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Fringe-field effects on the time evolution of pendular states

Rafael Escribano, BateMatg Fdix Ortigoso, and Juan Ortigoso
Instituto de Estructura de la Materia, Consejo Superior de Investigaciones {lastiSerrano 121-123, 28006 Madrid, Spain
(Received 23 February 2000; published 20 July 2000

The interaction of the permanent electric dipole moment of a polar molecule with a strong static electric field
can create oriented rotational wave packets, which are termed pendular states. Molecules traveling in a mo-
lecular beam experience a fringing field due to the edges of the conducting plates which create the electric field
as a slowly varying time-dependent perturbation. Since Stark energies of some asymmetric-top molecules
present numerous avoided crossings as a function of field strength, the time evolution of rotational wave
functions for molecules entering the field is complex. We have studied, by solving the time-dependeént Schro
dinger equation, the dynamics caused by selected avoided crossings, and the time evolution of the orientation
corresponding to 24 rotational wave functions, for the near-prolate asymmetric-top iodobenzene. Implications
for the population distribution of molecules in the electric field and for experimental schemes to decelerate
molecules are discussed.

PACS numbgs): 33.55.Be, 33.80-b, 03.65.Ge, 33.96:h

[. INTRODUCTION be described at any time by only one molecule-field eigen-
state(a Stark eigenstate in the case of dc fields or a Floquet
The study of the interaction of molecules with strong state in the case of ac fieldsvhose relative population will
electric fields is becoming a topic of great interest in chemi-be the same as its field-free progenitor. Intermediate behav-
cal physics. The possibility of orienting polar molecules byior between fully adiabatic or fully diabatic evolution is pos-
combining cooled molecular beams with strong static electrisible, implying that molecules end up in a coherent superpo-
fields was studied by Loesch and Remschgid and sition of molecule-field eigenstates. As Bulthwgsal. [7]
Friedrich and Herschbadl?]. Also, ensembles of nonpolar pointed out “a calculation assumirithat thg avoided cross-
molecules can be aligndtdut not orienteglby using intense ings(are transversed adiabaticallyan be expected to lead to
pulsed lasers, which interact with the molecular polarizabil-completely incorrect orientation distributions for the various
ity, inducing a dipole moment. The induced dipole can fur-parent states in a thermal distributi¢of iodobenzeng”
ther interact with the laser field, giving rise to pendular states The usual experimental configuration to create pendular
[3]. These states are field-induced coherent superpositions efates consists of a well-defined molecular beam passing
field-free rotor states. For high enough field strengths, molthrough a couple of electrodes, which create a dc electric
ecules, in these hybrid states, librate about the field directiofield. The transition from the field-free region to the high-
instead of executing free rotational motion. The time evolu-field region does not occur suddenly due to the edge effect of
tion of pendular states created by nonresonant lasers walse conducting plates. This fringe electric field is experi-
recently studied for linear moleculdd], to determine the enced by the molecules as a slowly varying time-dependent
character(adiabatic versus diabajiof the evolution from perturbation, whose effective variation depends on the mo-
field-free eigenstates to aligned states. A variety of behaviorkecular velocity. Since the energy level structure of
was found depending on the duration and intensity of theasymmetric-top molecules is more complex than that of lin-
laser pulse and the rotational constant of the molecule.  ear or symmetric-top molecules, the existence of avoided
Research on pendular states has concentrated mainly @nossings as a function of the electric-field strength occurs
linear and symmetric-top molecules but also studies omften[7]. Molecules transverse avoided crossings fully adia-
asymmetric tops have been published. Moetal. [5] pre-  batically, fully diabatically, or in an intermediate fashion,
sented a comprehensive theoretical and experimental studiepending on how fast the field changes compared to the
of the spectroscopy of acetylene-H& near-prolate asym- energy gap between the two Stark states involved in the
metric top, identifying the molecular states that give the bestcrossing.
orientation in a static electric field. Recently, Larsetnal. In this paper, we present detailed calculations of the time
[6] have demonstrated laser-induced alignment for linearevolution of rotational wave functions for the near-prolate
symmetric-top and asymmetric-top molecules. These autho@symmetric-top iodobenzene, from the field-free region to
also discussed some interesting applications of aligned mothe static-field region. For typical molecular velocities and
ecules, like dissociative rotational cooling, selective dissomoderately strong electric fields the time-dependent Schro
ciation, and chemical control. dinger equation has to be integrated for an extremely long
Moore et al. [5] finished their paper commenting on the time (several microsecon@iswhich can be efficiently done
issue of nonadiabatic population transfer that can take placianks to a transformation proposed in Rf] combined
when molecules enter the electric field. This issue is imporwith the split-operator technigy®]. We have chosen iodo-
tant for determining the relative rotational populations insidebenzene since its Stark eigenstates have been carefully stud-
the field. If the time evolution at an avoided crossiAg) is ied [7], and laser-induced alignment has been recently dem-
completely adiabatic or completely diabatic a molecule willonstrated for this molecul§6]. lodobenzene represents a
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difficult problem because of its weak asymmetry, which ¥ Molecular beam
gives rise to a large number of interacting states and avoided
crossings. More asymmetric molecules, like water, do not 1604 i
show curve crossind¥] and the time evolution is adiabatic. _ ;
The variation of the electric-field strength as a function of S i
space-fixed coordinates for an ideal experimental configura- = 1201
tion, the Hamiltonian, and the algorithm used to integrate the =
time-dependent Schdinger equation are given in Sec. Il. ‘gs 80 4 ;
Results for iodobenzene are presented and analyzed in Sec. @
[ll. Finally, in Sec. IV, we summarize and discuss our » :
results. 2 407
w |
Il. HAMILTONIAN, ELECTRIC FIELD, AND TIME- 0+ |
DEPENDENT SCHRODINGER EQUATION 05 00 05 10 15 2.0

. . _ Distance to plates (cm)
The Hamiltonian describing the Stark energy levels and

wave functions of an asymmetric-top molecule in an isolated FIG. 1. Electric-field strength variation as a function of the dis-
vibronic state(assumed for simplicity the ground stgtén  tance to the edges of the two conducting plates that create the field.
the presence of an electric fiedqt) linearly polarized along The different electric fields correspond to the following potential
the space-fixed directioB, in the dipole approximation is  differencesV, and gap between plates; () V=50 kV, a
=1 cm,(b) Vo=50 kV,a=0.5 cm,(c) V;=100 kV,a=1 cm,
H(t)=AJ§+ BJ§+ CJE,_MZS(U, (2.2 (d) Vo=200 kV,a=2 cm, and(e) V=150 kV,a=1 cm.

where A, B, and C are rotational constants, arl, is the We assume that the electric field is created by applying a
component of the angu|ar momentum operator a|ong [h@OtGﬂtlﬁ' difference between two rectangular semi-infinite
molecule-fixed principal axis of inertia;,. The component of ~conducting plategsee Fig. 1 We restrict our analysis to
the permanent dipole moment of the molecule along théﬂOleculeS on the center line of the midplaﬂe between the
laboratory-fixed field directionu, can be expanded as a Parallel plates X axis,Z=0, Y=0), where the potential is
function of the molecule-fixed d|p0|e ComponentS, using di-Z€ro. Molecules mOVing in that line are not defocused. The

rection cosines\, as componenk at the distancel is given by
V=0 [ _
M7= pxNzx T pyNzy T pzh 75 (2.2 (s )V:Oz ﬂ =( Vo/a) (2.5
2/d 0z d 1+e77X/V0, '
The calculation of matrix elements can be simplified by us-
ing complex spherical coordinatgs0]: whereV,, is the difference of potential applied to the plates,
) . a is the distance between plates, apds the electric flux,
pz= N zzt (i pny) (Nzx— N zy) which at the pointd can be determined from
+(uy—i Nzytikzy). 2.3
(kx =11ty (2T zy) @3 d=(a/2m)(1+ mxIVy+e™Vo). (2.6
Finally, using the traditional’ Iconvention[11], the Hamil- . o _
tonian becomes By solving Egs.(2.5 gnd(2.6) the electric field expen_en.ced
by a molecule traveling in the molecular beam, at titnis
H(t) = AJ+BI+CR-Tuhat (mnti M—ih easily determined if the molecular velocityis known. Fig-
(O=AZ# B+ CIoLpaka® (moF e o= ike) ure 1 shows the variation of the electric-field strength as a
+(up—ipe) Nptike)]e(t). (2.4  function of the distance from the edge of the plates for dif-

ferentV, anda values. The field is still nonzero far from the

Direction cosine matrix elements in a basis set ofplate edgegexperimental arrangements in which the fields
symmetric-top wave functionl,k,M) (whereJ is the an-  are screened are possible, but we do not consider this sophis-
gular momentum valuek its projection along the molecule- tication herg. For example, foMy=100 kV anda=1 cm,
fixed axisa, andM its projection along the space-fixed axis the field is approximately 2.9 kV/cm at 6 cm from the plates
Z) can be found in Refl12]. The direction cosina, gives and 20 kV/cm at 1 cm.
rise to matrix elements wittAk=0, while the termsi, The time evolution of a rotational wave function under
+i\. couple basis functions withk=+1. For a given ma- the influence of Hamiltonian Ed2.4) can be calculated by
trix element only one of the three terms can be nonzerosolving the time-dependent Scidinger equation. If we ex-
Also, only matrix elements between basis functions withpand a generic rotational wave function at tiln@s a series
AJ=0,+1 are nonzero, and, for a linearly polarized field, of eigenstates of the field-free asymmetric-top Hamiltonian
AM=0. Matrix elements for the components of the angularH rotzAJ§+ BJ§+ CJg, P(t) == pcn(1)]I,Ka, Ke, M),
momentum operator with the phases chosen consistently réwhere K, and K. indicate, respectively, the prolate
spect to Ref[12] are given in Ref[11]. symmetric-top and oblate symmetric-top levels with which
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each asymmetric-top energy level is correlafdd]) the 8 -
Schralinger equation can be written as ] 0 6—
L H 2 e =
SO =Hbc). 27 ~ ol
§
The wave function at time; is given by = 1
o -14
() =U(ty,to) (to); (2.9 :::
the propagator can be calculated by discretizing the time in- 21
terval, i.e.,U(ty,to) = TI;_ ;exd —iH(t)At], whereT, the

time-ordering operator that arranges the product in chrono- 0 20 40 60 80 100

logical order, appears becaudét) does not commute with .

itself at individual times within the intervdlty,t;]. The ex- Field strength (kV/om)

ponential, for each subinterval, can be calculated using the FIG. 2. Energy window for the lowed* Stark states wittM
split-operator techniqug9]. If the time-dependent part and =0 (¢, to ¢;,) for iodobenzene, as a function of electric-field
the coordinate-dependent part of the molecule-field interacstrength. The avoided crossings are labeled for easy reading of
tion can be separated in independent factors, as occurs in oliable I.

case, it is possible to transform the time-dependent Schro

dinger equation in the following wa8l: glected compared to the Stark interaction for field strengths
larger than 1 kV/cm, and therefore are not included in our
A~ ~ ~ calculations.
i A0 =[BHioB—uze(t)]e(), 2.9 Rotational constantgin cm™1) of iodobenzene ared

=0.18919,B=0.02503, andC=0.022 10[13]. The dipole

where u,=B'u,B is the diagonalized effective dipole- momentis directed along the principal agisand its value is

moment matrix, and(t) = Bc(t). The short-time propagator 1.70 D[7]. Figures 2 and 3 show the energy variation as a
) ® propag function of the electric field, for severaM=0E") Stark

is then
eigenstates of iodobenzene upde 100 kV/cm. We have
U(t+ At ) =exdie(t) m,At/2 employed a large basis set containing #8é Wang basis
( ) His(t)uz ] functions up ta)= 25 with K,<8 (the highest field-free state
X [Blexp( —iH,qAt)Blexdis(t) n,At/2], shown in Fig. 3 corresponds th=12).
(2.10 B. Time evolution of rotational wave packets
and therefore only one diagonalizati¢of the projection of and dynamics at avoided crossings
the dipole moment operator along the field direction Bulthuis et al. [7] gave a heuristic discussion of the dy-
= u cosé) is required during the entire procedure. namics at avoided crossings, based on a criterion for adia-

batic passage and the additional assumption that the matrix
Ill. CALCULATIONS FOR IODOBENZENE

A. Stark energy levels as a function of electric-field strength

Bulthuis et al. presented in Ref.7] detailed calculations
of the variation of Stark energies for selected states of iodo-
benzene and water. The Hamiltonian matrix for the field-free
asymmetric-top Hamiltonian can be split, for eacbalue, in
four blocks employing Wang basis functionr§(, E~, O,
andO™) [11]. An external field mixes states corresponding
to differentJ values and besides it can mix different Wang
blocks. If u, is the only nonzero component of the dipole
moment, the field can mix and— (but notE andO) Wang
functions, forM # 0. However, in the special cas=0 the 1.5 +— - - - -
infinite Stark matrix can still be factorized into four infinite 0 20_ 40 60 80 100
blocks, greatly simplifying the calculations. Bulthuis al. Field strength (kV/cm)
discussed the optimal strategy to calculate Stark states for g 3. same as Fig. 2 for a different energy window. Avoided
iodobenzene concluding that the symmetric-top basis set igossings are labeled for easy reading of Table I. Initial states from
more convenient than the Wang factorization once the fieldy,, to ¢,, are given by the following field-free eigenstates:
is included. However, since we restrict our calculations t06,2,4,0, 18,0,8,0, |7,.2,50, [9,0,9,0, [8,2,6,0, |10,0,10,0,
the caseM =0, Wang functions are more suitable for our |9,2,7,0, [11,0,11,0, [|4,4,0,0, |10,28,0, |54,1,0, and
purposes. The nuclear quadrupole interactions can be ngt2,0,12,0.
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elements vary linearly with the field strength. They con- b-(t;)=(0.33- 0_7212 0.4 Q+(0-34—0.42)|§ 0,50
cluded that the assumption of adiabatic crossings for a near- ' ' T B

symmetric top as iodobonzene is probably incorrect. +(o_27_0_04)|§,2,0,g, (3.3
We have calculated the time evolution of the 24 lowest
— + i ; i ~ ~

(M=0,E™) rotational wave functions of iodobenzene by us- be(t})=0.142,2,0,0 + (—0.58+0.80)(3,2,1,0.

ing the method presented in Sec. Il to solve the time- 3.4
dependent Schdinger equation. The Hamiltonian is given '
in Eq. (2.4 and the electric field corresponds g, State0,0,0,0, |1,0,1,0, and|2,0,2,0 (corresponding to

=100 kV anda=1 cm. We assume that the moleculesthe three lowest states in Fig) 2o not exhibit avoided
travel in a molecular beam with mean velocity  crossings and the numerical integration of the Sdhmger
=1600 m/s. The electrodes which create the field are conequation shows that the time evolution is adiabatic for them,
sidered to be placed in the free-of-collision region of theas expected. State$6,0,6,0, [4,2,2,0, |7,0,7,0, and
beam. |5,2,3,0 (state Nos. 9, 10, 11, and 12 in Fig. &so evolve
Far from the plates, as shown in Fig. 1, the field is wealkadiabatically.
and its variation is so slow that we can safely suppose that The variation with the field for states; s to ¢,, is shown
the time evolution is adiabatic before any avoided crossingn Fig. 3 (see the figure caption for the identification of these
takes place. Thus, for an initial wave functibhK, ,K.,M)  states. This energy window features 18 avoided crossings.
we start the numerical propagationtatv/x;, wherex; is  The time propagations show that the evolved wave packets
the position for which the electric-field strength is  (expressed in the Stark basis)sat the final field are
=8 kV/cm (slightly smaller than the value at which the first

avoided crossing takes plac€onsequently, we take as ini- $13(t1)=18,0,8,0, (3.5
tial state, the Stark state, at this field, correlating adiabati-
cally with the chosen field-free state. Our basis set includes bt =[7.2,5.0. (3.6)

the same 110 basis functions used to calculate Figs. 2 and 3.
The time step for the numerical integration of the Sehro

dinger equation was 3 ps, which gives converged results for $15(t1)=19,0,9,0, (3.7
the electric field employed. —_

The field-free eigenstates(tg) =4,0,4,0 (the fifth en- ¢16(t1)=110,0,10,0, (3.8
ergy level at zero field in Fig.)2becomes, at the maximum
field, a wave packet described by a linear combination of 20 H1At9)=9,2,7,0, (3.9

asymmetric-top eigenfunctions. This apparent complexity is
misleading as can be shown by projecting the wave packet

¢(t;) over Stark eigenfunctionﬁ,Ka,Kc,M), at the final
field:

bae(t) =|110,11,0, (3.10

d1o(t))=(—0.24+0.19)|4,4,0,0

¢s(tr)=(0.35-0.44)[4,0,4,0 +(—0.64+0.51)5,0,5,0. 1(0.83-0.47)(102,8,0 (3.11)
(3.9

This result can be understood considering that AC No. 3 2t =[54.1.0, (312
(neare=20.6 kV/cm) is not adiabatically transversed and ~

therefore the wave function picks up a contribution from b2(t1)=16,2,4,0, 313
|§,O,5,Q (state No. 6. However, the next crossingAC 7) ~

with |§,O,3,Q (state No. 4is adiabatically transversed. More $2o(t1)=[120,12,0, (3.14
complicated histories are possible when the evolving wave _

functions pick up, in succesive avoided crossings, contribu- b24(t1)=18,2,6,0, (3.19
tions from several instantaneous Stark states. This may be

the case in highly vibrationally excited molecules where the Doy(ts) = _o_9514,0,(}+0.3(jﬁ,2,8,0. (3.16

huge density of states gives rise to a number of avoided
crossings so large that eigenvalue trajectories as a function of These results indicate that AC Nos. 2, 3, 5, and 26 give

the field get almost flaft14]. rise to mediumbehavior. Crossing Nos. 6, 7, 8, 10, 12, 14,
Initial states|5,0,5,0 (No. 6), [2,2,0,0 (No. 7, and and 18 are transversed fully adiabatically. The other 16
13,2,1,0 (No. 8 also evolve nonadiabatically: crossings are transversed fully diabatically. Due to this vari-

ety, relative populations inside the field cannot be calculated
either from field-free populations or assuming complete mix-
ing (which implies a Bolztmann distribution based upon the
+(—0.10+ 0-12)|§.0,5,Q energies in the field5]). ~

~ The population of thé Stark statéJ,K,,K¢,M); ate(t;)
+(0.95-0.11)|2,2,0,0, (3.2 is

bs(t;)=(—0.11+0.20)|4,0,4,0
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TABLE I. Values for Eq.(3.19 (after multiplying by the conversion factor 0.008 015,88nd the several
factors that appear in it, for the avoided crossing in Figs. 2 and 3. Indamedj indicate the energy order of
the Stark states involved in each AC.

AC i j e(kviem) |(i|—ucosd)| (D) |AE| (MHz) |de/dx| (kvicm?) Eq.(3.19
1 20 21 10.61758 0.00001 0.001 6.4 820
2 6 7 10.92186 0.27964 1.992 6.7 6.1
3 5 6 2059211 0.45648 10.139 21.3 12
4 22 23 24.23995 0.13275 0.008 28.1 TBP
5 7 8 2572210 0.35750 34.807 31.1 120!
6 9 10 30.72066 0.24169 80.710 41.4 2102
7 4 5 3299955 0.23264 45.374 46.0 B.I0 2
8 11 12 33.31518 0.12061 130.276 47.0 413
9 19 20 33.92624 0.28701 0.014 48.0 QI0°
10 6 7 3893875 0.22368 112.114 58.4 A2
11 21 22 42.86676 0.17531 0.002 66.3 B0
12 8 9  46.25890 0.21929 211.615 72.4 ME 3
13 18 19  46.57086 0.30341 0.001 73.1 2BP
14 10 11 5522703 0.21765 348.718 86.1 2103
15 17 18 5572139 0.36511 0.136 86.7 20
16 20 21  60.26429 0.30095 0.489 90.8 1 EP
17 23 24  62.72567 0.22736 1.114 92.3 7P
18 12 13  66.00061 0.21399 527.987 93.1 NEORS
19 16 17 66.06384 0.39413 0.007 93.1 Nehirg
20 19 20 7222071 0.35381 0.011 90.7 3UP
21 15 16 76.76666 0.32585 0.554 85.7 1
22 22 23 76.82086 0.27437 0.049 85.6 A BP
23 14 15 78.05113 0.42736 0.356 83.9 Nehirg
24 18 19  84.85690 0.29359 2.008 67.8 63.3
25 17 18  88.41772 0.44951 0.592 56.1 QTP
26 21 22 93.40637 0.27267 5.150 35.0 4.6
27 13 14  93.73493 0.34870 0.037 33.5 4 10°

8 rrors, due to the finite number of decimal figures taken for the field, are estimated to be smaller than 1 kHz.

de 9

P(3,Ka,Ke,M)) =2 P(19,Kq,Ke, M)n)ep(ti)cr' (1), ‘<1Ka.Kc,M——3’,Kg.Ké,M>

5t e <AE, (3.18
(3.17)

where AE is the energy difference between the two Stark
where the sum runs over every initial field-free wave func-states at the AC. Using the Hellmann-Feynman theorem and
tion that at timet; (t;=v/X;, with x; the position inside the after some manipulation, this condition can be rewritten as
plates where the field reaches its maximum vakmntains
some contribution of the Stark state. An accurate calcula- |, (de/dx)(3,K,, K¢, M| —u coso|3’ KL KL, M|
tion of the populations in the field requires therefore solving <
the time-dependent Schitimger equation for all the popu- (AE)?
lated states outside the field. This is a huge problem for 319
iodobenzene due to its small rotational constant. Even at 5 K,
there are around 1400 field-free statésking into account If v is in m/s,de/dx in kV/cm?, the coupling term in D, and
the differentM’s) with a relative population larger than 10% AE in MHz, Eq.(3.19 must be multiplied by the conversion
of the maximum population. In principle, these states shouldactor 0.008 015 86 to have correct units.
be propagated to calculate the population distribution in the Calculation of Eq(3.19 is not trivial because the energy
field. However, as we have seen above, our numerical calcwdifferenceAE is very sensitive to the electric-field value for
lation indicates that the time evolution is such that everynearly degenerate Stark states. Therefore, the AC must be
avoided crossing is isolated from the others, involving onlylocated with high precission. Nonetheless, this procedure is
one pair of Stark states. Under these circumstances, a trangéss time consuming than the numerical integration of the
tion between two Stark states will not occur at an avoidedSchralinger equation. Values for E¢3.19 and the various
crossing if the following condition is fulfilled15]: factors in it, at the ACs indicated in Figs. 2 and 3, are given

023407-5



ESCRIBANO, MATE ORTIGOSO, AND ORTIGOSO PHYSICAL REVIEW /&2 023407

0.84 o . 08
0.6 “ 0.6
0.4 0.4
s 0.2 A 0.2]
[72] 7]
S 0.0 g 004 Uyl e
\'4 A\
0.2 -0.2] %
e e N i (1 cO— o
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FIG. 4. Time evolution for three Stark stateg,=(3,0,3,0, FIG. 5. Time evolution of the orientation fabs=|4,0,4,0 and

$9=[6,0,6,0, and ¢1;=|4,2,2,0) of the orientation(cosé), as a #6=[5,0,5,0 under the same electric field as in Fig. 4. Note that
function of the distance to the edges of the conducting plates fothe scale is different from the one employed in Fig. 4.
V=100 kV anda=1 cm. The curves are constructed by plotting
a point every 40 ns during the corresponding time evolution.
(g(t)|coso| (1)) = 1/[,“8(”]; (EfoCncn—Esdrdy),
in Table I. Comparison with the results obtained from the (3.22
numerical propagation of wave packets shows an excellent
agreement, and it gives clues for explaining the behavior ofvhereEy,, is the energy of the asymmetric-top eigenstate
wave functions at avoided crossings. Thus, narrow ACs arandEj is the energy of the Stark eigenstate
usually transversed diabatically even when the diabatic cou- Only the lowest states reach a significant orientation at the
pling between Stark states is very sm@C No. 1). Based electric field employed, but two interesting phenomena can
on these facts, the calculation of the population distributiorbe observed in Figs. 4 and 5.
can be simplified by first determining, from E(.19, the (i) Flips of orientation They take place when a crossing
ACs that would give rise to fully adiabatic or fully diabatic is transversed adiabatically, as can be seen for the three
time evolution. Initial states which go through this kind of states in Fig. 4. For examplgosé) increases gradually for
crossings do not need to be propagated. Only the wave fungs,, until it hits AC No. 6, which is adiabatically transversed.
tions which experiencentermediateACs need be propa- At this point, the orientation decreases suddenly from 0.19 to
gated. —0.29, and then, it keeps decreasing until AC No. 14 is
reached. These flips are due to the usual interchange of char-
C. Time evolution of the orientation acter that occurs between two wave functions at isolated
, ) avoided crossing. This implies that wave functions whose
_ Effects due to the presence of avoided crossings are n@fme evolution is adiabatic experience a large change in char-
limited to changes in the population distribution of the mo- 5.ter at the avoided crossirfthe overlap integral between
lecular ensemble in the field. It is especially interesting toihe \wave function before and after the AC is shabn the

study the changes in orientation that take place due to thgiher hand, if the avoided crossing is transversed diabati-
presence of avoided crossings. Figures 4 and 5 show the tiM&ly, the orientation would evolve smoothly.

evolution of (cos6) (“the orientation”) for several initial (ii) Irregular oscillations of orientationin the intermedi-
rotational states. The calculation ¢€os6) can be easily e case, i.e., when the wave function at a crossing becomes
done, taking into account that a coherent superposition of two or more instantaneous Stark
Ho o H states(a nonstationary state of the molecule-field Hamil-
cosf= —=+ (3.20  tonian, the orientation oscillates in an irregular fashion as
e shown for the two states in Fig. 5. If the crossings that a

molecule, initially described by the field-free state in Fig.
since a wave function at timecan be expanded either in the 2, experiences were transversed diabatically, it would end
basis set of eigenstates ldf,, or in the basis set of instanta- with (cosé#)=1 for a high enough field. However, the wave
neous eigenstates 6f(t): function becomes a superposition of two Stark sthtes Eq.
(3.1)], giving rise to beats in the orientation, which are main-
tained after the maximum field is reached. These beats are
() =2, cyld,Ka, Ke,MY=2>, dn[J Ky, Ke,M),. stronger forgg, which consists of a superposition of three
n n Stark states. This phenomenon also implies that the creation
(3.21 of some specific pendular states is not possible with the brute
force technique, unless the coherence established between
Thus, the orientation at timeis several Stark states is broken by collisions.
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IV. SUMMARY AND DISCUSSION cific pendular states cannot be created by brute force meth-
ods, unless the molecular velocity and/or the electric field
variation can be controlled. This problem could be overcome
yecause there is some flexibility in the design of the experi-

The properties of rotational wave packets of polar mol-
ecules created by the interaction of a permanent dipole m
ment with a static electric field have been well characterize ental configuration to obtain different fringe fields and

by Friedrich and Herschbadl2]. The transition from field- since velocities can be modified with new meth@is, 17

free rotational eigenstates to pendular states is a dynamic The method developed by Meijer and co—workéré] ié

Fir?g-edsj g]r:j%sni g(t:met:rtlo; Jggglnresﬂt]TSe sggltéog \?Ja;h%ased on the fact that molecules in a low-field seeking state
~aep Schiog d ’ P lose kinetic energy when entering an electric field. This ve-

studied for electric fields created by nonresonant laser pulsqgcity is not regained if the field is rapidly switched off

in Ref.[4]. The high intensities and short times involved in Therefore, succesive electric-field stages can slow doWn

such processes allow nonadiabatic time evolution even in thﬁmlecules The method by Madeli al. [17] is also based on
?nbcjggﬁz-ﬁglf d :iv 2g§gtegfgss£?sstatt)§;wﬁﬁg Ca'gztac:}ta;m{ﬁe use of time-vaying electric-field gradients, but molecules
9 q in high-field seeking states or ground state atoms are used.

static electric field had not been treated until the presenf o “\hich is off when the molecules enter the field, is
work because of the long propagations that are required. Be; ’ '

. ' . g apidly switched on when they are between the plates. There-
sides, at the moderate f|e_|d strengths_ involved, linear anggre' when moleculegor atoms exit the plates transverse a
symmetric-top molecules, in the vibronic ground state, usus

field gradient and are slowed down. However, if avoided

ally have a simple energy level structure that does not aIIOV%rossings exist as a function of field strength the dynamics

nonadiabatic behavior. However, asymmetric tops Cal._n become more complex. For example, in the method by

gger]saedr;gggtrir;??nuesea:/\;cihdtﬁ)dncrossmgs, which can give rise t|9Ieijer and co-workers, avoided crossings could be trans-
The main imolications of.our calculations are the follow- versed adiabatically for molecules entering the field and dia-
P batically when the field is switched off, since the time-

ing. d . . )
) . . . . dependent perturbation acts much faster in this case. Thus,
(i) We have identified states that evolve fully adiabati after one electric-field stage a molecule could end up in an

fﬁg{ ,esg;\%s t:)h?:gﬁ\e/(r)éﬁ ];quyecrjI%Zﬁ}gﬁélyéfaggvgriw s;%tjlsinternal state different from the initial state. In some cases,
perp P &his state could be a high-field seeking state, and therefore

stateg(intermediate behavior at AQsTherefore, populations the second electric-field stage would give rise to an increase

In .the field cannot be calculated.elnher from f[eld-free POPUY, kinetic energy. We believe that studies like the one pre-
lations or assuming complete mixing by the field.

T . : : i . ented here can be relevant for the optimization of such
(ii) Since the investigated avoided crossings are ISOIatecgchemes for the case of molecules in internal states that ex-

transition prob_al?llltles can be_ estlma_ted from_ a simple XTibit avoided crossings.
pression containing the diabatic coupling matrix element, the
energy gap between the two involved instantaneous Stark
states, and the change rate of thg field as a function of space ACKNOWLEDGMENTS
coordinates and molecular velocity.
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final static field is reached. This implies also that a few spefor carefully reading the manuscript.

[1] H.J. Loesch and A. Remscheid, J. Chem. PH&. 4779 2203(1998.

(1990. [9] J.A. Fleck, J.R. Morris, and M.D. Feit, Appl. Phy%0, 129
[2] B. Friedrich and D.R. Herschbach, Z. Phys. D: At., Mol. Clus- (1976.

ters 18, 153 (1991); J. Phys. Chem95, 8118(1991); Nature [10] C. DiLauro and I.M. Mills, J. Mol. Spectros@1, 386 (1966.

(London 353 412(1991). [11] P.R. Bunker,Molecular Symmetry and Spectroscofca-
[3] B. Friedrich and D. Herschbach, Phys. Rev. L&#, 4623 demic, New York, 19798

(1995. [12] C.H. Townes and A.L. Schawlowyicrowave Spectroscopy
[4] J. Ortigoso, M. Rodguez, M. Gupta, and B. Friedrich, J. (Dover, New York, 197h

Chem. Phys110 3870(1999. [13] A.M. Mirri and W. Caminati, Chem. Phys. Le®&, 409(1971).
[5] D.T. Moore, L. Oudejans, and R.E. Miller, J. Chem. PHy&), [14] J. Ortigoso, G.T. Fraser, and B.H. Pate, Phys. Rev. 8&it.

197 (1999. 2856 (1999.
[6] J.J. Larsen, H. Sakai, C.P. Safvan, |I. Wendt-Larsen, and H.15] T.-S. Ho and S.-l. Chu, Chem. Phys. Leitti1, 315 (1987).

Stapelfeldt, J. Chem. Phy&11, 7774(1999. [16] H.L. Bethlem, G. Berden, and G. Meijer, Phys. Rev. L88,.
[7]1 J. Bulthuis, J. Mder, and H.J. Loesch, J. Phys. Chem181, 1558(1999.

7684(1997). [17] J.A. Maddi, T.P. Dinnen, and H. Gould, Phys. Rev6@, 3882
[8] P. Schwendner, C. Beck, and R. Schinke, Phys. Re%8A (1999.

023407-7



