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Rotational interference in vibrational ladder climbing in NO by chirped infrared laser pulses

D. J. Maas,* M. J. J. Vrakking, and L. D. Noordam
FOM Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands

~Received 6 October 1998; revised manuscript received 19 March 1999!

Results from experiments and model calculations on rotational interference in vibrational ladder climbing in
the X 2P1/2 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 scale.@S1050-2947~99!03808-1#

PACS number~s!: 42.50.Hz, 42.65.Re, 41.60.Cr, 33.80.2b
ia
ly
w
n
-

nc
o

ci
h
t
a
s

em
ls
co
th

as
t

o
g
ul
th
-
by

im
f
u
th
lie
r-

b
w
i

la
t

le

ion
an
e
be-
as

e
able
ll as
cy.
ob-
ned
a-
act
se-
in
ri-
n-

fer-

the
by
e
iza-
x-

y-

of

ase
e
r-

Be-
iza-
g
of

ln
I. INTRODUCTION

In studies of infrared multiphoton excitation and dissoc
tion of polyatomic molecules a limiting factor is frequent
the ability of a molecule to efficiently absorb the first fe
photons before it reaches a quasicontinuum of vibratio
levels, e.g.,@1–5#. This is largely due to the fact that molecu
lar vibrations are anharmonic, so that the energy differe
between successive vibrational levels decreases as
progresses up a vibrational ladder. Short-pulse laser ex
tion opens interesting new possibilities in this regard. T
wide bandwidth of femtosecond laser pulses means tha
principle photons for a number of successive transitions m
simultaneously be present in a single femtosecond la
pulse, whereas the high power of modern laser syst
means that multiple photon absorptions within a single pu
are possible. Furthermore, the spectral phase of femtose
laser pulses can be manipulated. By applying a chirp to
pulse, for example, the instantaneous frequency of the l
can be adapted to the evolution of the molecule as i
pumped up the vibrational ladder@6–8#.

In this paper we present results on the experimental
servation of enhanced vibrational ladder climbing throu
the application of chirped laser pulses. Experimental res
are presented which show that the efficiency of exciting
NO molecule from thev950 ground vibrational state to vi
brational statesv85224 can be considerably enhanced
the application of a down-chirped laser pulse~i.e., a pulse
where the instantaneous laser frequency decreases in t!.
At the same time, the experiments show the existence o
additional constraint on the transfer efficiency, which is d
to interferences in the excitation between competing pa
ways connecting the same initial and final states. In ear
work @9,10# on chirped pulse excitation of Rb atoms, inte
ferences in the transfer from the 5s ground state to the 5d
excited state of Rb were observed due to competition
tween two-step resonant excitation and nonresonant t
photon excitation. While this same mechanism is active
the current experiment, we will show here that in a molecu
system an even more important interference arises due to
availability of competing rotational pathways. For examp

*Present address: Philips Research Labs, Prof. Holstlaa
5656 AA Eindhoven, The Netherlands.
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excitation to final stateuv52,J9& from initial state uv9
50,J9& is possible via intermediate statesuv851,J85J9
11&, uv851,J85J9&, and uv851,J85J921&. The beating
of all these independent contributions to the populat
transfer to excited rovibrational states of NO results in
oscillatory behavior as a function of the chirp. It will b
shown that rotational interference explains the oscillatory
havior of the transfer efficiency to higher vibrational states
a function of the chirp of the excitation laser pulse.

The organization of this paper is as follows. In Sec. II w
present the experimental results, showing a consider
chirp enhancement for down-chirped laser pulses as we
the occurrence of interferences in the transfer efficien
Sections III–V are devoted to a detailed analysis of the
served interferences. In Sec. III, a procedure is explai
which allows us to predict at which values of the chirp p
rameter interferences between competing pathways will
constructively or destructively. These predictions are sub
quently tested in a numerical model which is introduced
Sec. IV, and which is used in Sec. V to simulate the expe
ments. Both the increase in the transfer efficiency for dow
chirped laser pulses and the occurrence of rotational inter
ences are reproduced in the calculations.

In recent years a lot of attention has been devoted to
question of how molecular dynamics can be controlled
using tailored laser pulses@11#. A number of schemes hav
been proposed to control dissociation pathways or isomer
tion of polyatomic molecules, and a few experimental e
amples of chirp-controlled electronic excitation of pol
atomic molecules have been obtained@12,13#. Stimulated
Raman involving rapid adiabatic passage~STIRAP! has also
been applied to NO and resulted in significant population
the vibrationally excited states@14,15#. Recently vibrational
ladder climbing has been performed in the condensed ph
by Heilweil’s group@16# and for molecules in the gas phas
in our group@17#. Our present study illustrates the impo
tance of taking into account rotational interferences@18# in
the analyses of molecular coherent control experiments.
cause of the occurrence of rotational interferences optim
tion of the transfer efficiency in vibrational ladder climbin
of the NO molecule relies not only on a correct ordering
the frequencies for successive vibrational transitions~a down
chirp instead of an up chirp!, but, in addition, on the actua
magnitude of the chirp as well.
4,
1351 ©1999 The American Physical Society
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II. EXPERIMENTAL DATA
ON VIBRATIONAL LADDER CLIMBING

In the experiment on vibrational ladder climbing a m
lecular beam of NO crosses at right angles an infrared la
pulse. The infrared pulse is generated by the free elec
laser free-electron laser for infrared experiments~FELIX!
@19#. This laser is tunable both in frequency and bandwid
For the experiments reported here the laser is set anc

51845 cm21 and Dn550 cm21 for a pulse fluence ofF
525 mJ cm22. The chirp of the laser pulse is controlled wi
an all reflective shaper operating in the infrared@20#. After
exposure to the infrared laser pulse, the rovibrational dis
bution of the excited NO molecule is probed using the re
nantly enhanced multiphoton ionization~REMPI! technique
@21,22#. In the experiment~see also@17#! the population of
vibrational stateuv& is measured by tuning an UV laser wit
a bandwidth ofDnUV51.85 cm21 to the coincidingQ11 and
P21 branches of the NOA 2S(v8)2X 2P1/2(v9) or
NO(v8,v9)g bands. Due to the large bandwidth of the U

laser, rotational levels withJ9P$ 1
2 ,...,41

2 % are probed simul-
taneously. For the measured rotational temperature ofTrot
514 K almost all population is present in these rotatio
states. The distribution over theJ levels does not shift dra
matically after absorption of a few IR photons@17#. There-
fore, most of the population in vibrationally excited states
also probed via the same manifold of lines of the lowJ levels
via Q11 andP21 branches of the NO(v8,v9)g band. The NO1

ion signal is amplified by an El-Mul Micro Sphere Pla
~MSP!. The MSP signal is recorded by a digital oscillosco
and stored in a computer. In a typical experiment the
yield is recorded for different settings of the pulse shaper
hence for different chirp values.

Figure 1 shows the population in the vibrationally excit
statesv51 to v54 of NO after exposing the molecules to
chirped infrared laser pulse. The full line represents a mo
calculation that is discussed in detail in Sec. V. Positive v
ues ofa correspond to an increasing laser frequency dur
the pulse, hence a red-to-blue chirp, while negative value
a correspond to a blue-to-red chirp. The absolute value oa
is a measure for the rate at which the frequency change
large value ofuau corresponds to a slow change in frequen
and therefore a long duration of the pulse. In a molecule
NO where the vibrational transition frequencies decrease
higher excited states, one expects that in a multistep ex
tion process the transfer is enhanced for negativea.

The top panel in Fig. 1 shows that the population in t
first excited state (v51) is independent of the chirp. In th
perturbative intensity regime, with little population transf
per vibrational step, thev50 to v51 transition can, to first
order, be considered as an isolated two-level system,
initially 99.99% of the population in the ground state. T
population in the excited state depends in that case alm
exclusively on the power spectrum at the resonant freque
and not on the order of the nonresonant frequencies in
laser pulse. Hence thev51 population is expected to b
independent of the chirp.

For two-photon excitation to thev52 state the order o
the frequencies is relevant, as can be seen in Fig. 1.
negative chirp the transfer tov52 is enhanced: the molecul
is first exposed to the radiation corresponding to thev50 to
er
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v51 transition and subsequently to radiation correspond
to thev51 to v52 transition. At positive chirp the popula
tion is nonzero despite the frequency order. This populat
is not due to two-photon excitation from the ground state,
due to the one-photon transfer of thermally presentv51
population. Since the thermal population ofv52 andv53
is negligible~see Table I!, no population is transferred in
one-photon process at positive chirp tov53 andv54, re-
spectively.

For the higher vibrational states~i.e., v53,4! we observe
an enhanced transfer for negative chirp values as well.
markably, the transferred population oscillates as a func
of chirp. An intuitive picture of the quantum interference
different rotational excitation routes that causes these os
lations is discussed in the next section.

III. MULTIPLE ROTATIONAL INTERFERENCE
IN CLIMBING THE VIBRATIONAL LADDER

A. Interference in three-level ladder systems

We introduce a dressed-state picture of the eigenstate
describe the effect of chirp and contributions of interferi
pathways. Figure 2 shows a diagram of the eigenenergie
the dressed states of an anharmonic three-level system
function of the photon energy. The ground stateu0& is dressed
~pushed up! by 1 photon and has an eigenfrequency ofn0
1n, wheren is the laser frequency andn0 the undressed

FIG. 1. The measured population ofv951, 2, 3, and 4 as a
function of the chirp of the IR laser pulse. The population is prob
by 111 REMPI via the NOA 2S(v8) state. At the band head th
low rotational states (J9P$ 1

2 ,...,41
2 %) of the coincidingQ11 andP21

branches of the NO(v8,v9)g bands are probed. The curves are t
results of the model calculations discussed in Secs. IV and V.
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TABLE I. The thermal initial population distribution over the rovibrational statesuv,J& ~with vP$0,...,4% and JP$ 1
2 ,...,81

2 %) for Trot

514 K andTvib5300 K, i.e., temperature case~II ! of the calculation. Each subleveluv,J,mJ& is populated byPmJ
5PJ /(2J11), with PJ

the uv,J& population, corresponding to an isotropic initial distribution. Numbers in square brackets indicate powers of ten.

v\J 1
2 11

2 21
2 31

2 41
2 51

2 61
2 71

2 81
2

0 0.298 0.356 0.226 0.906@21# 0.241@21# 0.437@22# 0.547@23# 0.474@24# 0.287@25#

1 0.369@24# 0.440@24# 0.280@24# 0.112@24# 0.298@25# 0.541@26# 0.676@27# 0.587@28# 0.356@29#

2 0.522@28# 0.624@28# 0.396@28# 0.158@28# 0.423@29# 0.766@210# 0.957@211# 0.831@212# 0.503@213#

3 0.845@212# 0.101@211# 0.642@212# 0.257@212# 0.684@213# 0.124@213# 0.155@214# 0.135@215# 0.815@217#

4 0.156@215# 0.187@215# 0.119@215# 0.476@216# 0.127@216# 0.230@217# 0.287@218# 0.249@219# 0.151@220#
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eigenfrequency of the wave function. The intermediate s
u1& is undressed and its eigenfrequency (n1) is independent
of the laser frequency. The top stateu2& is dressed~pulled
down! by 21 photon, and has an eigenfrequency ofn22n in
the laser field. The dressed ground state crosses the inte
diatev51 state at the frequencyn10 and a similar crossing
occurs between the intermediate state and the final state
n21 the dressed ground state (n01n) and the dressed fina
state (n22n) intersect and a direct two-photon transition
possible. The ladder anharmonicityd is defined as@n21
2n10#. For vibrational laddersdvib'223vexe ~see @23#,
with for NO vexe514.187 cm21.! The dressed-level schem
as shown in Fig. 2 is drawn for a ladder system with a ne
tive anharmonicityd,0, which is a general feature of vibra
tional ladders in molecules such as NO. At the end of S
III C, when the rotational structure of a molecule is include
the sign of the anharmonicity of the rovibrational ladder
shown to be a function of the rotational quantum numbeJ.

With the help of Fig. 2 we can describe the general f
tures of the interaction of a chirped laser pulse with a thr
level system. For a chirped laser pulse, the instantane
photon frequency is a function of time@see Eq.~A1!#. The
begin and end times are determined by the upper and lo
limits of the spectral energy in the laser bandwidth and
relationship between time, chirp, and the instantaneous

FIG. 2. A dressed-level energy diagram of the eigenenergie
a three-level system. The lines show the unperturbed dressed
eigenenergies as a function of laser-field frequency~n!. The levels
are labeledun0 ;(n11)n&, un1 ;nn&, andun2 ;(n21)n&. The transi-
tion frequencies are indicated byn10 andn21. For a Gaussian lase
pulse with chirpa, the frequency axis becomes a time axis as w
with, for largea, t54pa(n2nc). In the limit of weak coupling of
the states, the traversion timest1 and t2 of the level crossings can
be calculated from the transition frequenciesn105n12n0 and n21

5n22n1 . The relationship between accumulated phase differe
and the area enclosed by the two routes is discussed in the Ap
dix.
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quency. Suppose that the laser pulse has a negative chirp
we start in the ground state~top right in Fig. 2!. While the
radiation frequency is decreasing we encounter the trans
to the first excited state atn10 and the population can b
transferred to this state~adiabatic passage!. Now we are at
the intermediate state~horizontal line! and encounter the sec
ond transition frequency atn21 where the population can b
transferred to the final stateu2&. This population transfer pro
cess, with the intuitive frequency order, is marked as pa
in the figure. An alternative route to populate the top st
starting from the ground state is shown as path II. In t
route the population is not transferred at the subsequent r
nance frequencies~which are traversed diabatically!, but di-
rect at the two-photon resonance frequency. Each of the
paths accumulates its own phase. The phase differenc
determined by the time interval between the crossing of re
nances and on the magnitude of the anharmonicity of
ladder. Since the above-mentioned time interval depends
the speed of the frequency sweep~i.e., on the chirp!, the
accumulated phase difference between the paths is a fun
of the chirp. For sufficiently large chirp the instantaneo
frequency of a Gaussian laser pulse increases linearly
time. Under this condition the phase difference is prop
tional to the chirp, and the oscillation perioda2p can be
defined as the length of the interval between two subseq
chirp values for which the phase difference equals 2p.

In the paper of Ballinget al. @9# both the experimenta
results and the model calculations on the three-level
bidium ladder system~i.e., the electronic ladder formed b
the 5s-5p-5d states! showed an oscillatory behavior in th
utop& state population as a function of the chirp of the las
pulse. These oscillations were attributed to quantum inter
ence@24# between two excitation paths, both contributing
the final top-state population.

Now we derive a relation between the area enclosed
two pathways~e.g., I and II as shown in Fig. 2! and the
oscillation perioda2p of the interference. The period of th
interference wiggles can be explained by phase differen
between the interfering paths. The two paths correspon
different dressed-state energies\W. Since the wave function
contains a factor exp(iWt), the phases of the wave function
that follow the different paths evolve differently. Both path
contribute to the population transfer from the ground stateu0&
to the final stateu2&. The magnitude of the phase differenc
depends on the energy difference between the paths an
time it takes to chirp from the first to the second resonan
The time interval is determined by the chirpa of the laser
pulse in combination with the frequency differenced be-
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1354 PRA 60D. J. MAAS, M. J. J. VRAKKING, AND L. D. NOORDAM
tween the transitions. The phase difference is a linear fu
tion of the chirp, and sinusoidal oscillations in the transfer
the top level~as a function of the chirp! are observed. For the
enclosed area between two pathways in the dressed-leve
gram of a magnitudeA, the interference perioda2p is given
as ~see the Appendix!

a2p5
p

A
. ~1!

Equation~1! may be used as long as the instantaneous
quency increases linearly in time, which is the case fo
strongly chirped laser pulse~i.e., having a pulse duration tha
is at least three times larger than the transform limited pu!
with a Gaussian temporal profile.

B. Introduction of a nomenclature for the excitation paths
in a rovibrational ladder system

The vibrational ladder system in NO is more complicat
than the simple three-level system treated in the prece
section. First, a large number of vibrational states (vmax
537) is present in the potential well of the electronic grou
stateX 2P1/2 @23#. In addition, each vibrational state is sp
into a number of rotational states. Figure 3 displays a ze
laser-field-strength dressed-level energy diagram of
eigenenergiesu0,J9;(n11)hn&, u1,J8;nhn&, and u2,J;(n
21)hn& of the three lowest vibrational states of the N
molecule as a function of the photon energy (hn). Parallel

FIG. 3. A dressed-level energy diagram of the eigenenergie
the rotational manifold for three lowest vibrational states of the N
molecule. The lines show the unperturbed energies as a functio
laser-field frequency (hn). Parallel lines belong to different rota
tional levelsJ of the same vibrational stateuv& and are labeled
uv,J;nhn&. The boldface symbols represent the dipole-allowed c
plings byPv8v9-, Qv8v9-, andRv8v9-type transitions. The two basi
interference paths are indicated. The triangle represents interfer
Q2ph2QPR(4 1

2 ), i.e., between the two-photon path and the p
with the two resonant transitionsP21(5

1
2 )—R10(4

1
2 ). One can cal-

culate the interference frequencya2p5p/A from the enclosed area
Atri5(d1/2)2, with d15264.55 cm21 the anharmonicity between
these transitions. The trapezium shows the interference pathsQPR

2QRP(1 1
2 ), with Atra5@(d2/2)22(d3/2)2# and d25

244.66 cm21, d35218.22 cm21.
c-
o
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e-
a

e

g

o-
e

lines represent different rotational states belonging to
same vibrational level. The positions of the dipole-allow
P, Q, andR transitions from vibrational levelv9 to v8 are
indicated by the symbolsPv8v9 , Qv8v9 , and Rv8v9 . When
the dipole coupling between the dressed rovibrational lev
is included in the Hamiltonian, the degeneracies of
dressed states at the positions indicated by these symbol
removed for non-zero-laser-field strengths. This situation
states withmJ50 ~i.e., when all rotational states are allowe
to couple! is depicted in Fig. 4 for a laser intensity ofI
58.531011W cm22, which corresponds to an electric-fiel
strength ofF52.63109 V m21, as calculated for a pulse
with chirp a52310225s2 and t~a!53.0 ps ~with shortest
durationt05379 fs ata50 s2!. Depending on the strengt
of the dipole coupling~determined by the IR intensity! and
the rate of frequency sweep~determined by the chirp! the
avoided crossings of the dressed states are traversed e
more or less adiabatically. There is a large number of in
fering paths that start from a specific rotational levelJ9 in
the vibrational ground stateu0,J9& and lead to population
transfer to excited stateu2,J&. For the definition of a specific
path the following nomenclature is introduced: a total diffe
ence in rotational quantum numberDJ5(J2J9) between
initial and final state is called aDJYX(J) path, whereDJ
P$O,P,Q,R,S% and X,YP$P,Q,R,2ph%, corresponding to
a series of resonant dipole-allowedPv8v9 , Qv8v9 , or Rv8v9
transitions, or to a direct two-photon process. ForDJ522,
21, 0, 1 or 2, the path symbol isOYX , PYX , QYX , RYX , or
SYX , respectively, after the general convention used
@23,25#. To discriminate transitions towards lower vibra
tional states, the symbolsX̄ or Ȳ are used~e.g., pathwayQPR
leaves a molecule in the same state as it started:uv,J&˜uv
11,J11&˜uv,J&!. The subscriptsX,Y identify the consecu-
tive sequence of transitions, describing each path in a un
way. For example, the gray triangle in Fig. 3 is enclosed

two paths that transfer population fromuv9,J9&5u0,41
2 & to

of

of

-

ce

FIG. 4. A dressed-level energy diagram of the eigenenergie
sublevelmJ50 of the rotational manifold for three lowest vibra
tional states of the NO molecule interacting with a chirped la
pulse (a52.0310225 s2). All model-pulse parameters equal the e
perimental pulse, except for an increase of the fluence:Fcalc5100
3Fexpt, to increase the visibility of the level splittings induced b
the molecule–laser-field interaction.
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TABLE II. The label, the consecutive transitions, and the intermediate states for all possible pat
two-photon processes that populateu2,J& from u0,J9&.

O paths
OPP 5P21P10 [u2,J;(n21)hn&—u1,J11;nhn& —u0,J12;(n11)hn&
O2ph 5O20 [u2,J;(n21)hn&—uvirtual state& —u0,J12;(n11)hn&

P paths
PQP 5Q21P10 [u2,J;(n21)hn&—u1,J;nhn& —u0,J11;(n11)hn&
PPQ 5P21Q10 [u2,J;(n21)hn&—u1,J11;nhn& —u0,J11;(n11)hn&
P2ph 5P20 [u2,J;(n21)hn&—uvirtual state& —u0,J11;(n11)hn&

Q paths
QPR 5P21R10 [u2,J;(n21)hn&—u1,J11;nhn& —u0,J;(n11)hn&
QRP 5R21P10 [u2,J;(n21)hn&—u1,J21;nhn& —u0,J;(n11)hn&
QQQ 5Q21Q22 [u2,J;(n21)hn&—u1,J;nhn& —u0,J;(n11)hn&
Q2ph 5Q20 [u2,J;(n21)hn&—uvirtual state& —u0,J;(n11)hn&

R paths
RQR 5Q21R10 [u2,J;(n21)hn&—u1,J;nhn& —u0,J21;(n11)hn&
RRQ 5R21Q10 [u2,J;(n21)hn&—u1,J21;nhn& —u0,J21;(n11)hn&
R2ph 5R20 [u2,J;(n21)hn&—uvirtual state& —u0,J21;(n11)hn&

S paths
SRR 5R21R10 [u2,J;(n21)hn&—u1,J21;nhn& —u0,J22;(n11)hn&
S2ph 5S20 [u2,J;(n21)hn&—uvirtual state& —u0,J22;(n11)hn&
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u2,41
2& either via u1,51

2&, labeled QPR(4 1
2 ), or via a two-

photon transition, labeledQ2ph(4
1
2 ). Both paths contribute to

the population ofu2,41
2&. To gain some insight into which

paths can occur, in Table II the label, the consecutive tr
sitions, and the intermediate states for all possible paths
populateu2,J& from u0,J9& are displayed.

The above-introduced labeling system can easily be
tended for higher-order photon processes by extending
number of subscripts. For example, populatingu3,41

2& from
u0,11

2& by the three consecutive single-photon transitio

R32(3
1
2 ), R21(2

1
2 ), R10(1

1
2 ) is labeled byTRRR(4

1
2 ).

C. Strength of interfering pathways

Returning to the gray triangle of Fig. 3, its enclosed a
can be attributed uniquely to interference betweenQPR(4 1

2 )
and Q2ph(4

1
2 ). The corresponding oscillation period can

calculated from Eq. ~1! with d1(4 1
2 )5$n@P21(5

1
2 )#

2n@Rs(4
1
2 )#%5264.55 cm21 to be a2p

QPR2Q2ph(4 1
2 )58.486

310226s2. The gray trapezium in Fig. 3 shows the ar
enclosed by pathsQPR(1 1

2 ) and QRP(1 1
2 ). Its area is

Atra5@(d2/2)22(d3/2)2# with d2(11
2)5$n @P21(2

1
2 )#

2n@R10(1
1
2)#%5244.66 cm21 and d3(1 1

2 )5$n@R21(
1
2 )#

2n@P10(1
1
2 )#%5218.22 cm21, corresponding to a period o

a2p
QPR2QRP(1 1

2 )52.123310225s2.
There are two conditions determining the contribution

each path to the population transfer to the upper state. F
its contribution is proportional to the product of the Ra
frequency of the two transitions. In general, paths contain
Q transitions only play a role for the lowest rotational stat
since their Ho¨nl-London factors are small compared to tho

for P andR transitions~FHL(Q),0.01 forJ>4 1
2 ! @26#. Sec-
-
at

x-
he

s

a

f
st,
i
g
,

ondly, to enhance the transfer for a given sign of the chirp
the laser pulse, the instantaneous frequency has to follow
ordering of transition frequencies. Whether this condition
met depends on the sign of the chirp, the rotational quan
numberJ, and on the spectroscopic parameters for the vib
tional frequencyve , the anharmonic constantvexe , and the
rotational constantBe of the particular molecule~see, e.g.,
@23#!. Since the direct two-photon excitation occurs at
single frequency, theY2ph paths always meet this condition
The pathsPPQ , QPR , QQQ , andRQR clearly have a nega
tive anharmonicity for allJ levels, and contribute fora,0
only. However, for the other paths~PQP , QRP , andRRQ! the
condition sets restrictions on the subset ofJ values for which
population transfer is allowed. This subset is different
both signs of the chirp. For example, transfer to thev952
state of the NO molecule with the chirpa,0, the path
PQP(J) is allowed forJP$1 1

2 ,...,61
2 % only. For the reverse

sign of the chirp, this path is allowed forJ>7 1
2 . Similarly,

for a,0 the pathQRP(J) is allowed forJP$1 1
2 ,21

2 ,31
2 % and

for a.0 for J>4 1
2 . Finally, for a,0 the pathRRQ(J) is

allowed forJP$1 1
2 ,...,81

2 % and forJ>9 1
2 if a.0.

The anharmonicity corresponding to a specific path of
rovibrational ladder is the sum of the anharmonicities of
rotational and vibrational ladder:d rovib(J)5d rot(J)1dvib .
The sign ofd rovib is a function of the rotational quantum
numberJ. This can be attributed to the competition betwe
the positive anharmonicity of the rotational ladder@d rot(J)
;J# and the negative anharmonicity of the vibrational la
der. Obviously, when multiple consecutive transitions
higher vibrational levels are involved, the anharmonicity c
change sign, which would frustrate population transfer alo
such a path by a laser pulse with a linear chirp. This topic
discussed in more detail in Sec. V C.
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IV. DRESSED-STATE DESCRIPTION
OF COHERENT CONTROL

OF MOLECULAR VIBRATIONAL EXCITATION

In this section we describe the formalism for calculati
the time evolution of the molecular wave function in th
vibrational excitation scheme. As a result of the chirped la
excitation, a coherent superposition of rovibrational state
formed. This situation is conveniently described using
dressed-molecule approach, where the propagation of the
perposition is calculated in a frame which rotates at the
stantaneous optical frequency of the excitation laser. In
approach, the superposition is decomposed in eigenstat
the molecule plus field Hamiltonian. The expansion coe
cients of the molecular wave function in terms of these sta
are stationary as long as the laser field is constant, and
change with the amplitude or frequency of the laser fie
which are slowly varying functions of time. The molecul
vibrational excitation can be analyzed in terms of an ad
batic or diabatic propagation over curves corresponding
individual dressed eigenstates~depending on the behavior a
the series of avoided crossings which are encountered!.

The time dependence of the molecular wave function
given by the Schro¨dinger equation as

i\
dC~ t !

dt
5H~ t !C~ t !5@H01mW •FW ~ t !#C~ t !. ~2!

Here H0 represents the molecular Hamiltonian andmW •FW (t)
represents the interaction of the molecule, with dipole m
mentmW with the ~chirped! laser fieldFW (t). The wave func-
tion can be expanded in terms of the rotational and vib
tional eigenfunctions of the electronic ground stateX 2P1/2
according to

C~ t !5 (
v50

vmax

(
J50

`

av,J~ t !cv,J . ~3!

The laser fieldFW (t) couples rotational levels of one vibra
tional stateX 2P1/2(v9) with levels in the adjacent vibra
tional statesX 2P1/2(v8), whereuv92v8u51. All vibrational
states are2P states, hence the couplings are subject to
selection rule DJ50,61, where the relative coupling
strength is calculated from the Ho¨nl-London factors (FHL)
for 2P-2P transitions@26# and the appropriate 3J symbols
@27#. The electric field of the laser pulse is linearly polariz
in the z direction and taken Gaussian in the time domain

FW ~ t !5FmaxeW z
1
2 $exp@2G~a!t2#exp~ ivct !1c.c.%, ~4!

whereG~a! is given by

G~a!5S 8 ln 2

Dv2 14ia D 21

, ~5!

with Dv the bandwidth of the short laser pulse of cent
frequencyvc52pnc anda the amount of chirp.

Substitution of the expansion of the wave function Eq.~3!
into the time-dependent Schro¨dinger equation, Eq.~2!, left
r
is
e
su-
-
is
of

-
s
ly
,

-
to

s

-

-

e

l

multiplying by cv,J* , and integration over space yields th
following equation for the time dependence of the expans
coefficientsav,J(t):

i\ȧv,J~ t !5Ev,Jav,J~ t !

1(
v8

(
J85J21

J85J11

av8,J8~ t !^cv,JumW •FW ~ t !ucv8,J8&, ~6!

where Ev,J is the eigenenergy of stateuv8,J8&. Next, the
propagation of the wave packet is transferred to a rota
frame, by writing the expansion coefficients as

av,J~ t !5 (
n52`

`

aI v,J,n~ t !einvct, ~7!

where the coefficientsaI v,J,n(t) now are slowly varying func-
tions of time. Substitution into Eq.~6!, requiring that for
eachn the individual orders ofeinvct are equal on both side
of Eq. ~6! yields

i\aİ v,J,n~ t !5~Ev,J1\nvc!av,J,n~ t !

1 (
J85J21

J85J11

av11,J8n21~ t !^cv,JumW •F̃W ~ t !ucv11,J8&

1 (
J85J21

J85J11

av21,J8,n11~t!^cv,JumW •F̃W * ~ t !ucv21,J8&,

~8!

with

F̃W ~ t !5FmaxeW z
1
2 exp~2Gt2!. ~9!

Compared to Eq.~6! the eigenenergyEv,J has been re-
placed by a dressed-state energyEv,J1\nvc , which can be
interpreted as the total energy of the molecule and the la
field. According to Eq.~8! different molecular and photon
number states are coupled by single-photon laser transiti
In principle, Eq.~8! describes an infinite series of couple
differential equations. However, in the rotating wave a
proximation~RWA!, where far off-resonant couplings from
uv,J;nn& to v8,J8;\n8n& are neglected, the mathematic
treatment can be considerably simplified. In the RWA t
infinite ladder of interacting dressed states is separated
finite blocks of self-contained states which only intera
among themselves. The rotational-state-dependent trans
matrix elements in Eq.~8! are replaced by the representati

single-photon transition matrix elementsVv,J,mJ

v8,J8,mJ8(t). With
these simplifications, Eq.~8! reduces to

i\vİ v,J,n~ t !5~Ev,J1\nvc!aI v,J,n~ t !

1 (
J85J21

J85J11

aI v11,J8,n21~ t !Vv,J,mJ

v11,J8,mJ8~ t !

1 (
J85J21

J85J11

aI v21,J8,n11~ t !@Vv,J,mJ

v21,J8,mJ8~ t !#* ,

~10!
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whereVv,J,mJ

v8,J8,mJ8(t) is the Rabi frequency for single-photo

excitation:

Vv,J,mJ

v8,J8,mJ8~ t !5
2mW v,v8•FW ~ t !

\
3FHL~v,J,v8,J8!

3S J8 1 J

mJ8 0 2mJ
D 2

. ~11!

The coupled Eqs.~8! for the coefficientsaI v,J,n(t) can be
written in matrix form as

aİ i~ t !5(
j

Hi j ~ t !aI j~ t !. ~12!

The ability to control the efficiency of molecular vibration
excitation using chirped laser pulses enters through the p
ence of the chirpa in G~a! in the dressed-state Hamiltonia
Equation~12! can be solved using standard numerical te
niques.

In the present problem the laser field couples molecu
eigenstates subject to the selection rulesDJ50,61, DmJ
50. For each initially populated state with total rotation
angular momentumJ, the projection of the angular momen

tum mJ is restricted toumJuP$ 1
2 ,...,J%. For given laser-field

conditions the dressed-state Hamiltonian describes the
plings amongall levels for a givenmJ .

The final population distribution after the excitation b
the chirped laser pulse is computed by integrating the tim
dependent Schro¨dinger equation over the pulse duratio
where, if the variations in the laser fieldF̃ are rather slow
@Eq. ~9!#, large time steps for the numerical integration a
allowed. Since the ac-Stark shift@28# of the eigenstates is
described by the mixing of the unperturbed eigenstate
larger number of states must be used as basis set. In ord
obtain converged results, typically 5–10 rotational sta
were included for each of the 3–7 vibrational levels of t
NO X 2P1/2 electronic ground state that were included. T
calculation predicts how the probability amplitude of eve
single stateuv,J,mJ& is redistributed over all otheruv,J,mJ&
states. To obtain the final-state population distribution o
the uv,J,mJ& states, the incoherent sum is calculated by m
tiplying the computed redistribution matrix with the vect
that describes the initial population distribution over t
statesuv,J,mJ&.

V. RESULTS OF CALCULATIONS

A. Most relevant interference pathways

In this subsection the appearance and origin of the r
tional interferences is more closely examined. We fi
present results of calculations using a relatively small ba
set, which allows us to perform the calculations over a s
nificantly wider range of chirp than a fully converged calc
lation. Using the model described in the preceding sect
calculations were performed for the vibrational excitation
the electronic ground stateX 2P1/2 of the NO molecule by a
chirped IR~hn51850 cm21, Dhn550 cm21! laser pulse that
is Gaussian in the time domain with a fluenceF
s-

-

r

l

u-

-

a
r to
s

r
l-

a-
t
is
-

n,
f

525 mJ cm22. For a50, the pulse duration ist050.4 ps. At
the corresponding peak intensity (I max5833109 W cm22)
the single-photon Rabi frequencies are typically less th

Vv,J,mJ

v8,J8,mJ8<131011rad s21, with mJ85mJ since the laser

field is linearly polarized. The values of the set of paramet
used in the simulation correspond to the conditions of
experiment.

Figure 5 shows the predicted population distribution,

calculated using four rotational levelsJ9P$ 1
2 ,...,31

2 %, and
the corresponding sublevelsmJ , for each of the three vibra
tional statesv9P$0,1,2%, as a function of the chirpa in the
excited vibrational stateu2,J,mJ& ~from top to bottom panel,
respectively,u2,1

2,
1
2&, u2,11

2,
1
2&, and u2,11

2,1
1
2&!. At first inspec-

tion it is clear from the irregular oscillatory behavior th
multiple interference periods are present. This is in contr
with the sinusoidal behavior of the oscillations as a funct
of the chirp in the simple three-level ladder system in
bidium @9,10#.

For each of the individualuJ,mJ& levels of thev952 state
the population oscillates with a different set of periods.
identify the contributions of the different interfering path
ways the results shown in Fig. 5 are Fourier transform

FIG. 5. The top panel shows the population inuv,J,mJ&
5u2,1

2 , 1
2 & as a function of the chirpa, as calculated for an IR laste

pulse with hn51850 cm21, Dhn550 cm21, and a fluence ofF
525 mJ cm22. The presence of multiple interferences is obviou
The middle and bottom panel display the population ofu2,11

2,
1
2& and

u2,11
2,1

1
2&, respectively. Note the remarkable difference in the beh

ior of the two differentmJ sublevels in the same rotational statesJ.
The initial state was a Boltzmann distribution over four rotation
levels (J9P$ 1

2 ,...,31
2 %) with all their mJ9 sublevels of three vibra-

tional states (v9P$0,1,2%) with Trot514 K andTvib51 K.
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after multiplication with a Hanning window@29#. The calcu-
lation was performed for a large number (N529) of equi-
distant chirp values, providing a sufficient spectral resolut
in a fast Fourier transform~FFT! to identify interference pe-
riods with pairs of interfering paths. Figure 6 shows the F
of the population transferred to each of theu2,J,mJ& levels.
The labels in Fig. 6 indicate the frequenciesa2p ~see also
Table III! as calculated from the different enclosed are
@using Eq. ~1!#, corresponding to the pairs of interferin
paths. Obviously, each peak corresponds to a pair of in
fering pathways. However, there is not always a peak pre
with every label. In the low intensity regime the peak heig
is proportional to the product of the Rabi frequencies@see
Eq. ~11!# of the two interfering paths. For certain transitio
the Hönl-London factors are small, resulting in relative
small Rabi frequencies for those particular transitions.

Summarizing, the period of the interference in populat
as a function of the chirp can be identified with the enclos
areas between the interfering pathways and the most im
tant contribution comes from the two paths with the larg
product of their Rabi frequencies.

B. Interference in the population as a function of chirp

Next, the model discussed in Sec. IV was applied to sim
late the experiments discussed in Sec. II. Calculations w
performed with laser-pulse parameters that equal those
experiments performed at FELIX@17#. The population redis-
tribution over the rovibrational states of the electron
ground state of NOX 2P1/2 was computed, using a Boltz
mann distribution~with Trot and Tvib! to model the initial

FIG. 6. The three panels display Fourier transforms of the po
lation of, respectively,u2,1

2,
1
2&, u2,11

2,
1
2&, and u2,11

2,1
1
2&, as they are

shown in Fig. 5. The labels indicate the predicted interference
quencies as calculated from the enclosed areas~see Sec. III and
Appendix!.
n

s

r-
nt
t

n
d
r-
t

-
re
or

population distribution present in the molecular beam.
Fig. 7 the total populations in the vibrational statesv951, 2,
3, and 4 are shown as a function of chirp for a laser pu
with n51845 cm21, Dn550 cm21, and a fluence ofF
525 mJ cm22. For the calculation a total of 45 states we
used:v9P$0, . . . ,4%, JP$ 1

2 ,...,81
2 %, andmJ was restricted

to umJuP$ 1
2 ,...,J%. The calculation weighed the contributio

of each initial state to the final states with the thermal po
lation of that initial state. The thermal initial population wa
calculated for two different cases:~I! a Boltzmann distri-
bution withTrot514 K andTvib51 K, i.e., for onlyv950 as
initial state,~II ! same as~I!; but nowTvib5300 K ~see Table
I! ~circles in Fig. 7 ata521310225s2!.

The final-state population distribution is shown in Fig.
for both case~I! ~dashed curves! and case~II ! ~solid curves!.
Note that the range of chirp for which the population
shown is now much smaller than for Fig. 5. The temperat
values of case~II ! represent the experimental conditions:Trot
is determined from the experiments in@17#, andTvib equals
room temperature since no vibrational cooling in the sup
sonic expansion is assumed. The top panel shows that
case~II !, the population transfer tov951 by the IR laser is
several times the thermally present population~indicated by
the circles ata521310225s2!. As expected for the first
excited state in a ladder system in the low intensity limit~no
depletion of thev950 state!, the population inv951 ~top
panel! only is a function of the fluence andnot of the chirp.
One panel down, the final population inv952 is displayed,
which shows a strong enhancement for negative chirp,
when the instantaneous frequency follows the consecu
steps up the vibrational ladder. For positive chirp thev9
52 population is expected to go to zero, since the molec
is irradiated with the required frequencies for transferri
population fromv952—1 beforethe frequencies that trans
fer population fromv951—0. Consequently there would b
no population inv951 that can be passed on tov952. This
notion is confirmed by the prediction for case~I! ~dashed
curve!. For case~II !, however, there always is a nonze
population transfer tov952. This is attributed to transfer o

-

-

TABLE III. Frequencies (1/a2p ps22) for interference between
pairs of paths for all possible paths that transport population fr
u0,J9,mJ9& to u2,J,mJ&.

u2,1
2,

1
2& u2,11

2,
1
2& u2,11

2,1
1
2& u2,21

2,
1
2& u2,21

2,1
1
2& u2,21

2,2
1
2&

OPP-O2ph 1.73 1.72 1.72 1.71 1.71 1.71
PQP-PPQ 1.58 2.63 2.63 3.67 3.67 3.67
PPQ-P2ph 3.09 3.73 3.73 4.44 4.44 4.44
PQP-P2ph 1.51 1.11 1.11 0.76 0.76 0.76
QPR-QQQ 1.86 3.41 3.41 5.21 5.21 5.21
QPR-QRP 4.71 7.06 7.06
QPR-Q2ph 4.10 5.65 5.65 7.45 7.45 7.45
QQQ-QRP 1.30 1.86 1.86
QQQ-Q2ph 2.24 2.24 2.24 2.24 2.24 2.24
QRP-Q2ph 0.94 0.38 0.38
RQR-RRQ 1.58 2.64 2.64
RQR-R2ph 3.11 3.77 3.77
RRQ-R2ph 1.53 1.13 1.13
SRR-S2ph 1.76
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population that is thermally present inv951. The weak os-
cillations in the dashed and solid curves for negative ch
show interference between several pathways. Here the in
ference mechanism which was introduced in the previ
paragraphs is operative. The summing over all rotatio
states which are present in the beam causes the oscillatio
the populations of individual rotational states to partially a
erage out. Nevertheless the origin of the residual oscillatio
both in theory and experiment, can be inferred.

Figure 8 displays the calculatedv952 population as a
function of the chirp for the individualu2,J,mJ& levels for

JP$ 1
2 ,...,21

2 % along with the total population~solid curve,
same data as in Fig. 7!. This figure shows that under th
experimental conditions the calculated population inv52 is
dominated by contributionsJ95 1

2 , mJ5 1
2 , and J95 3

2 , mJ
5 1

2 . The observation that sublevels withmJ5 1
2 are most

efficiently excited to theu2& level persists in the calculation
for higher vibrational states. This selection ofmJ5 1

2 sublev-
els means that the excited molecules become more alig
with the polarization direction of the IR laser with every st
up on the vibrational ladder. These states were also inclu

FIG. 7. The predicted population for, respectively,v951, 2, 3,
and 4 as a function of the chirp, for a Gaussian laser pulse w
nc51845 cm21 and Dn550 cm21 for a pulse fluence ofF
525 mJ cm22. For the calculation nine rotational levels with a
their mJ sublevels in five vibrational states of NOX 2P1/2 were
included. The prediction for the final population distribution is c
culated for an initial Boltzmann distribution of the population wi
~I! Trot514 K and Tvib51 K ~dashed curves! and for ~II ! Trot

514 K and Tvib5300 K ~solid curves!. The circles ata521
310225 s2 indicate the initial thermal population of the vibration
states for case~II ! ~see Table I!.
p
er-
s

al
in

-
s,

ed

ed

in the calculations in Fig. 6, and therefore we can now u
the results of Fig. 6 to assess the interferences which g
rise to the oscillations in thev952 population in the experi-

ment. For excitation touv,J,mJ&5u2,1
2 , 1

2 & starting inu0,1
2,

1
2&,

the signal is originated byQ-type pathways, and an interfer
enceQPR2QQQ takes place between a transition proceed
by a succession of anR- and aP-branch transition~i.e., via
u1,3

2,
1
2&! and a succession of twoQ-branch transitions~i.e., via

u1,1
2,

1
2&. For excitation starting inu0,3

2,
1
2& the dominant signal

arises from excitation tou2,3
2,

1
2&, which is efficiently reached

~i! by a succession of aP and R transition~i.e., via u1,1
2,

1
2&,

pathwayQPR!, ~ii ! by a succession of anR andP transition
~i.e., via u1,5

2,
1
2&, pathwayQRP!, and ~iii ! via a direct two-

photon transition, pathwayQ2ph. Two interferences betwee
these pathways are identifiable in the calculations of Fig
~middle panel!, namely, interferenceQPR2QRP , between
paths~i! and~ii ! and interferenceQPR2Q2ph, between paths
~ii ! and ~iii !.

The lowest two panels of Fig. 7 show the population
v953 andv954 as a function of chirp. The curves have th
same features as the curve forv952, but the interferences
are more pronounced. This is due to the consecutive na
of the transfer up on the vibrational ladder: since both
distribution of the population over the rotational states a
the interference periodsa2p do not change very much for th
next steps up on the ladder, the transfer efficiency is
hanced~or reduced! for the same values of the chirp as fo
the transfer tov952. Hence the oscillatory structure in th
transfer to intermediate vibrational states, as caused by
interference effects, is augmented as it is passed on to hi
vibrational states.

C. Population transfer in the high-fluence limit

In the high-fluence limit the laser field is sufficientl
strong to saturate the rovibrational transitions. For an e

th

FIG. 8. The final population distribution over the statesu2,J,mJ&
as a function of the chirp, calculated for temperature case~I!. The
squares, circles, and diamonds denote the population in the s
u2,1

2 ,mJ&, u2,11
2 ,mJ&, andu2,21

2 ,mJ&, respectively. Different values
of mJ belonging to the sameJ are denoted by the same symbo
with mJ increasing from the top to the bottom data sets~i.e., the
sublevel withmJ5

1
2 is most efficiently populated for eachJ level!.

The total population inu2& is shown as a solid curve„and is identical
the dashed curve shown in the second panel from the top in Fi
@temperature case~I!#….
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tronic three-level ladder system in the rubidium atom it h
been shown that, in the high-fluence limit, full transfer of t
population from the ground to the top state by appropri
chirping of the laser pulse is possible@10#, using the tech-
nique of rapid adiabatic passage@24,30#. For efficient
chirped-pulse excitation of the HF molecule calculations
performed by Chelkowski and Bandrauk, including the eff
of rotations@8#. In their paper an optimum in the transfer u
the ladder as a function of the initial rotational state is o
served forJ55, for negatively chirped laser pulses. Int
itively, one would expect maximum excitation for the lowe
rotational states since they have the largest transition di
moments. However, since the HF molecule has both aP and
an R band connecting two vibrational states, population t
is pumped up fromuv,J& to uv11,J11& by an Rv11,v can
subsequently become transferred down touv,J& by the
Pv,v11 resonance~pathwayQP̄R!, before being excited to the
next vibrational stateuv12,J12& by theRv12,v11 transition
~pathway SRR!. Thereafter, the molecule is no longer e
posed to the frequencies required for pumping up to hig
vibrational states. One can calculate the minimum rotatio
level for which the next step up (Rv12,v11) always comes
before a step down@either byQv,v11 , for NO ~the electronic
ground state of NO is an intermediate coupling case betw
Hund’s casea and b, allowing Q transitions for its lowest
rotational states!, or by Pv,v11 , for NO and HF#. This de-
mands thatn@Pv,v11(J)#,n@Rv12,v11(J)#. An estimate of
these transition frequencies, made using the first two D
ham coefficientsve andvexe for the vibrational energy and
Be for the rotational energy, yields forJP.vexe /(2Be).
Since Q transitions are allowed for the NO molecul
n@Qv,v11(J)#,n@Rv12,v11(J)#, or JQ.vexe /(Be). The
above conditions yield for HF, withvexe5152 cm21 and
Be521 cm21, JP54, and for NO, withvexe514.19 cm21

andBe51.7 cm21, JP54 1
2 andJQ58 1

2 ~the latter is not an
additional restriction sinceQ transitions are already weak fo

J>4 1
2 !. So only rotational states withJ.JP can become

efficiently populated by a negatively chirped laser pul
This explains why for HF the lowest rotational states, desp
their largest transition dipole moments, are not most e
ciently transferred to higher vibrational levels. For NO,
the low-fluence limit of the experiment, we have observ
that the lowest states are most efficiently transferred, bec
of their largest transition dipole moment. Since for the lo
est rotational states of NOQ transitions are allowed, it is
possible to transfer consecutively up-down-up by the pa
way QPQ̄R . This requires that n@Pv,v21(J11)#
.n@Rv11,v(J)#, or JPQ̄R,(vexe2Be)/2Be , or JPQ̄R<3 1

2 .
Figure 3 shows that actuallyJPQ̄R<2 1

2 , which is probably
due to neglect of the higher-order Dunham coefficients in
approximation of the transition frequencies. More impo
tantly, the presence of the three resonances for the low
three rotational states of the NOX 2P1/2 state allows, in the
high-fluence limit, efficient chirped-pulse excitation
highly excited vibrational states that are rotating very slow
if rotating at all.

D. Comparison of calculations with experimental results

To compare the experimental data with the predic
population distributions, a simulated REMPI signal was c
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culated from the predicted population of stateuv,J,mJ& by
multiplying by the appropriate Ho¨nl-London factors and 3-J
symbols@27# for the NOA 2S(v8) –X 2P1/2(v9) transition.
It was assumed that the ionization probability from t
A 2S(v8,J9) state is independent of the quantum numbers
the A 2S(v8,J9) state @31#. The simulated REMPI signals
from the individual statesuv,J,mJ& were summed over the
Q11 ~for J9P$ 1

2 ,...,41
2 %! and P21 branches ~for J9

P$1 1
2 ,...,41

2 %!, yielding the calculated REMPI signal from
the NO(v8,v9)g band. Figure 1 displays both the measur
and calculated REMPI signal~for Tvib5300 K! as a function
of the chirp. TheY-axis scaling is adjusted for each ind
vidual v9. The agreement between the simulation and
measurement is quite satisfactory. Atv54 the experimen-
tally observed chirp dependence drops off considera
sharper than in the calculations, which is likely to be due
deviations in the wings of the spectrum of the FELIX I
pulse from our model Gaussian pulse. The importance
taking the thermal population in the higher vibrational sta
into account is illustrated by the agreement between exp
mental data and the simulation forv952, which both do not
go to zero fora.0 andTvib5300 K.

In the case ofv52, the analysis in the preceding sectio
already provided a rationalization of the interference pa
ways which are responsible for the oscillations in the sig
at negative chirp. For large negative values ofa both the
experiment and the theory show a reduction in thev953 and
v954 population due to destructive interference betwe
different rotational pathways. We have not attempted to
sess which pathways are contributing most to the popula
transfer in this case, since for the basis sets required to c
pute the transfer to these high vibrational levels the calcu
tions at large chirp became prohibitive.

VI. SUMMARY

In this article we have discussed results from experime
and model calculations on rotational interference in vib
tional ladder climbing in theX 2P1/2 state of NO. In the
experiment the infrared pulses from a free electron la
~FEL! are frequency chirped. The populations in the vib
tionally excited states of the electronic ground state of N
are probed with a 111 REMPI technique. For the one
photon process, driving population fromv50 to v51, we
found no significant dependence on the chirp, as expec
For the two-photon transition fromv50 to v52 via v51
the excitation was enhanced when the negative chirp of
laser pulse followed the negative anharmonicity of the vib
tional ladder. However, the total population ofv52 showed
an oscillatory behavior as a function of the applied chirp
the infrared laser pulse. These oscillations are attributed
interfering rotational pathways. With the help of the mod
calculations, the most relevant pathways resulting in the
cillations in thev52 population are assigned. The oscill
tions in thev53 andv54 population, due to complex ro
tational interfering pathways, are found to be even m
pronounced.
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APPENDIX: THE RELATION BETWEEN
THE OSCILLATION PERIOD a2p

AND THE ENCLOSED AREA

For a Gaussian pulse with a rather large linear chirpa and
central frequencync , the instantaneous frequency at timet is
given by @32#

n~ t !5nc1
p

a
t. ~A1!

The phase difference between the contributions by the up
path I and lower path II is

Df5E
t1

t2
~WI2WII !dt, ~A2!

and, given the dressed-state eigenfrequenciesWi(t)
5Ei(t)/\52p@n i1nin(t)#:

Df52pF E
t1

~ t11t2!/2
n11nn~ t !2@n01~n11!n~ t !#dt

1E
~ t11t2!/2

t2
n11nn~ t !2@n21~n21!n~ t !#dtG .

~A3!

One can easily see that only the relative photon number i
importance. Since the enclosed area has the shape of a
et

ev
r
-

r

er

of
ght

isosceles triangle~see Fig. 2!, both integrals give equal con
tributions, thus

Df54pE
t1

~ t11t2!/2
n12@n01n~ t !#dt. ~A4!

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

Df54aE
n12n0

~n22n0!/2
~n12n02n!dn, ~A5!

and, with the anharmonicityd5(n212n10)[@(n22n1)
2(n12n0)#,

Df5
a

2
d2. ~A6!

For Df52p the oscillation perioda2p is

a2p5
4p

d2 . ~A7!

The enclosed areaA in the dressed-level diagram isA
5(d/2)2, hence,

a2p5
p

A
. ~A8!

This expression is also valid for differently shaped enclos
areas. Equation~A8! may be used as long as the instan
neous frequency increases linearly in time, which is the c
for a strongly chirped laser pulse~i.e., having a pulse dura
tion that is at least three times larger than the transform l
ited pulse! with a Gaussian temporal profile.
nn,
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