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Rotational interference in vibrational ladder climbing in NO by chirped infrared laser pulses
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Results from experiments and model calculations on rotational interference in vibrational ladder climbing in
the X 2I1,,, state of NO are presented. In the low-fluence limit, the population in excited vibrational states
shows an oscillatory behavior as a function of the chirp of the IR laser pulse. The interference is due to the
accumulated phase difference of pathways involving different intermediate rotational states. The theoretical
results match the experiments on an absolute sEal050-294{@9)03808-1

PACS numbg(s): 42.50.Hz, 42.65.Re, 41.60.Cr, 33.8@

. INTRODUCTION excitation to final statelv=2J") from initial state [v”
=0J") is possible via intermediate stat¢s’'=1,J'=J"

In studies of infrared multiphoton excitation and dissocia-+ 1), |v'=1J'=J"), and|v'=1J"=J"—1). The beating
tion of polyatomic molecules a limiting factor is frequently of all these independent contributions to the population
the ability of a molecule to efficiently absorb the first few transfer to excited rovibrational states of NO results in an
photons before it reaches a quasicontinuum of vibrationapscillatory behavior as a function of the chirp. It will be
levels, e.g.[1-5]. This is largely due to the fact that molecu- shown that rotational interference explains the oscillatory be-
lar vibrations are anharmonic, so that the energy differenc@avior of the transfer efficiency to higher vibrational states as
between successive vibrational levels decreases as 0B€fnction of the chirp of the excitation laser pulse.

progresses up a vibrational ladder. Short-pulse laser excita- The organization of this paper is as follows. In Sec. Il we

principle photons for a number of successive transitions ma he occurrence of interferences in the transfer efficiency.

simultaneously be present in a single femtosecond Iaseéections IlI-V are devoted to a detailed analysis of the ob-
pulse, whereas the high power of modern laser systems

means that multi . o : gerved interferences. In Sec. Ill, a procedure is explained
ple photon absorptions within a single pulse . . : .
are possible. Furthermore, the spectral phase of femtosecoH@'Ch allpws us to predict at which val_ues of the chlrp_ pa-
laser pulses can be manipulated. By applying a chirp to thkameter |_nterferences be'gween competmg_pmhways will act
pulse, for example, the instantaneous frequency of the las&Pnstructively or destructively. These predictions are subse-
can be adapted to the evolution of the molecule as it i§luéntly tested in a numerical model which is introduced in
pumped up the vibrational laddgs—8g. Sec. IV, and Whlph is use(_d in Sec. V to sm?u.late the experi-
In this paper we present results on the experimental obMents. Both the increase in the transfer efficiency for down-
servation of enhanced vibrational ladder climbing throughchirped laser pulses and the occurrence of rotational interfer-
the application of chirped laser pulses. Experimental resulténces are reproduced in the calculations.
are presented which show that the efficiency of exciting the In recent years a lot of attention has been devoted to the
NO molecule from thes” =0 ground vibrational state to vi- question of how molecular dynamics can be controlled by
brational states’ =2—4 can be considerably enhanced by using tailored laser pulsd41]. A number of schemes have
the application of a down-chirped laser pulée., a pulse been proposed to control dissociation pathways or isomeriza-
where the instantaneous laser frequency decreases ih timéion of polyatomic molecules, and a few experimental ex-
At the same time, the experiments show the existence of aamples of chirp-controlled electronic excitation of poly-
additional constraint on the transfer efficiency, which is dueatomic molecules have been obtaing?,13. Stimulated
to interferences in the excitation between competing pathRaman involving rapid adiabatic passd@¥IRAP) has also
ways connecting the same initial and final states. In earliebeen applied to NO and resulted in significant population of
work [9,10] on chirped pulse excitation of Rb atoms, inter- the vibrationally excited statgd4,15. Recently vibrational
ferences in the transfer from thes §round state to thed  ladder climbing has been performed in the condensed phase
excited state of Rb were observed due to competition beby Heilweil's group[16] and for molecules in the gas phase
tween two-step resonant excitation and nonresonant twdn our group[17]. Our present study illustrates the impor-
photon excitation. While this same mechanism is active irntance of taking into account rotational interferenE&8] in
the current experiment, we will show here that in a moleculathe analyses of molecular coherent control experiments. Be-
system an even more important interference arises due to tlrause of the occurrence of rotational interferences optimiza-
availability of competing rotational pathways. For example,tion of the transfer efficiency in vibrational ladder climbing
of the NO molecule relies not only on a correct ordering of
the frequencies for successive vibrational transiti@ndown
*Present address: Philips Research Labs, Prof. Holstlaan 4hirp instead of an up chijpbut, in addition, on the actual
5656 AA Eindhoven, The Netherlands. magnitude of the chirp as well.
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Il. EXPERIMENTAL DATA
ON VIBRATIONAL LADDER CLIMBING
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In the experiment on vibrational ladder climbing a mo-
lecular beam of NO crosses at right angles an infrared lase
pulse. The infrared pulse is generated by the free electro
laser free-electron laser for infrared experime(FELIX) o ) T
[19]. This laser is tunable both in frequency and bandwidth. g5 ° °  4x10°
For the experiments reported here the laser is setb.at 1
=1845cm?! and Av=50cm ! for a pulse fluence ofb
=25mJ cm?. The chirp of the laser pulse is controlled with
an all reflective shaper operating in the infraf@@]. After
exposure to the infrared laser pulse, the rovibrational distri-
bution of the excited NO molecule is probed using the reso-:
nantly enhanced multiphoton ionizatigREMPI) technique
[21,22. In the experimentsee alsd17]) the population of
vibrational statgv) is measured by tuning an UV laser with
a bandwidth ofA »,,,=1.85cm ! to the coincidingQ,; and
P,, branches of the NOA 23(v')—X 2II(v") or
NO(v',v")y bands. Due to the large bandwidth of the UV =s

laser, rotational levels witd” € {3,...,4;} are probed simul-
taneously. For the measured rotational temperaturd& ,gf
=14K almost all population is present in these rotational
states. The distribution over thklevels does not shift dra-
matically after absorption of a few IR photofis7]. There-
fore, most of the population in vibrationally excited states is Chirp o (s”)
also probed via the same manifold of lines of the lblevels

. FIG. 1. The measured population of=1, 2, 3, and 4 as a

! ”n
viaQqy andPﬂ bran_c_hes of the NQ(',v )7_ band. The NO function of the chirp of the IR laser pulse. The population is probed
ion signal is amplified by an EI-Mul Micro Sphere Plate by 1+1 REMPI via the NOA 23 (v') state. At the band head the

(MSP). The MSP signal is recorded t_)y a digital_ oscillosco.pe|OW rotational states’ e {2,...,44}) of the coincidingQ,; andP,,
and stored in a computer. In a typical experiment the iofyranches of the NG( ,v") y bands are probed. The curves are the
yield is recorded for different settings of the pulse shaper angesults of the model calculations discussed in Secs. IV and V.
hence for different chirp values.

Figure 1 shows the population in the vibrationally excited
statesy =1 tov=4 of NO after exposing the molecules 10 @ y, they =1 tov=2 transition. At positive chirp the popula-
chirped infrared laser pulse. The full line represents a mod

lculation that is di . i N | on is nonzero despite the frequency order. This population
calculation that is discussed in detail in Sec. V. Positive valyg ho; gue to two-photon excitation from the ground state, but

uhes Ofla cor:respond tg anb||ncreer1]§|ng If;\]_sler frequ_ency (ljurln ue to the one-photon transfer of thermally presentl
the pulse, hence a red-to-blue chirp, while negative values gl ||aton. Since the thermal population\of2 andv =3

a correspond to a blue-to-red chirp. The absolute value of is negligible (see Table ), no population is transferred in a

is a measure for the rate at which the frequency changes. One-photon process at positive chirpve-3 andv =4, re-
large value ofa| corresponds to a slow change in frequencyspectiver '

and therefore a long duration of the pulse. In a molecule like For the higher vibrational statése., v =3,4) we observe
NO where the vibrational transition frequencies decrease fof "o \noncad transfer for negative ghirp values as well. Re-

higher excited states, one expects that in a multistep exC'tefﬁarkably, the transferred population oscillates as a function

tion process the transfer is enhanced for negative of chirp. An intuitive picture of the quantum interference of

. The tpp panel in F|g._ 1.ShOWS that the pop“"?‘“on in thedifferent rotational excitation routes that causes these oscil-
first excited state\(=1) is independent of the chirp. In the lations is discussed in the next section

perturbative intensity regime, with little population transfer
per vibrational step, the=0 tov=1 transition can, to first
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v=1 transition and subsequently to radiation corresponding

order, be considered as an isolated two-level system, with IIl. MULTIPLE ROTATIONAL INTERFERENCE
initially 99.99% of the population in the ground state. The IN CLIMBING THE VIBRATIONAL LADDER
population in the excited state depends in that case almost .

exclusively on the power spectrum at the resonant frequency A. Interference in three-level ladder systems

and not on the order of the nonresonant frequencies in the We introduce a dressed-state picture of the eigenstates to

laser pulse. Hence the=1 population is expected to be describe the effect of chirp and contributions of interfering

independent of the chirp. pathways. Figure 2 shows a diagram of the eigenenergies of
For two-photon excitation to the=2 state the order of the dressed states of an anharmonic three-level system as a

the frequencies is relevant, as can be seen in Fig. 1. Fdunction of the photon energy. The ground st@ds dressed

negative chirp the transfer to=2 is enhanced: the molecule (pushed upby 1 photon and has an eigenfrequencyvgf

is first exposed to the radiation corresponding towked to  + v, wherev is the laser frequency and, the undressed
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TABLE |. The thermal initial population distribution over the rovibrational stdted) (with v €{0,...,4 andJe{3,...,85)) for T,
=14K andT,;,= 300K, i.e., temperature ca¢k) of the calculation. Each sublevpl,J,m;) is populated bmeJ= P;/(2J+1), with P,
the |v,J) population, corresponding to an isotropic initial distribution. Numbers in square brackets indicate powers of ten.

V\J 1 13 23 33 43 53 63 73 83
0 0.298 0.356 0.226 0.9p61] 0.241-1] 0.437-2] 0.547-3] 0.474-4] 0.287-5]
1 0.369-4] 0.440-4] 0.28Q-4] 0.11F-4] 0.29§-5] 0.54f-6] 0.67§-7] 0.587-8] 0.356-9]
2 0527-8] 0.624-8] 0.396-8] 0.15§-8] 0.423-9] 0.766-10] 0.957—11] 0.831-12] 0.503-13]
3  0.845-12] 0.10f-11] 0.647-12] 0.257-12] 0.684-13] 0.124-13] 0.15-14] 0.13§-15] 0.815-17]
4 0.15¢-15] 0.187-15] 0.119-15] 0.476-16] 0.127-16] 0.230—17] 0.287-18] 0.249-19] 0.151—20]

eigenfrequency of the wave function. The intermediate statguency. Suppose that the laser pulse has a negative chirp and
|1) is undressed and its eigenfrequenay)(is independent we start in the ground staigop right in Fig. 3. While the

of the laser frequency. The top std® is dressedpulled  radiation frequency is decreasing we encounter the transition
down) by —1 photon, and has an eigenfrequencygf vin  to the first excited state at;, and the population can be
the laser field. The dressed ground state crosses the intermgansferred to this stat@diabatic passageNow we are at
diatev=1 state at the frequency,, and a similar crossing  the intermediate stat@orizontal ling and encounter the sec-
occurs between the intermediate state and the final state. Ahd transition frequency at,; where the population can be

v, the dressed ground stateott») and the dressed final ransferred to the final staf®). This population transfer pro-
state (,— ») intersect and a direct two-photon transition is ¢ess with the intuitive frequency order, is marked as path |
possible. The ladder anharmonici is defined as[vs: iy the figure. An alternative route to populate the top state
— v1o]. For vibrational |add?rf'5vib%_2x“’exe (see[23],  giarting from the ground state is shown as path II. In this
with for NO wex=14.187 cm~.) The dressed-level scheme ;o the population is not transferred at the subsequent reso-
as shown in F'.g‘. 21s draw_n fo_r a ladder system with a Neganance frequencie@vhich are traversed diabaticallybut di-

tive e}r}hglrjmonl_cnyéﬁo, V\llh'Ch |sha gerll\le(;al ;ea:]ure o(fjwkf)rg— rect at the two-photon resonance frequency. Each of the two
tional ladders in molecules such as . At the end of Sec, . ) )
[l C, when the rotational structure of a molecule is included,3::2%?;23?“?:3;2 i%ﬁr;vglhg:?v;/e-rezeth%hgrs‘oess?gfeg?rr]g:ol-s
the sign of the anharmonicity of the rovibrational ladder isnances and gn the magnitude of the anharmonicig'][y of the

shown 1o be a function of the rotational guantum number ladder. Since the above-mentioned time interval depends on
With the help of Fig. 2 we can describe the general fea- ' . aep
the speed of the frequency sweépe., on the chiry the

tures of the interaction C.)f a chirped laser pulse.with a three: ccumulated phase difference between the paths is a function
lper:/oetlozyfsrteeqﬂér::cc;r i:‘ ;252530:1a2$rti§§122 éze( Al\l;)s]taprtr;ageo of the chirp. For sufficiently large chirp the instantaneous
begin and end times are determined by the upper and IOw%fpequency of a Gaussian laser pulse increases linearly in

limits of the spectral energy in the laser bandwidth and thet'me' Under this condition the phase difference is propor-

relationship between time, chirp, and the instantaneous frelonal to the chirp, and the oscillation periag,,, can be

defined as the length of the interval between two subsequent
chirp values for which the phase difference equats 2

‘\_1’—/ In the paper of Ballinget al. [9] both the experimental

results and the model calculations on the three-level ru-

= 2 Vv,;nv, 1 e ; .

£ " Vi) " bidium ladder systenti.e., the electronic ladder formed by
= ) . 1 the 5s-5p-5d stateg showed an oscillatory behavior in the
= N \\H/x\\“ top) state population as a function of the chirp of the laser
& %, N pulse. These oscillations were attributed to quantum interfer-
c = N

g N ence[24] between two excitation paths, both contributing to
w the final top-state population.

) Now we derive a relation between the area enclosed by
hv {cm™) two pathways(e.g., | and Il as shown in Fig.)2and the
?scillation perioda,, of the interference. The period of the
o . ; .
|peterference wiggles can be explained by phase differences
Petween the interfering paths. The two paths correspond to
are labeledvg;(n+ 1)), |v1:nv), and|v,;(n—1)v). The transi- different dressed-state energféd/. Since the wave function

tion frequencies are indicated by, and v, . For a Gaussian laser CONtains a factor expy/t), the phases of the wave functions
pulse with chirpe, the frequency axis becomes a time axis as We”’that fpllow the different paths evolve differently. Both paths
with, for largea, t=4ma(»— vc). In the limit of weak coupling of ~contribute to the population transfer from the ground sGite

the states, the traversion timgsandt, of the level crossings can 0 the final statd2). The magnitude of the phase difference
be calculated from the transition frequencieg=r,— v, andv,,  depends on the energy difference between the paths and the
=p,— ;. The relationship between accumulated phase differencéme it takes to chirp from the first to the second resonance.
and the area enclosed by the two routes is discussed in the Appefhe time interval is determined by the chigpof the laser

dix. pulse in combination with the frequency differenéebe-

FIG. 2. A dressed-level energy diagram of the eigenenergies
a three-level system. The lines show the unperturbed dressed-st
eigenenergies as a function of laser-field frequefigy The levels
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FIG. 3. A dressed-level energy diagram of the eigenenergies of i 4. A dressed-level energy diagram of the eigenenergies of
the rotational manifold for three lowest vibrational states of the NOsubIeveImJ:O of the rotational manifold for three lowest vibra-
molecule. The lines show the unperturbed energies as a function @fonal states of the NO molecule interacting with a chirped laser
laser-field frequencyH(v). Parallel lines belong to different rota- ,,se (v=2.0x10"25<). All model-pulse parameters equal the ex-
tional levelsJ of the same vibrational state) and are labeled perimental pulse, except for an increase of the fluediggi,= 100
|V."J3nh”>- The boldface symbols represent the dipole-allowed cou- @y, to increase the visibility of the level splittings induced by
plings byP, /-, Q,,»~, andR,»-type transitions. The two basic he molecule—laser-field interaction.
interference pl)aths are indicated. The triangle represents interference
Qzpn—Qrr(42), I.€., between the two-photon path and the pathjines represent different rotational states belonging to the
with the two resonant transitior;(52) «Ry(42). One can cal-  same vibrational level. The positions of the dipole-allowed
culate the interference frequenay, = w/A from the enclosed area p Q, andR transitions from vibrational level” to v’ are
Aui=(81/2)%, with 8,=—64.55cm’ the anharmonicity between jyqicated by the symbol®, ., Qy,», andR, . When
t_hgse (trlain)smonjv.i;he '[X:lpiz[ll(,l? /g?zol/v(sﬁt?ze)zl?terfirﬁgce g*aihs the dipole coupling between the dressed rovibrational levels
_4226 érﬁl 5= —18 2gacrﬁ1 2 8 2 is included in the Hamiltonian, the degeneracies of the

' P ' ' dressed states at the positions indicated by these symbols are
wween the transitions. The phase difference is a linear funCr_emoved for non-zero-laser-field strengths. This situation for
. . " P I : states withm;=0 (i.e., when all rotational states are allowed
tion of the chirp, and sinusoidal oscillations in the transfer toto coupld is depicted in Fig. 4 for a laser intensity of
the top levelas a function of the chijpare observed. For the P P 9- Y

: =8.5x 10"*W cm 2, which corresponds to an electric-field
enclosed area between two pathways in the dressed-level dlat- - )
: : : o Strength of F=2.6x10°Vm™1, as calculated for a pulse
gram of a magnitudd, the interference period, . is given with chirp a=2x10-25€ and r{@)=3.0 ps (with shortest
as(see the Appendix pa= @)=3.0p

duration 7o=379fs ata=0 &)). Depending on the strength
- of the dipole couplingdetermined by the IR intensityand
Aon=7- (1)  the rate of frequency sweepletermined by the chijpthe
avoided crossings of the dressed states are traversed either

) | he | ; more or less adiabatically. There is a large number of inter-
Equation(1) may be used as long as the instantaneous fregying paths that start from a specific rotational legélin

quency inc_reases Iinearly_in timez which is the case for 8he vibrational ground stat9,J”) and lead to population
strongly chirped laser puldee., having a pulse duration that 4, qfer 1o excited staf@,J). For the definition of a specific

Is at least thrge times larger thgn the transform limited I3'U|Sepath the following nomenclature is introduced: a total differ-
with a Gaussian temporal profile.

ence in rotational quantum numbard=(J—J") between

initial and final state is called aJyx(J) path, whereAJ

B. Introduction of a nomenclature for the excitation paths e{0,P,Q,R,S} and X,Y e{P,Q,R,2ph, corresponding to
in a rovibrational ladder system a series of resonant dipole-allow&y:,», Q,», Or Ryry»

The vibrational ladder system in NO is more complicatedfansitions, or to a direct two-photon process. Bdr=—2,
than the simple three-level system treated in the preceding L' O+ 1 Or 2, the path symbol Byx, Pyx, Qyx, Ryx, or
section. First, a large number of vibrational states, x, respectively, after the general convention used in
=37) is present in the potential well of the electronic ground[23’25|' To d|scr|m|nate_ transitions towards lower vibra-
stateX 2IT,/, [23]. In addition, each vibrational state is split tional states, the symbokor Y are usede.g., pathwayQpr
into a number of rotational states. Figure 3 displays a zeroleaves a molecule in the same state as it stafied)—|v
laser-field-strength  dressed-level energy diagram of the-1J+1)—|v,J)). The subscriptX,Yidentify the consecu-
eigenenergies/0J”;(n+1)hv), |1J";nhv), and [2J;(n  tive sequence of transitions, describing each path in a unique
—1)hv) of the three lowest vibrational states of the NO way. For example, the gray triangle in Fig. 3 is enclosed by
molecule as a function of the photon enerdy). Parallel two paths that transfer population froju”,J")=|0,43) to
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TABLE II. The label, the consecutive transitions, and the intermediate states for all possible paths for
two-photon processes that populé2el) from [0,J").

O paths
Opp =PyP1y =[2J;(n—1)hv)«|1J+1;nhv) «|0J+2;(n+1)hv)
Ozpn =0z  =[2J;(n—1)hv)«|virtual stat¢ —[0J+2;(n+1)hv)
P paths

Pop = QP10 =[2J;(n—1)hv)—[1d;nhv)  «—|0J+1;(n+1)hv)
Ppo =P21Q10 =[2J;(n—1)hv)—[1J+1;nhv) «—|0J+1;(n+1)hv)
P2ph =Pao =|2,J;(n—1)hv)«|virtual stat¢ «|0,J+1;(n+1)hv)
Q paths
Qpr =PxR1p =[2J;(n—1)hv)«|1J+1;nhv) «|0,J;(n+1)hv)
Qrp =Ry1P1p =[2J;(n—1)hv)«—|1J—1;nhv) «|0J;(n+1)hv)
Qoo =Q21Q2, =[2J;(n—1)hv)y—[1J;nhv)  «—|0J;(n+1)hv)
Qph=Qz  =[2J;(n—1)hv)«|virtual stat¢ «—|0,J;(n+1)hv)
R paths
Ror =QuRio =[2J;(n—1)hv)—[1d;nhv)  «—|0J—1;(n+1)hv)
Rro =R21Q10 =[2J;(n—1)hv)—[1J—1;nhv) «—|0J—1;(n+1)hv)

Roph =Rz =[2J;(n—1)hv)«|virtual stat¢ «|0,J—1;(n+1)hv)
S paths

Srr =R21R10 =[2J;(n—1)hv)«|1I—1;nhv) «|0J—2;(n+1)hv)

Saph = S0 =|2J;(n—1)hv)«|virtual staté «|0,J—2;(n+1)hv)

[2,43) either via|1,55), labeled Qpr(43), or via a two- ondly, to enhance the transfer for a given sign of the chirp of
photon transition, |abe|e@zph(4%)- Both paths contribute to the Ia_ser pulse, th_e instantane(_)us frequency h_as to fo_ll_ow f[he
the population of[2,4%). To gain some insight into which ordering of transition f_requenmes. _Whether th|§ condition is
paths can occur, in Table Il the label, the consecutive tranM€t depends on the sign of the chirp, the rotational quantum
sitions, and the intermediate states for all possible paths th&umberJ, and on the spectroscopic parameters for the vibra-
populate|2,J) from |0,J”) are displayed. tional frequencyw,, the anharmonic constami.x., and the
The above-introduced labeling system can easily be extotational constanB, of the particular moleculésee, e.g.,
tended for higher-order photon processes by extending the3]). Since the direct two-photon excitation occurs at a
number of subscripts. For example, populatjBg) from  single frequency, th¥,,, paths always meet this condition.
|0,13) by the three consecutive single-photon transitionsThe pathsPpq, Qpr, Qoq. andRgr clearly have a nega-
Rax(33), Roy(23), Ryo(12) is labeled byTrr(43). tive anharmonicity for all levels, and contribute forr<<O
only. However, for the other patti®qp, Qrp, andRgg) the
condition sets restrictions on the subsef @hlues for which
C. Strength of interfering pathways population transfer is allowed. This subset is different for

Returning to the gray triangle of Fig. 3, its enclosed areabOth signs of the chirp. For example, transfer to te-2

can be attributed uniquely to interference betw&uk(43) State Of_ the NO molecule with the chirp=<0, the path
. o . Pop(J) is allowed forJe{13,...,65} only. For the reverse
and Q,,1(43). The corresponding oscillation period can be ™ @7 _ _ 2 VR
calculated from Eq. (1) with 6,(4%)={1[Py(53)] sign of the chirp, this path is allowed fd=75. Similarly,
— [Ry(4})]}=—64.55¢cn! to be agprozph@%):&‘l% for <0 the pathQgp(J) is allowed forJe{15,25,35} and

x10"26&. The gray trapezium in Fig. 3 shows the areafor >0 for J=43. Finally, for <0 the pathRgo(J) is
enclosed by pathQQpr(13) and Qrp(13). Its area is allowed forde{13,...,8} and forJ=93 if a>0.
Aya=[(8512)%— (85/2)?] with 5,(13)={v[P,1(23)] The anharmonicity corresponding to a specific path of the
N — ~1 1y _ 1 rovibrational ladder is the sum of the anharmonicities of the

"[Rif17)]}=-44.66 cm ™ and d5(12)={1[Rai(>)] rotational and vibrational ladders,q,in(J)= 8,0(J) + Syip -
Pl B The sign of 6,4, IS @ function of the rotational quantum
ayPROSR(13)=2.123< 107 %S, numberJ. This can be attributed to the competition between

There are two conditions determining the contribution ofthe positive anharmonicity of the rotational ladde;(J)
each path to the population transfer to the upper state. First, J] and the negative anharmonicity of the vibrational lad-
its contribution is proportional to the product of the Rabider. Obviously, when multiple consecutive transitions to
frequency of the two transitions. In general, paths containingigher vibrational levels are involved, the anharmonicity can
Q transitions only play a role for the lowest rotational states change sign, which would frustrate population transfer along
since their Hol-London factors are small compared to thosegych a path by a laser pulse with a linear chirp. This topic is
for P andR transitions(F y ()<0.01 forJ=41%) [26]. Sec- discussed in more detail in Sec. V C.

—[P1o(13)]}=—18.22 cm?, corresponding to a period of
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IV. DRESSED-STATE DESCRIPTION multiplying by ¢ ;, and integration over space yields the
OF COHERENT CONTROL following equation for the time dependence of the expansion
OF MOLECULAR VIBRATIONAL EXCITATION coefficientsa, ;(t):

In this section we describe the formalism for calculating; JO=E, ja, 5()
the time evolution of the molecular wave function in the =~ " v

vibrational excitation scheme. As a result of the chirped laser J'=3+1
excitation, a coherent superposition of rovibrational states is +> > ayr 3 (O)(y sl @-FO)| gy 30), (6)
formed. This situation is conveniently described using the v 3'=3-1

dressed-molecule approach, where the propagation of the SUhere E, , is the eigenenergy of state’,J'). Next, the

perposition is cqlculated in a frame Which rgtates at the in- ropagation of the wave packet is transferred to a rotating
stantaneous optical frequency of the excitation laser. In th|$ ame by writing the expansion coefficients as

approach, the superposition is decomposed in eigenstates S
the molecule plus field Hamiltonian. The expansion coeffi- o
cients of the molecular wave function in terms of these states a,  (t)= 2 aV,J,n(t)e‘”“’ct, (7)
are stationary as long as the laser field is constant, and only n=-o
change with the amplitude or frequency of the laser field
which are slowly varying functions of time. The molecular . . =V, M o
vibrational excitation can be analyzed in terms of an adialions Of time. Subsitution '”ﬁ?ﬁq‘@' requiring that for
batic or diabatic propagation over curves corresponding tgachn the '!‘d'V'd“a' orders 0™ are equal on both sides
individual dressed eigenstatéepending on the behavior at of Eq. (6) yields
the series of avoided crossings which are encountered
The time dependence of the molecular wave function i

Where the coefficienta, ; ,(t) now are slowly varying func-

dhay 5 () =(E, 3+ inwc)a, 5n(t)

given by the Schidinger equation as J=J+1
W) + 2 Ao 1Ol A FO[ P11
. J=3-1
=HMOWY()=[Hotu -F(OI¥M). (2

dt J'=J+1
- - + 2 a1yl A FE) 1),

Here H, represents the molecular Hamiltonian giadF(t) J=3-1
represents the interaction of the molecule, with dipole mo- (8)

ment x with the (chirped laser fieldlf(t). The wave func- )
tion can be expanded in terms of the rotational and vibraWith
tional eigenfunctions of the electronic ground stxtéll,,

according to F(t)=Fma;z exp(—T't?). 9
Vi ® Compared to Eq(6) the eigenenerg¥, ; has been re-
W (t)= a. «(t . 3 placed by a dressed-state enefgy;+nw., which can be
® Zo 320 va(D s @ interpreted as the total energy of the molecule and the laser

field. According to Eq.(8) different molecular and photon-
number states are coupled by single-photon laser transitions.
In principle, Eq.(8) describes an infinite series of coupled
differential equations. However, in the rotating wave ap-
roximation (RWA), where far off-resonant couplings from
v,J;nv) to v',J';An"v) are neglected, the mathematical
treatment can be considerably simplified. In the RWA the
infinite ladder of interacting dressed states is separated into
finite blocks of self-contained states which only interact
among themselves. The rotational-state-dependent transition
matrix elements in Eq8) are replaced by the representative

R . . . v’ 3" m] .
F(t)=F naf i {exd —T(a)t2]expiot) +c.cl,  (4) smgle-p_hotqn trgnsmon matrix elemer(ﬂszv’lmJ I(t). With
these simplifications, Eq8) reduces to

The laser fieldlf(t) couples rotational levels of one vibra-
tional stateX 2I1,,(v") with levels in the adjacent vibra-
tional stateX 2I1,,,(v'), where|v”—v’|=1. All vibrational
states are’Il states, hence the couplings are subject to th
selection rule AJ=0,+1, where the relative coupling
strength is calculated from the "HieLondon factors F,)

for 2I1-2I1 transitions[26] and the appropriate Bsymbols
[27]. The electric field of the laser pulse is linearly polarized
in the z direction and taken Gaussian in the time domain:

wherel'(«) is given by ¥y 30()=(Ey g+ hinwc)ay 5 n(t)
r 3 8ln2 |71 T v+1J3",m’
(0[)— W+4Ia y (5) +J’§71 §v+1,J’,r‘I—1(t)QV"]YmJ J(t)
with Aw the bandwidth of the short laser pulse of central VIt T
frequencyw.=2mv. and « the amount of chirp. + > av-107.0+2(DLQ, 510 7O,
Substitution of the expansion of the wave function E3j. I=a-1

into the time-dependent Scliiager equation, Eq(2), left (10)
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whereQzJ"Jm’JmJ(t) is the Rabi frequency for single-photon 1X10Ja—' oo
excitation: o i
W
- 8
roqr ! 2/2 re F(t) ﬁ 7
v',J"m AY; s S5x10
O o ()= =2 XFu(v,Jv",J") 5
S i
J 1 )2 oL
X ! (11) !
m; 0 —m
J J sx107f =
X
The coupled Eqs(8) for the coefficientsa, ; ,(t) can be & - .
written in matrix form as o ,
« 2107 .
ai(t) =2 Hij(ta(t). (12 ¢
] 0= 1 L 1 N 1 . 1 N 1 1 1
! | ! I ' I ! I ' I ! | i
The ability to control the efficiency of molecular vibrational & gq0¢F .
excitation using chirped laser pulses enters through the pres‘\;. - .
ence of the chirpy in T'(@) in the dressed-state Hamiltonian. 3 410° .
Equation(12) can be solved using standard numerical tech-% s .
niques. . S 210 .
In the present problem the laser field couples molecularg - .
eigenstates subject to the selection rule3=0,=1, Am; ol — 1« 1 11
=0. For each initially populated state with total rotational Ax10% -8x10™ 6x10™* 4x10* 2x10* O
angular momentund, the projection of the angular momen- Chirp « (s2)

tum m; is restricted tqm;| €{3,...,J}. For given laser-field o
conditions the dressed-state Hamiltonian describes the cou- FIG; 5. The top panel shows the population |m,J,m;)
plings amongall levels for a giverm . =12,3,3) as a function of the chirp, as calculated for an IR laster

H _ +~1 _ =1
The final population distribution after the excitation by PUIS€ withhy=1850cm”, Ah»=50cm™, and a fluence ofP

a 5 S . .
the chirped laser pulse is computed by integrating the time_—zs mJcm*. The presence of multiple interferences is obvious.

.- - - “The middle and bottom panel display the populatiof2of3,3) and
depend.ent Schd_nnger e.quatlon over. Ehe pulse duration, |2,1%,1%), respectively. Note the remarkable difference in the behav-
where, if the variations in the laser fiefd are rather slow oy of the two differentm, sublevels in the same rotational stafes

[Eq. (9)], large time steps for the numerical integration arethe initial state was a Boltzmann distribution over four rotational
allowed. Since the ac-Stark shif28] of the eigenstates is |evels (0" {%,...,3L}) with all their m] sublevels of three vibra-
described by the mixing of the unperturbed eigenstates, fional states " €{0,1,2) with T,,=14 K andT,;,=1 K.

larger number of states must be used as basis set. In order to

obtain converged results, typically 5—10 rotational states - o

were included for each of the 3—7 vibrational levels of the=25mJcm*. For a=0, the pulse duration is,=0.4 ps. At
NO X 21, electronic ground state that were included. Thethe corresponding peak intensity ,=83x 10° W cm~?)
calculation predicts how the probability amplitude of everythe single-photon Rabi frequencies are typically less than
single state}v,J,_mJ> is redistributed over all othe#y,J,rm) Q¥ M < 1% 10 rad s with mj=m, since the laser
states. To obtain the final-state population distribution over VM )

the|v,J,m;) states, the incoherent sum is calculated by mulfiéld is linearly polarized. The values of the set of parameters
tiplying the computed redistribution matrix with the vector used in the simulation correspond to the conditions of the
that describes the initial population distribution over the€xperiment.

states)v,J,m;). Figure 5 shows the predicted population distribution, as
calculated using four rotational level €{3,...,3;}, and
V. RESULTS OF CALCULATIONS the corresponding sublevats;, for each of the three vibra-

tional states/” €{0,1,2, as a function of the chirp in the
excited vibrational stat2,J,m;) (from top to bottom panel,

In this subsection the appearance and origin of the rotarespectively,2,3,3), |2,13,3), and|2,13,13)). At first inspec-
tional interferences is more closely examined. We firsttion it is clear from the irregular oscillatory behavior that
present results of calculations using a relatively small basisnultiple interference periods are present. This is in contrast
set, which allows us to perform the calculations over a sigwith the sinusoidal behavior of the oscillations as a function
nificantly wider range of chirp than a fully converged calcu- of the chirp in the simple three-level ladder system in ru-
lation. Using the model described in the preceding sectionbidium [9,10].
calculations were performed for the vibrational excitation of  For each of the individugl,m;) levels of thev” =2 state
the electronic ground stad °I1,,, of the NO molecule by a the population oscillates with a different set of periods. To
chirped IR(hy=1850cm !, Ahv=50cm 1) laser pulse that identify the contributions of the different interfering path-
is Gaussian in the time domain with a fluenck  ways the results shown in Fig. 5 are Fourier transformed

A. Most relevant interference pathways
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2x10™" TABLE IlI. Frequencies (1d,, ps 2 for interference between
- pairs of paths for all possible paths that transport population from
sy o g [0J”,m]) to |2,J,mj).
E E1x10"7' n_cq:ou - 11 11 1.1 11 1.1 1,1
ks g . i . 232 2153 121313 (2,232 (22513 (2,23,25)
AN 5 ON & ON
¢ w %, i Opp-Ogpn 173 172 172 171 171 171
of = — Por-Ppg 158 263 263 367 367 3.67
' Ppo-Papn 3.09 373 373 444 444 4.44
< ex10" . Pop-Popn  1.51 1.11 1.11 0.76 0.76 0.76
5 = .o QprQoo 186 341 341 521 521 521
i 5 o Qpr-Qrp 4.71 7.06  7.06
o hlgiE B s 533 Qpr-Qopn 410 565 565 745 745 7.45
o &'g 'g7 e TS
P88 9% ww o Qoo Qrp 1.30 1.86  1.86
gxo
o oL _=xo¢° Qoo-Qzpn 224 224 224 224 224 224
N ' ' QrrQaph 0.94 038 038
S 20% 5 g } RorRro 1.58 264 264
X T D g
5 = K g Ror-Rapn 3.11 377  3.77
E S o2 Foses . & ) 1 RroRapn 1.53 113 113
$9% 9oyt d Gl SeSw L76
o ok : (e ]:4 I OO n_n. In:c D.n_ I On. 4/\.-
2x10™ 4x10% 6x10% population distribution present in the molecular beam. In

Reciprocal Chirp (s'z)

Fig. 7 the total populations in the vibrational statés-1, 2,
3, and 4 are shown as a function of chirp for a laser pulse

FIG. 6. The three panels display Fourier transforms of the popuwith »=1845cm?®, Av=50cm %, and a fluence ofd
lation of, respectively|2,5,3), [2,13,3), and[2,15,13), as they are  =25mJcm2 For the calculation a total of 45 states were
shown in Fig. 5. The labels indicate the predicted interference freysed:v” {0, ...,4, Je{3,...,8}, andm; was restricted
quencie_s as calculated from the enclosed afeas Sec. Ill and to |my| E{%,_“,\]}_ The calculation weighed the contribution
Appends. of each initial state to the final states with the thermal popu-
lation of that initial state. The thermal initial population was
calculated for two different casesil) a Boltzmann distri-
bution withT,,=14 K andT,;,=1K, i.e., for onlyv”"=0 as
Nnitial state,(ll) same agl); but nowT,;,= 300K (see Table
) (circles in Fig. 7 ata=—1x10 2°%).

The final-state population distribution is shown in Fig. 7
for both casdl) (dashed curvesand casell) (solid curves.

after multiplication with a Hanning windo@29]. The calcu-
lation was performed for a large numbed £ 2°) of equi-
distant chirp values, providing a sufficient spectral resolutio
in a fast Fourier transfornfFFT) to identify interference pe-
riods with pairs of interfering paths. Figure 6 shows the FFT
of the population transferred to each of ff#&J,m;) levels.

The labels in Fig. 6 indicate the frequencies, (see also Note that the range of chirp for which the population is

Table Ill) as calculated from the different enclosed areasy o \vn is now much smaller than for Fig. 5. The temperature
[using Eq.(1)], corresponding to the pairs of interfering values of caséll) represent the experimental conditioi;,

paths. Obviously, each peak corresponds to a pair of interi- determined from the experiments[ih7], and T, equals

fe.rmg pathways. However, t.here IS not a_lways a peak Preset ym temperature since no vibrational cooling in the super-
W'th every label. In the low intensity regime the peak he'ghtsonic expansion is assumed. The top panel shows that, for
is proportional to the product of the Rabi frequendisse case(ll), the population transfer to”=1 by the IR laser is

5}%‘ (Iﬁ'é)ﬁ]l-ifo;h deoaw?agigegpeg sprit:IIS Ee(ic,ru(lznier:talirr]] trri?:t'it\'/z?s several times the thermally present populatioricated by
’ 9 Y the circles ata=—1x10 5. As expected for the first

small Rabi frgquenmes f.or those partlcular trar!3|t|ons. .__excited state in a ladder system in the low intensity limib
Summarizing, the period of the interference in population

. ) . o X epletion of thev”=0 state, the population inv"=1 (top
as a function of the chirp can be identified with the enclosecfiane) only is a function of the fluence ambt of the chirp.

areas between the interfering pathways and the most impo Sne panel down, the final population wi=2 is displayed,

tant contribution comes from the two paths with the largest” . : S
. . . which shows a strong enhancement for negative chirp, i.e.,
product of their Rabi frequencies.

when the instantaneous frequency follows the consecutive
steps up the vibrational ladder. For positive chirp tHe
=2 population is expected to go to zero, since the molecule
Next, the model discussed in Sec. IV was applied to simuis irradiated with the required frequencies for transferring
late the experiments discussed in Sec. Il. Calculations werpopulation fromv”= 2«1 beforethe frequencies that trans-
performed with laser-pulse parameters that equal those fder population fromv”=1+0. Consequently there would be
experiments performed at FELIX.7]. The population redis- no population inv”=1 that can be passed oni6=2. This
tribution over the rovibrational states of the electronicnotion is confirmed by the prediction for cage (dashed
ground state of NOX 2I1,,, was computed, using a Boltz- curve. For case(ll), however, there always is a nonzero
mann distribution(with T,,; and T,;;,) to model the initial  population transfer to”=2. This is attributed to transfer of

B. Interference in the population as a function of chirp
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FIG. 8. The final population distribution over the staf2d, m;)
v= as a function of the chirp, calculated for temperature ¢bselhe
1 squares, circles, and diamonds denote the population in the states
1 |2,3,my), |2,13,m,), and|2,25,m;), respectively. Different values
- of m; belonging to the samé@ are denoted by the same symbol,
. with m; increasing from the top to the bottom data sg@fs., the
3 -7\ blevel withm,= 3 i fficient! lated f ¢h
e /- | sublevel withm;= 3 is most efficiently populated for eachlevel).
J; : 4 v=4 The total population if2) is shown as a solid curv@nd is identical
Q
2

Population in

Population in

- ] the dashed curve shown in the second panel from the top in Fig. 7

(] - - - - - [temperature casg)]).

-2x10% 0 2x10% ; ; P
in the calculations in Fig. 6, and therefore we can now use
Chirp o (s”) : the results of Fig. 6 to assess the interferences which give

rise to the oscillations in the” =2 population in the experi-

FIG. 7. The predicted population for, respectivelff=1, 2, 3, 11

o 11 o
and 4 as a function of the chirp, for a Gaussian laser pulse wit ent: For .eXC|t.a'F|on tov,J,my)=|23,3) starting '”|9’5'5 '
v=1845cm?t and Av=50cm ! for a pulse fluence ofd the signal is originated b@-type pathways, apq an mterfer-
=25mJcm?2 For the calculation nine rotational levels with all €Nc€Qpr— Qqq takes place between a transition proceeding
their m, sublevels in five vibrational states of N® 2I1,, were by & succession of aR- and aP-branch transitiorii.e., via
included. The prediction for the final population distribution is cal- |1.3,3)) and a succession of tw@-branch transition§.e., via

culated for an initial Boltzmann distribution of the population with |1,3,3). For excitation starting if0,3,3) the dominant signal

() T,=14K and T,;,=1K (dashed curvésand for (Il) T, arises from excitation t¢2,3,3), which is efficiently reached
=14K and T,;,=300K (solid curves. The circles ata=—1 (i) by a succession of B andR transition(i.e., via|1,3,3),
X 10" % indicate the initial thermal population of the vibrational pathwayQpg), (ii) by a succession of aR andP transition
states for casél) (see Table)l (i.e., via|1,3,3), pathwayQgp), and (iii) via a direct two-

photon transition, pathwa®,,,. Two interferences between
population that is thermally presentwi=1. The weak os- these pathways are identifiable in the calculations of Fig. 6
cillations in the dashed and solid curves for negative chirgmiddle panel, namely, interferenc®pr—Qgrp, between
show interference between several pathways. Here the intepaths(i) and(ii) and interferenc®pgr— Qzpn, between paths
ference mechanism which was introduced in the previousii) and(iii).
paragraphs is operative. The summing over all rotational The lowest two panels of Fig. 7 show the population in
states which are present in the beam causes the oscillations\fi=3 andv”=4 as a function of chirp. The curves have the
the populations of individual rotational states to partially av-Same features as the curve fgf=2, but the interferences

erage out. Nevertheless the origin of the residual oscillationsire more pronounced. This is due to the consecutive nature
both in theory and experiment, can be inferred. of the transfer up on the vibrational ladder: since both the

Figure 8 displays the calculated’=2 population as a distribution of the population over the rotational states and
function of the chirp for the individual2,J,m;) levels for  the interference periods,, do not change very much for the
Je{i,..., 24 along with the total populatiorsolid curve, ~NEXt Steps up on the ladder, the transfer efficiency is en-
same data as in Fig.)7This figure shows that under the hanced(or reduced for the same values of the chirp as for

ot . )
experimental conditions the calculated populatiow 2 is the transfer_ toy _2'. Henqe th_e oscillatory structure in the
3 transfer to intermediate vibrational states, as caused by the

dominated by contributiond”=3%, my=3, andJ’=3, m; . . o .
—1. The observation that sublevels with,=% are most mterfgrence effects, is augmented as it is passed on to higher
vibrational states.

efficiently excited to the2) level persists in the calculations
for higher vibrational states. This selectionmf=31 sublev-
els means that the excited molecules become more aligned
with the polarization direction of the IR laser with every step  In the high-fluence limit the laser field is sufficiently
up on the vibrational ladder. These states were also includestrong to saturate the rovibrational transitions. For an elec-

C. Population transfer in the high-fluence limit
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tronic three-level ladder system in the rubidium atom it hasculated from the predicted population of st&teJ,m;) by
been shown that, in the high-fluence limit, full transfer of themultiplying by the appropriate Hd-London factors and 3+
population from the ground to the top state by appropriatesymbols[27] for the NOA 23 (v')—X ?II,,(v") transition.
chirping of the laser pulse is possidl&0], using the tech- It was assumed that the ionization probability from the
nique of rapid adiabatic passad@4,30. For efficient A 23(v’,J") state is independent of the quantum numbers in
chirped-pulse excitation of the HF molecule calculations aréhe A 2% (v’,J") state[31]. The simulated REMPI signals
performed by Chelkowski and Bandrauk, including the effectrom the individual state$v,J,m;) were summed over the
of rotations[8]. In their paper an optimum in the transfer up Qi1 (for J”e{3,...,4}) and P,; branches (for J”

the ladder as a function of the initial rotational state is ob-c{13,...,43}), yielding the calculated REMPI signal from
served forJ=5, for negatively chirped laser pulses. Intu- the NO{’,v")y band. Figure 1 displays both the measured
itively, one would expect maximum excitation for the lowest and calculated REMPI signéfor T,ir=300K) as a function
rotational states since they have the largest transition dipolgf the chirp. TheY-axis scaling is adjusted for each indi-
moments. However, since the HF molecule has bd®aad  vidual v”. The agreement between the simulation and the
anR band connecting two vibrational states, population thaineasurement is quite satisfactory. w4 the experimen-

is pumped up fromjv,J) to [v+1J+1) by anR, 3, can tally observed chirp dependence drops off considerably
subsequently become transferred down [t0J) by the  sharper than in the calculations, which is likely to be due to
P, v+1 resonancepathwayQpg), before being excited to the deviations in the wings of the spectrum of the FELIX IR
next vibrational statév +2,J+2) by theR, . 5, ; transition  pulse from our model Gaussian pulse. The importance of
(pathway Sgr). Thereafter, the molecule is no longer ex- taking the thermal population in the higher vibrational states
posed to the frequencies required for pumping up to higheinto account is illustrated by the agreement between experi-
vibrational states. One can calculate the minimum rotationamental data and the simulation fef =2, which both do not
level for which the next step upR{.,y+1) always comes go to zero fora>0 andT,;,=300K.

before a step dowfeither byQ, , .1, for NO (the electronic In the case of/=2, the analysis in the preceding section
ground state of NO is an intermediate coupling case betweesiready provided a rationalization of the interference path-
Hund’s casea andb, allowing Q transitions for its lowest ways which are responsible for the oscillations in the signal
rotational states or by P, ,.;, for NO and HR. This de-  at negative chirp. For large negative valuesaoboth the
mands that[P, . 1(J)]<?[Ry.2y+1(J)]. An estimate of experiment and the theory show a reduction inwthe 3 and
these transition frequencies, made using the first two Duny”=4 population due to destructive interference between
ham coefficientsv, and weX, for the vibrational energy and different rotational pathways. We have not attempted to as-
Be for the rotational energy, yields falp>weXe/(2B¢).  sess which pathways are contributing most to the population
Since Q transitions are allowed for the NO molecule, transfer in this case, since for the basis sets required to com-
V[Quv+1(I)I<V[Ry12y+1(3)], or Jo>weX/(Be). The  pute the transfer to these high vibrational levels the calcula-
above conditions yield for HF, withwex,=152cmt and  tions at large chirp became prohibitive.

B.=21cml, Jp=4, and for NO, withwex,=14.19cm?

andB.=1.7cm!, Jp=43 andJo=83 (the latter is not an VI. SUMMARY

iti icti i itions are alr weak for : ; ; i
additional restriction sinc@ transitions are already weak fo In this article we have discussed results from experiments

J=43). So only rotational states witi>Jp can become and model calculations on rotational interference in vibra-
efficiently populated by a negatively chirped laser pulsetional ladder climbing in theX 2I1,,, state of NO. In the
This explains why for HF the lowest rotational states, despitexperiment the infrared pulses from a free electron laser
their largest transition dipole moments, are not most effi(FEL) are frequency chirped. The populations in the vibra-
ciently transferred to higher vibrational levels. For NO, in tionally excited states of the electronic ground state of NO
the low-fluence limit of the experiment, we have observedare probed with a $1 REMPI technique. For the one-
that the lowest states are most efficiently transferred, becaushoton process, driving population from=0 to v=1, we

of their largest transition dipole moment. Since for the low-found no significant dependence on the chirp, as expected.
est rotational states of N@ transitions are allowed, it is Eqr the two-photon transition from=0 tov=2 viav=1
possible to transfer consecutively up-down-up by the paththe excitation was enhanced when the negative chirp of the
way Qpor- This requires that »[P,,_,(J+ 12] laser pulse followed the negative anharmonicity of the vibra-
>V[Ry11y(J)], 0r Jpgr<(weXe—Be)/2Be, OF Jpor=33. tional ladder. However, the total populationwf 2 showed
Figure 3 shows that actualypgr=23, which is probably an oscillatory behavior as a function of the applied chirp to
due to neglect of the higher-order Dunham coefficients in thehe infrared laser pulse. These oscillations are attributed to
approximation of the transition frequencies. More impor-interfering rotational pathways. With the help of the model
tantly, the presence of the three resonances for the loweshliculations, the most relevant pathways resulting in the os-
three rotational states of the N®ZII,, state allows, in the cillations in thev=2 population are assigned. The oscilla-
high-fluence limit, efficient chirped-pulse excitation of tions in thev=3 andv=4 population, due to complex ro-
highly excited vibrational states that are rotating very slowly,tational interfering pathways, are found to be even more
if rotating at all. pronounced.
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APPENDIX: THE RELATION BETWEEN
THE OSCILLATION PERIOD a5,
AND THE ENCLOSED AREA

For a Gaussian pulse with a rather large linear chignd
central frequency., the instantaneous frequency at titvig
given by[32]

(ty+t)/2
A¢=47Tf vi—[vo+v(t)]dt.

ty

(A4)

For a strongly chirped Gaussian pulse, the instantaneous fre-
quency is a linear function of time, so

(Vz— Vo)/z

A¢:4af (vy—

V17 vo

vo—v)dv, (Ab)

and, with the anharmonicityd= (vo1— vig)=[(vo—vq)
—(v1—vo)],

v
p(t)= v+ —t. (A1)
a o
: _— Ap=5 & (A6)
The phase difference between the contributions by the upper 2
path | and lower path Il is o ) )
For A¢p=21 the oscillation periody,,. is
t 4
ro= [ - wyat (A2) .y (A7)
1

and, given the dressed-state eigenfrequenci&i(t)
=E;(t)/A=2n[v;+njv(t)]:

Ap=2mw

(t1+15)/2
J' vi+nv(t)—[vo+(n+1)p(t)]dt
ty

t
+f ? vi+nv(t) —[ve+(n—1)p(t)]dt|.
(ty+tp)2

(A3)

The enclosed ared in the dressed-level diagram &
=(6/2)%, hence,

v

a2ﬂ.=K. (A8)

This expression is also valid for differently shaped enclosed
areas. EquatioriA8) may be used as long as the instanta-
neous frequency increases linearly in time, which is the case
for a strongly chirped laser pulgee., having a pulse dura-

One can easily see that only the relative photon number is dfon that is at least three times larger than the transform lim-
importance. Since the enclosed area has the shape of a rigted pulse with a Gaussian temporal profile.
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