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State-selective chirped adiabatic passage on dynamically laser-aligned molecules
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We show that rovibrational state selectivity can be achieved by chirped adiabatic passage of molecules that
areadiabatically alignedby a nonresonant laser field. We develop the tools to design the appropriate frequency
and amplitude modulations that allow us to select a given route in the Hilbert space that leads to a final
complete excitation of the chosen state, by infrared or by Raman processes. This method allows us to select a
given vibrational state in a well-defined rotatiodastate.
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I. INTRODUCTION field. The eigenvectors of the dressed Hamiltonian are called

i o pendular statesTheir associated eigenenergiébeled by a
Selective excitation of the states of atoms and molecules .

by laser pulses is of considerable importance for the contrdfoStve integerd) as a function of the field amplitude form

of processes involving internal and external degrees of freect VES that are continuously connected o the Energies asso-
dom[1,2]. ciated to the bare stateéd). They form two families(even

A very promising method is the adiabatic passage byand oddJ) of near—degenerate eigenvalues. The lowest ones
sweeping the laser frequenghirping), which is robust with ~ are well Ipcahzed in the wells and porrgspond thus to mo-
respect to variations of the field amplitude and frequencylecular alignment. When the laser field is turned on slowly
This type of adiabatic passage can be induced by a ongVith respect to the two-photon detunin@g# between the
photon infrared chiri3] or by a Raman chirp4]. The chirp- ~ stateslJ=2) and|J=0), i.e., when[15]
ing technique is nowadays well developed in femto- and pi- S
cosecond time scalesee, e.g., Ref[5]). The vibrational 6By/% > 11T, (@)
excitation by adiabatic passage has been widely studied thegsith T, the duration of the aligning laser pulse, the dressed
retically for models that do not include rotatieg.g., in Refs.  molecule isadiabatically carried along the pendular state
[31, [4], [6], and[7]). It is well known that if one uses pico-
second chirped pulses, the population is in general spre

3=0).
) : Jd In this paper, we show for a model including the vibration
into a set of rotational statg8—10 due to the nanosecond

. le of th ional . v iah | and rotation that we can selectively populate a given rovibra-
tlmel scaer? the rotatlonah.motlon.. Onl y for ver;I/ '9 tfmho " tional state by chirped adiabatic passage while the molecule
ecules(such as Hand HP this rotational time scale Is of the ;¢ dynamically aligned by an additional nanosecond laser.
order of picoseconds and the rovibrational selectivity can bq—he mechanism we propose is as follows: The molecule is
achieved(see, for instance, Refl1], where nonrobust mul- ot agiabatically aligned by a nanosecond pulse. When this
tiphoton 7 pulses on a p|cosecond time s_cale have been usef|,se is at its maximum, one uses picosecond chirped adia-
arr:_d Ref. [12] for rotational bra_nchllng In ?Ey Ra:nan batic passage to transfer the population to the excited pen-
Ch irped adiabatic passagé\ rotatlonahmode t "’}t includes duéljar vibrational state, which is adiabatically reconnected to
the spontaneous Raman processes has recently been studigd qesired vibrational state when the aligning nanosecond

[13]. he other hand. ¢ molecules in thei J)ulse falls down.
On the other hand, alignment of molecules in their ground 5 ¢|assical-mechanical interpretation could lead to the

vibrznilc s':jate bydlaser-indu%ed adhigbat(ijc transport Ia'(;"“’g idea that a well aligned molecule along a given axis would
pendular dresse statelrsan € ac ;]gve n ger;1era urng not be subjected to rotation and that the rotational structure
nanosecond time scalgd4-17. This approach needs a ., |4 pe consequently neglected from the model. We give
strong nonresonant linearly polarized laser field whichyeiay 4 precise quantum-mechanical formulation of this
couples the rotational statesf rotational constanB,) of the oo ment
s e o bk o - e devoop a ystematc procedur tocesign th appro-
mole(g:]ular 0 uIatioFr)l in?tiall in the Or[btational stajid=0) priate pulse paramete(ﬁreque_ncy and amplltut_jeo gchleve
pop y ' the complete transfer to a given allowed rovibrational state.

with projectionM =0 of the rotational angular momentum i nrocedure is based on the topology of the dressed ener-
along the field aX|_s(wh|_ch is a constant of motionThis gies as a function of the pulse parameters. It allows us to
leads to-an effechyg rigid rotor dressed _by a dOUbIe'We"identify qualitatively the various adiabatic ways to achieve
poter?tlall whose minima are in the dlreguons of the f'eldthe transfef18]. The adiabatic passage is quantitatively op-
polarization. The wells are deeper and thinner for a strongef ,i-ad with the use of specific time-dependent pulse param-
eters.
We first develop the tools of vibrational selectivity on a
*Electronic address: Stephane.Guerin@u-bourgogne.fr rotationless model before considering the complete rovibra-
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tional problem. We illustrate the mechanisms on the examplé&(t) cod ¢(t)+ 6] (where the carrier oscillations and the en-

of CO molecules. velope parts are considered independenthyough wug(X),
the dipole moment in the ground electronic state of the mol-
Il. TOOLS FOR VIBRATIONAL SELECTIVITY ecule (pe.rmanent dipole moment, nonzero for heteropolar
BY ADIABATIC PASSAGE: ROTATIONLESS MODEL molecule:

In this section we apply the general tools reviewed in Ref. H(Xt, (1) + 0) = Ho(X) = mo(X)E(t) cog (1) + 6], (3)
[18] for the vibrational selectivity by adiabatic passage in-
duced by chirped laser fields in rotationless molecules. Thaith the amplitude(t) =£p\A(1), and&,, A(t), H(1), respec-
rotational degree of freedom is considered in the next sedively, the peak amplitude, the shaganging between 0 and
tion. These tools are based on the adiabatic theorem which of the field intensity, the time-dependent phase, érah
states that the dynamics follows approximately the instantaadditional constant phagthat is used to apply conveniently
neous eigenvectors associated to eigenvalues continuouglye Floquet theory We have here considered that the field is
connected to the initial one when the Hamiltonian is per-linearly polarized, with the polarization axis parallel to the
turbed sufficiently slowly. When this principle is extended todipole moment of the rotationless molecule. The instanta-
a quantum systerthere a moleculedressed by a laser field neous Floguetor quasienergyoperator characterizing the
that is pulsed and whose frequency is swept, one has to comolecular Hamiltonian dressed by the field reads
sider the adiabatic transport, or the so-called adiabatic pas-
sage, along eigenvectors of the dressed system molecule
+laser field(the so-called Floquet stajeas functions of the
envelope amplitude and of the instantaneous frequency of
the field[6,7]. This leads to surfaces of associated eigenval- =_ iﬁweﬁ(t)i + Ho(X) — uo(XE(L) cosé, (4)
ues(the so-called quasienergjess functions of the two field J0
parametergamplitude and frequengylnspection of the to- _ )
pology of the surfaces allows ) to analyze the various Where the effectivgalso called instantaneousequency co-
transfers that are permitted by adiabatic transport,@pdo  incides to the derivative of the phase
design the appropriate laser parameters that will drive the
dynamics to a desired state. This has been applied to atomic werr(t) = d_‘ﬁ(t)_ (5)
beam deflection19], to population transfer in two- and € dt
three-level systemp20], and to the production of entangled
states[21]. Paths that optimize the nonadiabatic losses havd he operator Hiweg(t) /96 in Eq. (4) characterizes the laser
been identified in two-level systems: they correspond to levephoton field operator in the sense that it can be derived from
lines of the eigenenergy surfac§&?]. In this section we the photon number associated to a cavity-quantized field
extend this study to multilevel systems and show the remarkwhen the field is taken outside the cavity in the free space
able efficiency of the process along level lines. and contains a large average number of phot@8. Its
Adiabatic passage is of great interest for state selectivit@igenvectors are denoted fiy wherek is a positive or nega-
since it allows population transfers that are robust with relive integer that characterizes the relative number of photons
spect to fluctuations of the field parameters and with respedvith respect to its average. We remark that if we define a
to partial knowledge of the system, provided that resonantme-dependent frequenay(t) as ¢(t)=w(t)t, then the ef-
effects are taken into account. The key of robustness comdective frequency readswen(t)=w(t)t+w(t), where
from the classification of topologically equivalent curves that=dw/dt.
connect the same states in the adiabatic limit. In order to The quasienergy surfaces are formed by the eigenvalues
study the surfaces of quasienergies, it is therefore generallgf this Floquet Hamiltonian as functions of the parameters
sufficient to consider effective Hamiltonians that incorporatewe; and&. They can be calculate@t least numericallyfor
the resonances. We illustrate below these principles on a feany given potentiaM(x). One can label the Floquet eigen-
vibrational states that are near-resonant with a chirped laserectors agn;k), associated to the quasienergigg with the
field. indicesn and k, respectively, related to the free molecule
Ho(x) and to the photon field. The quasienergies can be ar-
ranged in zones ajuasidegenerate quasienergiassociated
. o _ to quasiresonance between the molecule and the field, that
We consider a one-mode vibrational potentiék) (e.9.,  are periodic since we have, .=\, -+ fiweg for any posi-
the ground electronic state of a diatomic molegubssoci-  tive or negative integef. For simplicity, one considers the
ated to the vibrational coordinate giving the vibrational N+1 lowest bound state$0),|1),...,|N)}, associated to the

J
K=-ih ) — + H(x,t,60
weff()ag ( )

A. Model

Hamiltonian energiesE,< E; < --- <Ey of a Morse potential coupled by
- field whose effective frequency is one-photon near-
Ho(¥) = Tyin(d) + V(X), 2 2
o) = Tu(2) +VIX) @ resonantfweg~E;~Eqg=~E,~E;~ -+ ~Ey—Epn.;. The ef-
with T, the vibrational kinetic energy. We denote Joy the  fective Hamiltonian in the resonant approximation, that takes
eigenvectors oHy(x) associated to the eigenenergies,,. into account the one-photon near resonances of one Floquet

The vibrational mode is coupled to a field of the form zone, reads as a tridiagonal matrix:
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0 00,1 0 0
5 Qo1 241 Qg5 :
Hesi = 5 0 91,2 2A, 0 , (6)
: - ’ QN—l,N
|0 0 Oy 28y |
with
M= B0 = wg+ (n+ Da- wed,  (7)

h

the Rabi frequencyassumed real and positive without loss

of generality

Q5= = EOi| ol i, (8
the (constant anharmonicity
a:= [(wps1 — 0p) = (0 — 0p_1) )28 = —he34D,  (9)

with D the dissociation energy, and the frequengyrelated
to the energy of the Morse potentidk, =% wy(n+3)+#aln
+%)2, n=0,...,N. This effective Hamiltonian is valid for
moderate field intensities); ;< wq (in practice not larger
than 13° W/cn? to avoid ionization, for small detunings
and anharmonicity|A,|, |a|<w, and for N significantly
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Quasienergies

€(a.u.)

FIG. 1. (Color online The first three quasienergy surfac@s
units of wg), eigenvalues oHg (6), as functions of the effective
frequency(normalized bywg) and the field amplitud€ (in atomic
units, with the correspondence amplitude-intensity=5
X108 a.u«1~0.877 TW/cn) calculated from the Hamiltonian
(6) for the CO molecule. Patlg) and(b) correspond to a transition
from the statd0) to the state$l) and|2) with absorption of one and

smaller than the total number of bound states. two photons, respectively, for decreasing frequency chirp. Rath
This Hamiltonian can be technically obtained in the Flo-corresponds to a transition from the st to the statg2) with
quet picture as follows: We apply the unitary resonant transabsorption of two photons for increasing frequency chirp.
formationR(#) =diad1,e7?, ...,e" N1 to the Floquet op-
erator which allows to write the resonant terms @és

Intersection A is determined by the crossing between the first
independent plus a nonresonahtlependent resys:

and second diagonal elements which occurSa@):wo
+2a, intersection B by the crossing between the second and
third diagonal elementsa)é?f)zw0+4a, and intersection A
by the crossing between the first and third diagonal elements:
The resonant transformatioR(¢) allows to dress the bare ©%?=wo+3a. Thus the crossings A, B, and,&haracterize,
states|0) with O photon,|1) with minus one photorin) with  respectively, a one-photon resonance between the bare states
minus n photons, and so on. The state corresponding to 40) and|1), a one-photon resonance betwg¢gnand|2), and
bare staten) dressed byk photons, when the field is off, @ two-photon resonance betwef@ and|2). For £+0, the
reads|n; k)¥==|n) ® €?. The restV,(6) contains terms, cou- Ccrossings become avoided crossings. The laligl6), |1;
pling the Floguet zones, that become of or@¥€?) after the  —1), [2;-2) of Fig. 1 stand for the straight lines in the plane
application of perturbation theory. Since they are perturbaf=0. The slope of these lines labeled|oyk) corresponds to
tive, their highest-order effects can be incorporated as Starfe relative number of photong/ dwerle=o/ i =k. Three
shifts. However, in the range of intensities considered herdOpologically inequivalent paths are shown in Fig. 1 and give
they can be neglected with respect to the coupling Rabi fre2n insight into the state selectivity in this model. Pedl
quency inHgy which is of orderO(&). going around crossing A, allows the population transfer from
state|0;0) to |1;-1), i.e., the population transfer from the
bare statg0) to |1) with absorption of one photon. Both
paths(b) and (c) allow the population transfer from state
Figure 1 displays the quasienergy surfakggin units of  |0;0) to |2;-2), i.e., the population transfer from the bare
hwg connected to the three lowest vibrational states, as fUﬂGstate|O> to |2) with absorption of two photons. Since path)
tions of the effective frequenaye; and the field amplitud€  goes around A and B, it can be described as a succession of
taken as independent parameters. We have chosen the G sequential one-photon processes. Since pathgoes

molecule for which a=-6.033x10°a.u. and w,  around A, it corresponds to a direct two-photon process.
=0.009 89 a.u., using a@ab initio dipole moment[24].

These surfaces show the different connectivities that are to-
pologically allowed by adiabatic passage. The topology is
determined by the resonances characterized by the crossings
(labeled as A, B, and A of the curves af=0 [correspond-
ing to the crossings of the diagonal elements of Hj].

RI(OKR(H) = - iﬁweﬁ(t)j—a +Her+Vo(0). (10

B. Surfaces of quasienergy

C. Optimization of population transfer using
level lines

In addition to the topology, the success of adiabatic pas-
sage requires to find parameters that induce negligible nona-
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FIG. 3. (Color online Numerical simulation of the probabilities

095 096 097 098 099
0, ~ 2a/0, P,=|(n|1)|? (upper framg of the dynamics associated to the path

(@) of Figs. 1 and 2 for a Gaussian intensity pulse shapge
FIG. 2. (Color onling Contour plot of the distance between the =g 2UT? (lower frame, dashed linewith A;T~-2.7, of peak
upper closest neighbor surfaces of Fig. 1 as a function of the notintensity | =3.1x 1019 W/cm?, and the associated effective fre-
malized effective frequency and the field amplitdidaths(a) and  quency(lower frame, full line, in units ofw).
(b) correspond to the ones of Fig. 1.

Population transfer from0) to states|N>1) cannot be

diabatic losses. The representation of the surfaces as contodfhieved by the following of a single level line with a single
plots of level lines allows to guide this search. pulse by the use of the contour of Fig. 2. One has to connect

two pieces of level lines, one connecting the initial state, the

other one connecting the final desired state. If the goal is to
Figure 2 shows the contour plot of the distance betwee ri?:(r:\htrfgﬂeAj?Syér? SE ;ag (ctr:)to)szt ?ﬁ eiibrﬁet;nétl(t(_):;)e

the upper closest neighbor surfaces. Note that we have taken _', - choclnse the wa fin w’r“ﬂch \f/ve leave and reac?h the level

into account in this figure six states and six surfaces. Th‘ﬁ es and a K Y. _

: : peak Rabi frequency. One can chabgeA,.
consecutive one-photon resonances at zero field correspon diabatic arguments impose to leave and reach the level
Ing to crossings appear in dark zorfese recovers intersec- lines as slowly as possible, which implies a peak Rabi fre-
tions A and B. The crossings are separated af &, in this eV =m Q ,(t) h thatQ,,.>|A. Fig-
diagram. For£=0, the line at the right of intersection A QUENCY L max= M@h<n,t12n-1a(l) SUCH NATmax~|Ai]. FIY
corresponds to stati®;0); the segment between A and B gres4 and 5 show numerics of population transfer to, respec-
corresponds to staté;—1); the segment between B and C to t'VeIY’ the states2) qnd [4). The success of the transfer
state|2;-2) and so on for statels; —n). requires a peak Rabi frequency larger than the one used for

Optimal adiabatic passage which gives the minimal nona- 1
diabatic loss for a given peak intensity and a smooth sym-

1. Sequential one-photon processes

metric pulse shape has been shown to follow a level line for 0.8F
two-level system$22]. This corresponds to parallel quasien- 2
ergies at all times. This can be applied for population transfer ‘% eer
from |0) and|1), using a level line that connects these two 3,1
states. In this case, the only remaining parameter in the con- &

tour diagram is the detuning at the beginning of the process
at timet;: Aj=A4(t=t;). The additional condition that guar-
antees a negligible nonadiabatic loss can be expressed as

AT 1, (11) g
whereT is the characteristic duration of the pulse shépat §
is given and assumed to be symmetric for simplicifyor a = |
Gaussian pulsé; can be taken as the full width at half maxi- R = ) o 5 2 p
mum, and it has been shown in Rg22] that the condition Time (ps)

(11) is more precisely|A|T>\In2/2~0.42 in this case.

Figure 3 displays numerical simulations for a Gaussian FIG. 4. (Color onling Same as Fig. 3 but with the dynamics
pulse, which shows very efficient and monotonic populationassociated to the path) of Figs. 1 and 2 witiA;T~-7.5 and the
transfer already fop\T=-2.7. peak intensityl ~0.17Xx 10" W/cn?.

013402-4



STATE-SELECTIVE CHIRPED ADIABATIC PASSAGE. PHYSICAL REVIEW A 71, 013402(2005

08 Jo.02
2
Sos 1o.018
o
2 {0.016
go04f i
o oz 10.014
0.012
0
. 0.99F 0.01
e 0.008
8 0.07 '
g 0.006
= L
693 0.004
Time (ps) 0.002

FIG. 5. (Color onling Same as Fig. 3 but with the dynamics 0.97 0.975
associated to the paild) of Fig. 2 with A T~-6.6 and the peak 0,0,
intensity | =0.75% 102 W/cn?. ] _
FIG. 7. (Color onling Contour plot of the distance between the
. . . two lower closest surfaces, connected to stét@sand|5) at zero
the single level line for the transfer to stdfe. One Notices  fie|y, as a function of the normalized effective frequency and the
that all the chirps designed for sequential one-photon profielq amplitudes,. The white path is an example of a four-photon
cesses with a Gaussian envelope have roughly the shape ofighamics.
hyperbolic tangent curve.
) ) the stateg0) and|2). One remarks that these level lines are
2. Direct multiphoton processes slightly bent due to the Stark shifts associated to this direct

Figure 1 shows that the patie) corresponds to a direct multiphoton process. Figure 7 shows the contour plot of the
two-photon process between the staf@sand |2), in the  distance between the two lower closest surfaces, connected
sense that it goes around the conical intersectignthe  to states|0) and |4) at zero field, corresponding to a four-
crossing between the first and third diagonal elements of thphoton process between these states. The level lines are more
effective Hamiltonian(6). Figure 6 shows the contour plot of bent for this high-order multiphoton process.
the distance between the two lowest surfaces of Fig. 1 Figures 8 and 9 show numerics for population transfer to,

around crossing A One can see that level lines now connectrespectively, statef?) and |4) by direct multiphoton adia-
batic passage. One can see that the population transfer is

monotonic unlike their counterparts obtained by sequential

x10™ x107° - - -
25 14 one-photon processes. It is more efficient in the sense that
smaller duration and field amplitude is required to allow the
{12
2 1
{10 0.8}
15 g
N Sosf
3 S
0 3
g 204t
w ; o
0.2}
0
0.984
05 -
[s]
3
3 D o0.982F
( o
o
L
0.975 0.98 0.985 0.99 0.981
meﬁ/mo

Time (ps)

FIG. 6. (Color onling Contour plot of the distance between the
lower closest neighbor surfaces of Fig. 1 as a function of the nor- FIG. 8. (Color onling Same as Fig. 3 but with the dynamics
malized effective frequency and the field amplitu€le The paths associated to the paife) of Figs. 1 and 6 withA;T~3.3 and the
(c) refer to the ones of Fig. 1. peak intensityl ~0.11x 102 W/cn?.
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that takes into account the Raman two-photon near reso-
nances of one Floquet zone in the ground electronic state, is

® 081 again a tridiagonal matrix:
c — —
Soef
5 SO Qo,l 0 . 0
3 .
8041 Qo1 A+S Qqp :
o
0.2} Her=A 0 Q1o Ax+S - 0
0 . ' QN—l,N
0 0 QOpan AtS

o
©
N
o

(14)

L
©
o]
©
T

with in this case

Frequency

0.968 = =

1 2 3 4 Ap=

+Nwgit = — N[wg+ (N+ 1)a— we], (15)

-4 3 -2 -

0
Time (ps)
FIG. 9. (Color online Same as Fig. 3 but with the dynamics the effective frequency
associated to the path of Fig. 7 withT = 4.2 and the peak intensity debp des

| ~0.64X 1012 W/cn?. weir(t) = E(t) - F(t)’ (16)

transfer by adiabatic passage. This multiphoton procesghe Rabi frequency
however, requires in general a nonmonotonic chirp to follow _ O

the level line. We remark that numerical calculations for this ;= EpOES(t)ilay|j)/h, 17)
multiphoton process include second order Stark shifts giveRnd the relative Stark shifts

by the diagonalparalle) polarizability [see the diagonal of ) A

the Hamiltonian(14)]. The difference of the resulting calcu- S = - [Ep(D) + ELO) Kil ey liMAr. (18)
lations with and without this Stark effect is nonsignificant It is a good approximation to use the static polarizabilities
(less than 1% This justifies fo use herg only the dominant instead of the dynamical ones when the frequencies are far
one-photon resonant terms in the Hamilton{&n

; . ._red detuned from any excited electronic stdies, low fre-
The two different paths corresponding to the Sequem'aguencies with respect to the electronic states

process with twice one-photon and the direct two-photon We obtain technically this effective Hamiltonian starting

ELZZ?]SZI:S\:(? n:aceg?orlgiinst[[g?éisailrr:dR;(E]enmentally tested bgv'ith the two-mode Floguet Born-Oppenheimer Hamiltonian,

K = =~ ifipp(D)—— = ifibo(t) —— + HOX,L, Oy 69, (19)

D. Adiabatic passage by Raman chirping J0p d 05

We now investigate the selectivity of adiabatic passage byvhigh itself results from a sta}tic. perturbation theory of the
Raman chirping4] using the topology tools. We assume thatfuu fleld+molfecule.(whose axis is assumed _paraIIeI.to the
the frequencies of the pump and Stokes pulses of the Raméﬁild polarization with respect to the el_ectronlc coordinates,
transitions are far detungtbw frequency from any excited in the Born-Oppenheimer approximation, up to the second
electronic states and also far detuned from any excited vibrg@rder in field amplitudg18]. We take into account the con-
tional states. The Hamiltonian that has to be considered readdbution of the excited electronic states through the parallel

in this case(with both frequencies chirpgd polarizability a;(x) by applying the unitary resonant transfor-
mation R:=diad1,e%s % .  &N-Ds%)] which allows
HOGL, Bp(D) + B, (1) + 69 = Ho(x) = p1g(0)E = —“";X) g, ~ ustowre
J J
(12) R'KR=—ifipp—— — ihips— + Her + O(ES 9. (20)
J 0p d 95 '

with «;(x) the polarizability parallel to the molecular axis
and the field decomposed in the puitipdex P) and Stokes
(index S) fields, of time-dependent phase, peak amplitude

" In this Raman process with the use of frequencies far blue
detuned between vibrational stat@sg., with visible lighy,
. , . the vibrational contribution to the Stark shifts and to the
.afd intensity pulse-shape, respectivepyt), £o; and A(t), coupling is generally negligible compared to the electronic
1=P.S contribution. The resulting effective Hamiltonigti4) does

1= Ep(t) cog pp(t) + p] + E(t) cog pg(t) + 6], (13)  Not depend on the values of the field frequencies as a first

i N approximation.

Ep(t)=EppyAp(1), 5s(t):£’os\/m. The additional constant The tools presented in the preceding subsections can be
phases), and 6p allow a convenient formulation of the two- applied for the selectivity by Raman chirping. The results
mode Floguet theorgsee below. The effective Hamiltonian, will be very similar both for sequential Raman two-photon
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processes as for direct higher multiphoton proce¢sgsh as 400
four,six,... photon processgssince the effective Hamil-
tonian (14) has the same form as E) apart from addi-
tional non-negligible Stark shifts, that will bend the level
lines of the contour plots of differences of quasienergy sur-
faces. This will lead in general to a nonmonotonic chirping
for efficient following of level lines.

3001

200

I1l. ROVIBRATIONAL SELECTIVITY BY ADIABATIC
PASSAGE OF AN ADIABATICALLY ALIGNED MOLECULE

In this section we consider the complete rovibrational 1001

molecule, and the state selectivity when the molecule is adia-
batically aligned. More precisely, we first adiabatically align
the molecule with a nonresonant linear polarized nanosecond 0
pulse, apply next a picosecond chirped field that will transfer 12 0 .
the population among the resulting dressed vibrational pen- Y, (dimensionless)
dular states, and finally switch off the aligning laser adiabati-
cally to reconnect the bare rovibrational states. We first ana- FIG. 10. (Color onling First lowest pendular energies;
lyze the selection rules of the vibrational pendular states; Ei=o of the ground vibronic state as functions 0f, for a non-
show the different possibilities of climbing, and construct theresonant field. The values dfindicate the connection of the lines
Hamiltonian of the model. We next present the state selec¥nenra=0.
tivity scenario by one-photon infrared and Raman chirpings.

=%1,%3,%5,.. [14] with Av==%1 (if one assume®B, .,

Pendular energies (units of Bo)

A. Conditions of selectivity ~B,). For a picosecond chirping applied while the molecule
One considers that the rovibrational structure of the moI-Is dynamically aligned, in the ideal S'tﬂi‘}_'gg of a very effi-

ecule is made as a first approximation of uncoupled rigiuClent allgnm_ent W'th infinite spacingw, ’ thg climb-
rotors (of respective rotational constang), one for each "9 of the_wbratlona! ladder would occur following .the se
vibrational state'=0,1.... . The effective Hamiltonian asso- duence with alternating=0 andJ=1. We would obtain the
ciated to an isolated vibratianof the molecule dressed by a following sequence, considering the states at the end of the
nonresonant aligning laser of amplitufigreads in the high- pulses:  [v=0,J=0)—[v=1,J=1)—~[v=2,J=0)—|v=3,J
frequency limit (with respect to the rotational structyre =1)— ..., which is the one one would obtain in the rotation-
(14,26 less model. The same argumenis can be applied for a Raman
chirping, with selection rulesAJ=0,+2,+4 ... and Av

=0, £1, which gives fodv =+ 1 the climbing sequence with
with ® the polar angle between the molecular axis and théhe same):|v=0,J=0)— |v=1,J=0)—[v=2,J=0)—....
direction of the nonresonant fieldda, ,=aqy,,—a, 4, However, the study of a concrete situation requires an
a; = |e |v), e ,,='|ey|v). Jis the angular momen- aligning nanosecond laser pulse of peak intensity not larger
tum. It consists then ddin effective double well potential for than 16°W/cn? to avoid ionization. This peak intensity
each vibrational stateThe central point is that for an ideally gives an upper limit for the spacintw|® "9 of the pen-
strong aligning field, the pendular eigenenergies of each efdular double harmonic ladder, that has to be characterized.
fective double well potential have a structure of two familiesAchieving the rovibrational climbing requires to prevent the
labeled by even and odd of doubly near-degenerate pen- rotational spreading, which is possible when the field ampli-
dular ladders of large spacing E,3.,—E,3~2 (§,yAaB,  tude satisfies

—ij) [14], which become approximately harmonic 2& \J'KBOIﬁ>1fI'
ay c

1109 ~ 2¢,AaB, for large amplitudes, and low J. _ _ _ _
This is shown in Fig. 10 which displays the pendular enerWhere T is the pulse duration of the chirped picosecond
gies as a function of the dimensionless quantity characteriZPulse(the full width half maximum for Gaussian pulgeBor

H = B,J2 + £X(Aa,, SIPO — a;,,)/4, (21)

(23

ing the alignment efficiency instance, for CO, we haveyAaBy/A=0.011 a.u., which
, already required,~ 10> W/cn? for the intensity of the
Ya = EaA and/4Bo. (22)  aligning field to satisfy the conditio23) with T,~1 ps.

i i ~  This condition has to be compared with the intrinsic condi-
As expected, we can observe for increasipghe states  ion [see Eq(1)]

=2k) and |3=2k+1>, k=0,1,2..., becoming near degener-
ate by pairs and the formation of an harmonic ladder for the 6By/7 > 1/T, (24)

lowestJ of increasing spacing. _ _ required to avoid the rotational spreading in absence of
If one considers infrared one-photon dipolar transitionsaligning laser, which can be satisfied only for very light mol-
(for heteronuclear moleculgsthe selection rules ar&J ecules in the picosecond regime of chirpirig]. The align-
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ment can be well quantified by the observalt®s0),
which reads in the strong-field limftL4]

(co20) — 1 - 1Ny, (25)

This shows that satisfying the conditig@3) will lead to a
well aligned moleculgcos®)~ 0.9 for a typical rotational
constantB,~ 1 cni?t of linear moleculegwe have for CO:
By~1.92 cm') and T,~1 ps. The use of a rotationless
model with® =0 would be in this case a quite good approxi-
mation to study the vibrational climbing.

PHYSICAL REVIEW A71, 013402(2005

which is invariant for linear polarized fields. We will next
use the one-photon resonant approximation for the infrared
chirp and the two-photon resonant approximation for the Ra-
man chirp[18]. The effective Hamiltonian between vibra-
tional blocksH,,=(v'|H|v), of energyfiw, and of rotational
constant3,=(v|B|v), reads thug18,27

H,, = B,J? +a,,(E2+ £2) + hA (1), (289

Hv’#v:_ﬁﬂv’v(t)/zy (28b)

We use in the following a complete model for vibration it (terms of second order in &k have been neglectgd

and rotation to show the feasibility of the state selectivity of
an aligned molecule. Four particular strategies can be imple-

mented with such a mode(li) a one-photon chirped infrared

scheme with an additional aligning nanosecond laser allow
ing to climb the vibrational ladder and to end in the isotropic@w

stateJ=0 (for evenv) or in J=1 (for oddv) at the end of the
pulses: [v=0,J=0)—|v=1,=1)—|v=2,J=0)—[v=3,J
=1)—|v=4,J=0)—---, and(ii) a chirped Raman scheme,

with one of the two lasers acting also as the aligning nano-
second laser, allowing us to follow the particular sequences

|v=0,J=0)—|v=00r1J=0o0r 2—[v=0o0r2J

=0,2 or $—|v=3,J=0,2,...0r 6)—|v=4,J=0,2,...0r 8)
—--+, i.e., at the end of the pulsé€s) to climb the rotational
ladder in the same, (b) to climb the vibrational ladder and
to end up inJ=0, or(c) to climb the vibrational and rota-
tional ladders.

B. Model

The molecule is subjected to an aligning nonresonant field

g,(t) codw,t+6,), of fixed carrier frequencyw, and ampli-
tude £,(t) =02y A4(t), and to a chirped field(t) cog ¢q(t)
+6,), of time-dependent phasé.(t) and amplitude&(t)
:50c\"m- The peak amplitudes and the envelogiken

as Gaussignfor the aligning and chirped fields are respec-

tively denotedfp,, Aa(t), Eoe Act). To construct the effec-

3y, = (Aayr, Si’® - aH,v’v)M" (29

where we have denotegy,,=(v'|uglv). The Stark shifts
(£2+£2) allow the alignment of the molecule. The quan-
tities uo,y @ 41, @and ¢, have been calculated for the
CO molecule from thab initio calculations of Ref[24]. For
the one-photon infrared chirp, the Rabi frequencies read

Q1 (1) = popr,Ec(t) COSO/A, (30

and the detunings ar&,=w,—wg—vd¢./dt=v[wg+(v+1)a
—-d¢/dt] [see Eq(7)]. For the Raman process, one has

erv(t) = ZEaECaU,U/fL, (31)

and A, =wg—w,+v(Wy—de/dt) =—v[ wg+ (v +1)a—(w,
—-d¢./dt)] [see Eq(15)].

C. State selectivity by infrared chirping

Considering that the molecule is aligned, we can study the
transfer by chirped adiabatic passage between the pendular
vibrational states. This is done using the tools described in
the preceding section: We consider the surfaces of the sta-
tionary dressed energigsf the aligned moleculeas a func-

tion of the two parameters: intensity and effective frequency
of the chirped laser, and construct in this diagram the path

tive dressed Hamiltonian for the nonresonant aligning fieldconnecting the initial state with the given final ofié the

we will apply a high-frequency contact transformation
[18,26 to the Born-Oppenheimer Floquet Hamiltonian,

7 Hex0.0

— mo(X)[E4(t) cosh, + E(t) cosé.] cosO®
+[Aa(x) SintO - a(x)]/2

X [E4(1) cosb, + E(t) cosb,]?,

: J .
K=- Ihwaﬁ_ﬂa —ifee(t)

(26)
where

Ho(X,0,¢) = Tyin(dy) + B(X) Tro 0,36, ,) + V(X), (27)

with © the polar angle between the molecular axis and the

direction of the linear polarized fields the same direction
¢ the azimuthal angl€l, the rotational kinetic energf the
rotational constant, anle=¢—«a, . oy anda, are the static

connection exisys This is well visualized using contour
plots of differences of some surfaces. We show in Fig. 11, for
the CO molecule, the contour plot of the difference of the
closest neighboring surfaces, connected|tte0,J=0), |v
=1,J=1), [v=2,J=0), ..., [v=6,J=0), |v=7,J=1) when the
chirped field is off:£,=0. We can construct an appropriate
path connecting the initial state=0,J=0) to a final chosen
path. A path(a), as a level line, is shown to go from the
vibrational pendular state=0,J=0) to [v=1,J=1). This
path has been shown to be optimal, in the sense that the
nonadiabatic losses are minimized on a level line. To achieve
adiabatic passage we have to use a level line satisfying

(32)

The appropriate time-dependent chirp is designed from the
chosen path in the parameter space and the given pulse en-

AT > 1.

polarizabilities, respectively, parallel and perpendicular toV€lope.

the molecular axigsince we consider low frequencies with
respect to the electronic stafedVe will consider M=0,

The path(b) of Fig. 11 connectdy=0,J=0) to [v=6,J
=0), which is the final state chosen here. We use a Gaussian
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5.6

eters determined above from pdth) is applied and induces
transitions among the pendular vibrational states; finally the
nanosecond laser is switched off to reconnect the pendular
states to the rotational states. The almost complete transfer
from [v=0,J=0) to |v=6,J=0) occurs. The figure shows the
projections of the time-dependent state on the molecular bare
states. This corresponds to a monotonic adiabatic transfer
between the two vibrational pendular states involved in the
process.

We remark that the process allowing adiabatic passage
from [v=0,J=0) to |v=1,J=1) (not shown leads to a final
non-negligible permanent alignment of the molecule with a
value of (cog 6)=0.6. Adiabatic passage to higherand J
leads to smalletcos 6) values(=0.5).

] ‘ J It is important to note that climbing the rotational ladder
0.93 0.95 0.97 0.99 while climbing the vibrational one, following the sequence
Wesr/wo b=03=0), |v=13=3), |v=23=4), [v=3I=7), ..., i.e.,

FIG. 11. Contour plot of the difference of the neighboring With alternatingAJ=1 and AJ=3, is theoretically possible
infrared-laser dressed energy surfaces of the aligned molecule fdut would require a specific nonmonotonic large chirp for
¥a=24(corresponding to the peak intensity~8 TW/cn? for CO  this highly anharmonic sequence])f
molecules and givingcos©)~0.79. Darker zones characterize  \We remark that we could have also used a multiphoton
closer surfaces. Two appropriate paths connedtir®,J=0) with,  chirp instead of sequential one-photon steps, but with a non-
respectively(a) [v=1,J=1) and(b) |v=6,J=0) are shown. monotonic chirp, as explained in the preceding section for
the rotationless model.

Intensity (TW /cm?)

intensity envelope of full width at half maximuif.=~4 ps.
We start at the detuning;=1.6x10“a.u. and end af;
=2.1x 1023 a.u. The chirp designed from path) with the i ) i
Gaussian envelope has roughly the shape of a hyperbolic The state selective transfer can also be implemented using
tangent curvésee Sec. Il C 1, Figs. 3)5Figure 12 displays & Raman process: one of the lasers of the Raman process,'of
the population history with the complete laser sequence: thBX'_Ed frequency, aligns th_e mo!ecule and the second laser is
nanosecond laséwith a Gaussian intensity envelope of full chirped to produce the adiabatic passage. We have tested this
width at half maximumT,~0.4 ng is first switched on; scheme numegcally, chooswlg a path in parameter space that
while it is at its maximum, the chirping laser with the param- connectsv=0,J=0) to [v=6,J=0). We have also obtained
in this case close to 100% transfer efficiency with
=4.4 TW/cnf.

One could also achieve efficiently with a nonmonotonic
chirp the selective climbing of and J: [v=0,J=0)—|v
=1,J=2)—|v=2,J=4)— ... —|v,J=20).

D. State selectivity by Raman chirping

1

=

E

3 IV. CONCLUSION

g'o.s- We have developed systematic tools to transfer population
1) by adiabatic passage induced by chirped frequencies using
2 quasienergy surfaces as functions of the field parameters. We
g have shown that, in a realistic model including rotation, the

alignment of molecules during a nanosecond laser pulse can
be used for an efficient rovibrational state selectivity. In ad-
dition to leading the molecule to a given vibrational state,
this method offers the possibility to obtain either an isotropic
molecule inJ=0 or a molecule in a well-defined anisotropic
J>0 state.

Time (ns)

FIG. 12. (Color onling Population history with the peak inten-
sity 1o:=5.6 TW/cn? and the chirp designed from the path) of ACKNOWLEDGMENTS
Fig. 11: the curves represent the projectidhs=|(v,J|¥(1))[? of
the statey(t), solution of the time-dependent Schrédinger equation, We thank L. P. Yatsenko for stimulating discussions. We
on the bare molecular statgs J). The inset displays details of the acknowledge the financial supports by thetion Concertée
population history during the picosecond time scale of the chirpedncitative Photoniqudrom the French Ministry of Research
laser. and by the Conseil Régional de Bourgogne.
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