for this group are defined for a fixed value of
Gulshani[8]. Other studies related to rotational coherencethe total angular momenturd. They can be generated by
phenomena were undertaken by Siederii#, who studied  gighjacing a minimum uncertainty state belonging to the Hil-
the possibility of aligning linear and symmetric-top mol- p ¢ space spanned by the bakisk), k=—J, ... J. The

ecules by qsing a_Igser Of. moderate intensity respnant wit nitary operator which carries out the displacement of the
an electronic transition. This laser can create rotational WaVEitarence stateld,k=—J)) is [36]

packets well defined in the conjugate angle space, but with a
broad distribution in angular momentum space. On the other _ ek
hand, Felker, Baskin, and Zewdi29] studied the conse- U6, ¢)=exp(ed, = &3, 22

gﬂgr;c;es of free rotation in molecules excited by short lase\yvhere 3.=3,%,, and £=(0/2)e"'®. The coordinates

Our approach uses Krotov's meth§@0,31] for solving 6 and ¢ are the polar and azimuthal angles which param-

: L trize the classical phase space for this prob{#me two-
optimal control theory problems, as formulated originally by ©! . ; .
RFi)ce and co-workerézp,Siﬂ, and more formally bngab?{z ydlmer_13|onal spheje The coordinated is related to the
and co-workerg34]. Our problem can be stated in the fol- classical phase-space canonical coordinate as g

lowing form: find a field that guides a pure initial state to a;?rccfcm—k/\]()jzﬁand ¢ ish the conjugate :;ngclje f.th 53]?]' h
specific target(rotational coherent stateafter a predeter- erefore, a different coherent state can be defined for eac

mined time subject to a constraint in the power of the micro-P0iNt of the phase space. The actionléfo, ¢) on the ex-
tremal statdJ,k= —J) produces a new state centered at the

wave field. X . ) S
In Sec. II, angular momentum coherent states for asymPOint (6,¢) of the sphere, which retains the minimum un-
metric top molecules are discussed. In Sec. IlI, the a|go_certa|nty of the reference state. Systems for which the dy-

rithms employed to determine optimal fields for this particu-nNamical group is S(2) are, for example, rigid rotating asym-

lar problem are revised, and the results for a model molecul8'€tric molecules and spin systems.

are discussed. In Sec. IV, the use of further static and peri- | "€ result of applying the unitary operatd(#, ¢) to the
odic fields to avoid dephasing and destruction of the cohererfeference statg) k= —J) can be expressed in terms of the
state is discussed. Finally, some theoretical questions arffsSis setJ.k) [36]

ideas that could be answered by the experimental study of

X ) ! _ 2
rotational coherent states are discussed in Sec. V. k=J AR
16,4)= > | 34k| siP6r2)
II. ANGULAR-MOMENTUM COHERENT STATES K=
FOR ASYMMETRIC-TOP MOLECULES x cogK(9/2)e~ 197993 k). 2.3

The rotational Hamiltonian of an asymmetric-top mol- _ _ _
ecule in the electronic-vibrational ground state can be writterT hese states can be expanded in terms of the eigenfunctions

as of Hy for given J:
Ho=AJ2+BJ2+CJ?, (2.1 20+1
16,6)= 2 col3.Ka Ko), (2.4
where J,, Jy, andJ. are the components of the angular n=0

momentum along molecule-fixed principal axes of inegtja
b, andc, andA, B, andC (with A>B>C) are the rotational with c, given by
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cn=(J,K5,K¢|6,0) U(ts,tp) can be written as
k=3 2] 1/2 t
=> de(Hk si*k(612)cos ¥(612) U(ts ,to)=eert [—i(Ho+H' (7)ldr|, (3.2
k==J 0
x e 13+he, (2.5  with Hy being the molecular Hamiltonian given by E@),

andH’(7) representing the interaction at timebetween the
wheredy, is the coefficient of the expansion of the eigenvec-molecular dipole momenk and the external electric field
tor |J,K,,K.) in the set of symmetric-top basis functions, directed along the laboratory-fixefi axis [42]:
corresponding t¢J,k).
A special property of AMCS's is that they are minimum H'(7)= — uze=(uzhzxt mzyhzy+ mz 72 €(7),

uncertainty states with respect to the relatipBig] (3.3
(AJ,)?(A sin ¢)?=7(cos ¢)?, (2.6)  wherepuy, is the component of the dipole moment along the
2 2= 1/ 2 body-fixeda axis, and\ , is the direction cosine between
(43) (A_ c0s 4) _ a(sin ¢)". _ _(2'7) the body-fixeda axis and the space-fixed axis.
The usual uncertainty relation fal, and its conjugate H’(7) can be written in a more convenient form to sim-

angle$ (AJ,A$=3%) does not hold, since is not Hermit-  plify the calculation of matrix elemen{3]:

ian with respect tal,|JkM) due to the nonperiodicity of . . .
#|JkM) [38]. Nonetheless, the uncertainty relations given H'(7) =[uz Azt (uzxtipzy) (N zx—iNzy) + (pzy—ipzy)
above reduce to the usuAll,A ¢=3 when the wave func- .

tion is strongly localized inp. Another interesting property XNzt iuzy)1e(7). 34

of AMCS's is that they minimize the fluctuations of the di- prection cosine matrix elements in a basis set of symmetric-
rection of the angular-momentum vector. On the other han%p wave functions can be found in RE44]. \,, is respon-
4.\,

AMCS's spread after some time, since the energy levels foLjp e for couplings between symmetric-top wave functions
the rigid rotor are not equally spaced, although they Calyith the samek, while the termsh 2, i\, couple basis

sh%v,\\/ﬂz?gyrrences. d by M 6 . . functions withAk=*1. For a given matrix elements only
ICS’'s were used by Marteng36] to investigate oo of the three terms can be nonzero. Also, only matrix
classical-quantum correspondence in a model of Corm“%lements between states witH=0 + 1 are nonzero. On the

lcouplrl]ng ml pollygtomlfc molecules, s]lnce co?erent_ states aljiher hand, depending on the polarization characteristics of
ow the calculation of quantum surfaces o sect(@SS} the incident light, transitions with onlAM =0 (linear po-
which can be easily compared to Poincangfaces of section larization or AM=+1 (circular polarization can be se-

obtained by running classical trajectories. In REB9], lected
AMCS'’s were used to construct QSS for a molecule contain- A p.ure state can be created, in principle, in a strong su-

':Sg ﬁwgtfmsa“irtgaor;%;fﬁinda;ﬁfgfmua;ni:vnfhe?Z%T;ISS ersonic expansion for molecules with convenient values of
y y spiitiing P 9 9 he rotational constants, but normally a mixed state will re-

Other rotational coheren_t states have been studied in tr‘ﬁﬂt with a thermal distribution of rotational states. Accord-
past. Gulshani8] found oscillatorlike coherent states for an ing to Hudsonet al. [24], for diatomic molecules with rota-

asymmetric top by using the Schwinger reallzat|on_ of thetional constants smaller than about 20 GHz, it is not possible
angular-momentum algebra. He uses a transformation fro

T create a pure state by cooling in a strong expansion. Meth-

the Euler angles to the so-called Cailey-Klein variables. H&, o pa5ad on the density-matrix formalism have been devel-
also discussed the relation between these wave packets agged to determine optimal fields to achieve specific targets

thqse defingq .by other authors. In particular, he showed th%hen the initial state is a mixture. However it has been
various definitions of the coherent states of the angular mo;

mentum are special cases of the generalized coherent stat%%?wn [45] that in this case a maximum limit for the
of the SU?2) algebra obtained by Mikhailof0]. ievement is imposed by the largest coefficient in the

Si h t stat th ¢ classical N density-matrix expansion, in such a way that only a limited
Ince conerent states are the most classical quantuff), e of molecules from the ensemble can be placed in the

states, they_are good gppr_oxmatmns fc_>r the wave funCmn?arget state. Girardeagt al.[45] showed that for aiN-level

of the rotational Hamiltonian in the high-limit. Huber, system in which the statistical weight of all members of the

?;!elrétaeng.H:r:t(;[ﬁid:r\]'glgpeedn? rs]gt%'rc]lsa?g;cﬁ.l ';;'letgoi.:g nsemble is equal to M/ enhancement of populations is not
u Igenvaiu Igentunct Ighly exci ﬁossible since they will remain in any case equal tN.1/

states of asymmetric tops b,ased on the propagation of a ¢ ‘herefore, if we start with an ensemble described by the
herent state using Hamilton’s equations.

density matrix p==,1/(2J+1)|3,K,,K¢,M)}{J,K4,K., M|
with all the M sublevels equally populated, total control is
. MICROWAVE FIELD DESIGN not possible since onl\W/(2J+1) molecules could be put

Assuming an ensemble of molecules in a pure state whiciito the coherent state, 4). In the following it is assumed
can, for simplicity, be the ground statg fand a target at that an initial ensemble described by a pure state is available.
timet, consisting of a generalized angular-momentum coher- The shape of the optimum field which guides the mol-
ent statd 6, ¢), the problem studied in the present paper is to€cule from an initial stateE,) at timet, to |6, ¢) at timet,

determine the optimum time evolution operatdft; ,t,): can be determined by using optimal control theory combined
with Krotov’'s method. This method provides a local iterative

d(t))=16,0)=U(t;,t5)[J=0K,=0K.=0). (3.1) scheme(see Ref.[30] for a critical comparison of local
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methods and gradient or conjugate gradient methddshe 1204
present paper the following algorithm summarized in Ref. |
[31] has been used. — 4
(i) Propagate the targdin our case, the coherent state 100 444
|6, )= ) backward from the target timé;, to t, using the
field from the previous iteration. .
(i) Calculate the field for the new iteration{ 1) at time 80 — 4:’;
to, N :
’ N _ 422
" 1(0)=€™(0)—Im("(0)||E(0))/\, (3.5) % o0 — 4
7 — 4
where\ is a penalty on the energy of the field. : 41’3
(i) Use e 1)(0) to propagatéE,) to time At. o "
(iv) Calculatee* D(At), D 4o o
M V(AY) =eM(A) — Im(Y"(AD)| | EF TV (AD)Y/N. w
(3.6
20 -
(v) Repeatiiii) and(iv) until t=t;.
The time propagation of the initial and target wave func- 0
tions is carried out by using the Riemann product integral 0] —>2
method46]. In this method, the unitary evolution operator is
calculated as : ! T : T X
n t J
U(t; ,'[O)=TKH1 exr{ Jt l—i[Ho—,ue(t)]dt , (3.7 FIG. 1. Energy levelgin GHz) for the hypothetical molecule
= -

studied in this paper for severadlvalues. The ground state and the

. . . . energy levels corresponding %=4 are labeled usingy_ «_ (see
WherET.IS the time _orderlng operator which arranges thetext). For a givenJ, the lowest-energy level i3y ; and the highest
product in chronological order. In other words, the interval

s . ) . is J;o. ForJ=2, 3, and 4,K splittings corresponding to the
[to,t1] is discretized in a number of subintervals such that  pighest-energy levelslg ,,J;.1) are not observable at the plot reso-

H(t) is approximately constant in each; then the exponential,sion. The arrows correspond to the frequencies contained in the

matrix is evaluated for each subinterval. _ initial electric field used to create the simplest coherent state
A linearly polarized field has been assumed in the fol-j=3k=-3).

lowing calculations. Therefore, molecules in the state
|J=0,K,=0,K.=0,M=0) only can reach states witti=0. ing to the iterative procedure the choice of a route. The spec-
Figure 1 shows an energy-level diagram for sevdrahlues trum given in Fig. 2d) shows that the algorithm has not
corresponding to a hypothetical molecule with rotationalchosen the route consisting in populating fidt 3K, =3,
constantsA=6 GHz, B=3 GHz, andC=2 GHz, and two K. =0) which would be possible with the field initially cho-
dipole moment componenjs,=1.5 D andw,=1.2 D, each sen, and then redistributing the population between
of which gives rise to different couplingg., couples levels |J=3K,=3K.=1) and [J=3K,=3K.=0) (these two
with AK, even andAK, odd, while the levels coupled hy,  states almost exhaust the simplest coherent staté=@).
haveAK, odd andAK. odd. However, the frequency corresponding tgo2 1, (21.2
The time dependence of the optimum fields to take thisGHz) appears in the spectrum. This frequency would not be
hypothetical molecule from the lowest eigenstate with  necessary using the route just described. In other words, the
=1 (|J=1K,=0K.=1)) to the simplest coherent state procedure gives a field which takes advantage of all possible
with J=3 (|J=3k=—3)), for different target times, is routes to populate the eigenstates that form the coherent state
shown in Fig. 2. The absolute value of the Fourier transformsnstead of choosing the simplest one. For longer tiffég.
of the fields are also shown in this figure. The maximum2(b)], this behavior is more evident because the line at ap-
field intensity increases for shorter target times. The initialproximately 25 GHz (3,—2; ;) becomes more intense than
field is given for a superposition of three cosine-type monothe corresponding to,2—1, 5. Also, a pair of closed lines
chromatic fields with frequencies corresponding to the traneentered at approximately 35 GHz can be seen in Figs. 2
sitions 1 g—101 (4.0 GH2, 2,:—1;4 (20.0 GH3, and and 2Zd) [in Fig. 2f) only a wide line is observable
330251 (32.6 GH2 (see Fig. 1 An appropriate sequence These two lines correspond to the transitiong«<4 4, 4 and
of three pulses with these three frequencies would take d4;,—4; 4, and the field must contain them to avoid popula-
molecule from } ; to 33. Since there are two dipole com- tion flow to higher states.
ponents, different routes of sequencial excitation can be fol- For a molecule with only one dipole moment component,
lowed to reach the target state. For example, an initial fieldnore complex routes have to be followed to reach the target.
containing a frequency resonant with any of the energy infor a case in whichu,#0 andw,=0 it is not possible to
tervals L o— 154, 2,0~ 251, 330— 334, Or containing two  populate 3 4 starting from @ o with one-photon transitions.
or even three resonant frequencies, could have been chosdmerefore, the target can only be reached with stronger
forcing in some way a preferred route. However none offields.
these couplings were present in the initial Hamiltonian, leav- Figure 3 is equivalent to Fig. 2, but the target is now the
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FIG. 2. Optimum electric fieldga), (c), and(e)] and their Fou- FIG. 3. Optimum electric field§a), (c), and(e)] and their Fou-

rier transformg (b), (d), and(f)] for different target times, to guide rier transformg(b), (d), and(f)] for different target times, to guide
the hypothetical molecule studied in this paper from the stateahe hypothetical molecule studied in this paper from the state
[J=1K,=0K.,=1M=1) to the simplest coherent sta{é=3, |[J=1K,=0K.,=1M=1) to the coherent statdJ=3,6=0.7,

k= —3). Target times aréa) t;=4.8 ns,(c) t;=2.4 ns, ande) t; $=0.1). Target times ar€a) t;=4.8 ns,(c) t;=2.4 ns, ande) t;
=1.2ns. =1.2 ns.

coherent statdJ=3;6=0.7¢$=0.1). The initial state is Control of processes induced by dephasing is raising an
again|J=1K,=0K.=1M=1). The frequency spectra for increasing interest. Recen{l§9], it was shown that coherent
the optimum fields are more complex than those obtainedestruction of tunneling for a particle in a symmetric double-
when the target was the simplest coherent state, since moveell potential can be achieved by using a monochromatic
energy eigenstates contribute to this state. In fact, this cohegiving force. This driving force is tuned to a suitably chosen
ent state is a combination of the seven eigenstates corréequency in the vicinity of an exact crossing of the two
sponding toJ=3, and therefore it can be classified amongFloquet states corresponding to a doublet of close-lying
the most complex coherent states, in contrast to the simplestates of the molecular Hamiltonian. On the other hand,
coherent state discussed above. Holthaus[20] showed the opposite phenomenon, i.e., the en-
hancement of tunneling, by using appropriately shaped
smooth laser pulses. Holthaus showed that when the quasien-
ergy difference between the pair of Floquet eigenstates in-
volved in the tunneling doublet becomes larger than the bare
As we saw in Sec. Il, AMCS'’s are linear combinations of tunnel splitting, the tunneling time can be much shorter than
eigenstates of the molecule, and consequently they are noim the case of the undriven system. In the same line ri@ue
stationary states. The free time evolution of these states aftaind Jauslif21] demonstrated, using Floquet theory, a dif-
the pulse is over gives rise to dephasing among the differerferent mechanism of tunneling enhancement which requires
components of the wave packet. As a result of dephasing, thess intense laser pulses.
minimum uncertainty property and strong localization of the  Another issue related to the control of dephasing is the
AMCS are lost, although revivals will periodically appear. possibility of achieving selective elimination of intramolecu-
Next we will concentrate on the simplest type of angular-lar vibrational redistributior{IVR) using strong resonant la-
momentum coherent state, namely, the so-called extremakr fields[48]. In this case the dephasing that causes IVR is
state, given by the symmetric-top wave functidrk= —J). eliminated by coherently coupling the ground state and a
This state is mainly formed of the eigenstaidsk,=J, doorway state. The mechanism at work in this case is differ-
K.=0) and|J,K,=J,K.= 1) with small contributions from ent from the one responsible for suppression of tunneling in
|3,Ka=3—-2K.=2) and|J,K,=J—2K.=3). In this case, the double well. Here, when the Rabi frequency is larger than
the dephasing gives rise to quantum dynamical tunnelinghe energy spread of the eigenstates involved in IVR, the
(i.e., tunneling not associated with a potential bajriand  doorway state becomes effectively an eigenstate of the
the wave packet oscillates between the stitds= —J) and  molecule-field Hamiltonian suppressing energy-transfer pro-
|3,k=1J) [47]. cesses. The limitation of this technique is obvious when the

IV. SUPPRESSION OF DEPHASING FOR THE SIMPLEST
COHERENT STATE
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bright state contains a large number of molecular eigenstates 618

with a huge frequency spread.
|J= 3,Ka= 3,Kc= 0>

616 — it

A. Static fields

Dephasing can be suppressed for the simplest AMCS by
using a static field of appropriate intensity. This is an ex- 8147 '
ample of Stark effect for two nearby levels, as explained in
the classic book by Townes and Schawlp#4]. However,
from the experimental viewpoint it would be more conve-
nient to create coherent states with the static field on, since 1
the time to raise the field from zero to the needed value is
necessarily finite. Therefore the microwave pulses should be
optimized by using the Stark eigenstates instead of the field- d
free molecular eigenstates.

For appropriate energy differences and dipole moment
matrix elements, the coherent state becomes an eigenstate of Field Strength (KV/cm)
th.e molecule-field Hamiltonian, anq therefore the moIe(;uIe FIG. 4. Energies corresponding to the stafds-3K,=3,
yv|II not tun_nel from+K to —K, or vice versa. However, lt_ K.=1M=0) and |J=3K,=3K.=0M=0) of the hypothetical
is not possible for every molecule to attain an exact matchingnojecule studied in this paper in the presence of a static electric
with the extremal state at reasonable fields. In some cases,i|d as a function of the field strength. These two states are nearly
is not possible for any reasonable field strength to make thgegenerate for a range of strengths arojier 10 kV/cm.
extremal state an eigenstate of the molecule-field Hamil-
tonian, because other states begin to be significantly coupleglolecule-field Hamiltonian. Under realistic conditions, col-
to it. However, similar states, such that the tunneling timelisions among molecules will eventually destroy the coher-
increases considerably for them with respect to the bare turence characteristic ap(t), placing the molecule in the ex-
neling time, can be found. The extremal stdt#=3, tremal state. Adiabatic switching of the perturbation could
k=—23) for the model molecule becomes an eigenstate oflso be able to guide the molecule from the initial eigenstate
the molecule-field Hamiltonian for a field @~6 kV/cm for  to the extremal state.
the caseM =1. Stronger fields couple the extremal state to For M=0 the states|J=3K,=3K.=0) and |J=3,
higher states. Smaller fieldse£280 V/cm give rise to  K,=3K.=1) are not connected by the field, and therefore
states similar enough to the extremal state such that no sighe extremal state cannot be an eigenstate of the molecule-
nificant dephasing arises after 25 ns. In the absence of thgeld Hamiltonian. However a different mechanism can avoid
external field the time for complete tunneling frdee —3 to  the dephasing in this case. For fields abestl0 kV/cm, the
3 is about 15 ns. These calculations are only a rough apstates forming the coherent state fbr3 receive a small
proximation of the dynamics of a real molecule, as for theseontribution from states belonging =4, which gives rise
long times centrifugal distortion terms have to be taken intag nearly degenerate energies, as can be seen in Fig. 4. As a
account in the molecular Hamiltonian. Centrifugal diStOI’tiOl’]consequence, the extremal state will not dephase as long as
parameters are routine in high-resolution spectroscopiehe field is on.
analysis, and their inclusion in the kind of calculations done

|J=3,Ka= 3,Ke= 1>

Energy (GHz)

61.2 —

R L R B L I I

ir_l the present \_/vork does not_add any extra complication, B. Periodic fields
since the most important centrifugal distortion factors make o . . .
only diagonal contributions to the Hamiltonian. Periodic fields can be used to avoid dephasing, and this is

The fact that some eigenfunctions of the molecule-fielg@SPecially interesting for the case wit=0 for which
Hamiltonian are similar to extremal states does not implyStrong static fields are needed. The Sdimger equation for

that coherent states can be obtained simply by switching oD @symmetric top molecule in the presence of an external
an appropriate electric field suddenly, since the wave funcperiodic field with frequencyw has quasiperiodic solutions
tion at zero time is a molecular eigenfunction. This wavethat can be expanded as

function can be expressed as a linear combination of eigen-

states of the molecule-field Hamiltonian: q)(t)zefmn;w Eo KEK C(J,Ka,Kc,n)einwt|‘JvKach>v
$(1=0)=2, ¢yl En)y- (4.9) 43

where|J,K,,K.) are the eigenstates of the molecular Hamil-
This function evolves in time under the action of the statictonian, and\ are the quasienergies. These states are true

field as stationary statefdressed statg®f the time-dependent peri-
_ odic Hamiltonian, and they can be obtained by diagonalizing
¢>(t)=J2 cynexp 'Eant|JE L)y, (4.2 atruncated representation of the infinite Floquet mdtt&.
,n

Figure 5 shows a plot of the quasienergies as a function of
and consequently an uncontrolled sudden application of ththe amplitude of the external field for fixed frequency. Figure
field does not transform the molecular eigenfunction in theb(a) corresponds tol =0, and Fig. %) corresponds tiM
extremal state even when this is an eigenstate of the=1. Avoided crossings between the dressed states correlated
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61.65 — a d(1)=0.7(|I=3K,=3K.=0)+|IJ=3K,=3K.=1))
XY, cyleMte M=|J=3K=3)e %,
n

ey The time evolution of this wave function is therefore trivial
61.60 — ++++++++++*++ under the action of the gppropriate field, and the state WiI_I

Thely remain coherent forever in the absence of spontaneous emis-
e, sion or collisions.

Energy (GHz)

T V. CONCLUSIONS

61,55 + It has been shown hgre that angular momentum cohgrgnt

: \ \ [T states could be experimentally obtained for a semirigid

2 4 6 8 10 asymmetric top molecule by using tailored microwave
pulses. Some requirements on the rotational constamse
power and bandwith are anticorrelategdf]) and dipole mo-

61.64 — b ment are needed to achieve this goal with feasible pulses. An
|J=3,Ka= 3 Ke= 0> AMCS comprises, in principle, theJ2-1 rotational eigen-

4 states corresponding to a particulgrand therefore, the re-

7 + quired bandwidth to create a rotational coherent state for a

* e near prolate asymmetric top will be, approximatel,J2 B.

Tt T e For molecules with two nonzero dipole moment compo-
61.62 — & s nents, couplings to connect all the rotational levels are avail-
able, and therefore it is easier to create AMCS'’s than for
S molecules with only one nonzero component, for which
T stronger fields are needed. On the other hand, due to the
|J=3,Ka= 3 Ko= 1> complex energy-level structure of asymmetric-top mol-

ecules, small dipole moments can be enough to create
61.60 ‘ ] ‘ AMCS'’s. For the dipole components of the model molecule
0.0 0.5 10 15 20 chosen in this paperu(;=1.5 D andu,=1.2 D), AMCS’s
Field Strength (kV/cm) can be created with fields around 5 kV/cm. Th_e method is
FIG. 5. Quasienergies corresponding to the states correlatedtite general, and AMCS's could be produced in numerous
adiabatically with the zero-field stateJ=3K,=3K,=1), molecules. ,
|3=3K,=3K,=0) of the hypothetical molecule studied in this  Due to the fact that the simplest coherent state
paper in the presence of an oscillating electric field as a function ofJ,k=—J) consists mainly of the two components of a clus-
the field strength(a) corresponds td=0 andw=1.5 GHz, and ter doublet(angular momentum analog of inversion doublet
(b) to M=1 andw=93 MHz. levels of a two-well oscillator potentigl47]), dephasing
gives rise to dynamical tunneling that can be suppressed by

adiabatically with the two eigenstates forming the coherent® @pplication of external fields.
state take place at different field intensities for different fre- _INteresting dynamical aspects could be analyzed from the
quency values. At the crossing point the two dressed stateiUdy of AMCS's. For example, it was shown in RE89]

have components belonging to several photon states. For e 1at some rotational eigenstates of torsional states of acetal-
ample, for the casé1 =0 there is an avoided crossing at ehyde have anomalously large asymmetry splittings. This

— 6.1 kV/em andw=1.5 GHz. ForM #0. due to the differ- Was explained in Ref[39] as chaos-enhanced quantum-

ent dipole couplings, the dressed states involve more photoWeChan'Cal tunneling. When the maxima of the Husimi rep-

states. For example, the extremal state Witk 1 evolves in resentation of the involved eigenvectors lie in chaotic re-
time a-ccording to ' gions of the phase space, the dynamical tunneling is

enhanced and the asymmetry splittings increase. An experi-
ment could be devised in which rotational coherent states for
¢(t)zo_7‘J:3,Ka:3’KC:0>( 2 Cn|eiﬂwt>) e N33 d a torsional eigenstate close to the barrier to internal rotation
n were created. Then the behavior of AMCS’s lying in chaotic
regions of the classical phase space could be compared to the
+0-7|‘]:31Ka:31Kc:1>(2 Cn|einwt>)e—i>\s,3,1t, behavior of AMCS'’s lying in regular regions, looking for
n distinctive characteristics.

Energy (GHz)

wherelz 30 and 33, are the quasienergies of the dressed ACKNOWLEDGMENTS
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