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Rabi oscillations reflect the existence of a coherent superposition of two molecular eigenstates during the
interaction of molecules with a strong, resonant electromagnetic field. This phenomenon is not restricted to
two-level systems. We demonstrate its occurrence in a three-level system where the radiation induces a
two-photon absorption. The intermediate level is~slightly! detuned from resonance. For a theoretical descrip-
tion the dressed-state picture is adopted. The two-photon excitation is performed either by using one laser,
yielding a one-color two-photon process, or by using two counterpropagating, spatially overlapping laser
beams, yielding a two-color two-photon process. Rabi oscillations are produced by varying the fluence, i.e., by
changing either the laser power or the molecule-laser interaction time. For the one-color case the two-photon
transition dipole moment for an SF6 transition has been determined from the relation between laser fluence and
number of Rabi oscillations. For the two-color cases the detuning with the intermediate level is varied by
tuning the respective laser frequencies while keeping the sum frequency constant. A dramatic change in the
degree of excitation as a function of the intermediate detuning has been observed.@S1050-2947~96!04712-9#

PACS number~s!: 33.70.Ca, 42.65.Hw, 33.15.Mt

I. INTRODUCTION

The coupling between molecular eigenstates that is in-
duced by a~near! resonant electromagnetic field can be de-
scribed in terms of combined states of molecule and field
~see, e.g.,@1#!. If a laser field is nearly resonant with a mo-
lecular transition the photon-induced coupling acts between
doublets of these eigenstates. On resonance and in the limit
of zero-field intensity these doublets become degenerate. For
a nonzero field the degeneracy is lifted and the energy dif-
ference between the two doublet states linearly depends on
the field amplitude.

Rabi oscillations reflect the~temporary! existence of a
coherent superposition of the states making up a doublet.
The superposition is created when a molecule enters the laser
beam, and the contribution of each doublet state to the su-
perposition depends on laser power and frequency. In the
wave function describing the superposition state, the contri-
butions from both molecular states evolve in time with an
energy-dependent phase factor. On leaving the interaction
zone the wave function is projected back onto the original
doublet states. The resulting redistribution of initial popula-
tion shows an oscillating behavior as a function of laser
power, laser frequency, and interaction time.

Rabi oscillations on one-photon transitions in a two-level
system have been measured in metastable Ne@2# and in SF6
@3,4#. From the latter experiments the transition dipole mo-
ment of the fundamentaln3 vibration has been extracted. In
other experiments@5–7# the transition dipole moments were
obtained for then2 band of NH3 and then3 band of ~di!
fluoromethane using laser stark spectroscopy. In@7# the ef-
fects of a linear frequency sweep during the interaction time,
by means of wave-front curvature or ac-Stark field inhomo-
geneity, which yield rapid passagelike effects, were investi-

gated. In@8# microwave multiphoton Rabi oscillations be-
tween two Rydberg states in potassium are demonstrated and
compared with Floquet theory.

These phenomena are not restricted to two-level systems
but can be extended to multiphoton absorption schemes in
which intermediate levels are involved. Here, laser radiation
induces the absorption of two or more photons, the summed
energy of which should equal the energy difference between
the final and initial state of the multilevel system. The detun-
ing of the field frequency with single photon transitions, in-
volving the intermediate states, should be sufficiently small
to enhance the transition probability significantly; but it also
has to be sufficiently large to avoid populating intermediate
states. If these special requirements are met any multilevel
system can be reduced to an effective two-level system
@9,10#. Calculations for the case of a resonant intermediate
state have been presented by Shore and Ackerhalt@11# and
Sargent and Morowitz@12#.

Rabi oscillations on multiphoton transitions will be dem-
onstrated here for a three-level system without relaxation un-
der several experimental conditions. The simplest scheme
consists of a one-color two-photon transition. The fluence
can be varied by changing either the laser power or the size
of the laser spot that determines the duration of the interac-
tion time of the molecule in the laser field. Both techniques
are applied and will be discussed. The analysis leads to a
determination of the effective two-photon transition dipole
moment for the~v50; J54,E!→~2n3; J53; E! transition in
SF6; E describes the rovibrational symmetry in the
Oh-symmetry group.

II. THEORY

For the description of these phenomena the dressed-state
picture @1,13# is used~see Fig. 1!. The molecule is consid-
ered as submerged in a photon bath and the total energy of
the molecule-photon system is considered. The possible en-
ergy statesEs of the isolated molecule are dressed by photon
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number states with energyNhn resulting in dressed-energy
statesEs,N

dr . The indexs5a,b,c labels the bare molecular
states. In the case of two electromagnetic~em! fields with
frequenciesn1 and n2 this results in dressed-state energies
Es,N1 ,N2
dr 5Es1N1hn11N2hn2. For a three-level system

with ground stateua&, intermediate stateub&, and final state
uc& with energiesEa , Eb , andEc , respectively, one obtains
six nearly degenerate dressed states with energy~if at most
two photons are exchanged!

Ea,N1 ,N2
dr 5Ea1N1hn11N2hn2

.HEb1~N121!hn11N2hn2
Eb1N1hn11~N221!hn2

.H Ec1~N122!hn11N2hn2
Ec1~N121!hn11~N221!hn2
Ec1N1hn11~N222!hn2

.

States which are off-resonant with respect to this multiplet
are not taken into account; the assumptionEb2Ea'Ec2Eb
'hn1'hn2 is made. The so-called uncoupled dressed states
belonging to these dressed energies are written as
ua,N1 ,N2&,ub,N121,N2&, etc.

The interaction of the molecule with the em field intro-
duces a coupling between the uncoupled dressed states. In
good approximation this coupling can be based on the elec-
tric dipole interactiondss8El between the electric field with
amplitudeEl and the transition dipole momentdss8; the label
l51,2 distinguishes the different em field sources. The per-
turbation gives rise to off-diagonal elements in the Hamil-
tonian of the form \Vss8

l
5dss8El under the condition

N1 ,N2@1 ~semiclassical limit!. The perturbing termVss8
l is

known as the Rabi frequency@14#.
Choosing the energy of the dressed initial state as zero,

Ea,N1 ,N2
dr 50, the matrix Hamiltonian for a resonant two-

color two-photon process involving two em field sources,
l51,2, can be approximated by

H5S 0
\

2
Vab

~1!

0

\

2
Vab

~1!

2pD\
\

2
Vbc

~2!

0
\

2
Vbc

~2!

0
D . ~1!

The detuning of the intermediate molecular state with the em
field frequencies is here denoted byhD5(Eb2Ea2hn1)
52(Ec2Eb2hn2); the overall resonance condition for the
sum frequency yields (Ec2Ea)5h(n11n2). In writing Eq.
~1! we have assumed that 2pD1/V ab

(1) 5(Eb2Ea2hn1)/
\V ab

(1)!(Eb2Ea2hn2)/\V ab
(2)52pD2/V ab

(2), so that the
other two-photon absorption pathway can be neglected~see
also Sec. IV B below!. This elementary matrix operator then
describes the interaction for the near resonant case, if the
intermediate detuningsuDl u are sufficiently large. In Fig. 1
the energy-level schemes for the bare molecular model and
the dressed model are shown, together with the influence of
dipole coupling of the two otherwise degenerate levels,
ua,N1 ,N2& and uc,N121,N221&. The corresponding
coupled dressed eigenstates, that is, eigenstates ofH in Eq.
~1!, are denoted byu0(N1 ,N2)& and u1(N1 ,N2)&.

A. Rabi oscillations in a three-level system

The population of molecular field-free eigenstates
changes if these states are coupled by laser photons. In the
three-level system described here the three molecular eigen-
states that participate areua&, ub&, and uc&, with an initial
population of 100% inua&. As a result of the interaction
between the molecule and the em field the degeneracy of the
uncoupled dressed doublet is lifted and the new coupled
dressed eigenstates are separated in energy bydE, see Fig. 1.
If the em field is switched on suddenly, a molecule initially
in ua& is found in a state that is a coherent superposition of
u0(N1 ,N2)& and u1(N1 ,N2)&, the latter being the appropriate
eigenstates in the presence of the field. The contributions of
both these new eigenstates evolve in time with their own,
energy-dependent, phase factor. On leaving the em field the
superposition state is projected back onto the field-free mo-
lecular states leading to a population distribution that de-
pends in an oscillatory way on the duration and strength of
the interaction.

To obtain a ‘‘clean’’ two-photon Rabi oscillation between
ua& and uc& the intermediate stateub& should not acquire
significant population. The intermediate detuninguDu should
thus be large compared to the one-photon Rabi frequencies
V ab

(1) andV bc
(2). On the other hand, the detuning should be

small enough to provide for sufficient two-photon transition
strength.

Diagonalizing the Hamiltonian of Eq.~1! for the three-
level system under this condition, 2puDu@V ab

(1) ,V bc
(2), yields

an analytical expression for the energy difference between
the statesu0(N1N2)& and u1(N1N2)& @9,15–17#,

dE5\V with V5AVac
2 1dv2 with Vac5

Vab
~1!Vbc

~2!

4pD
.

~2!

HereV is the generalized Rabi frequency,Vac is the two-
photon Rabi frequency, anddv a possible small detuning of
the sum frequency 2p~n11n2! from the frequency where the
transition probability assumes a maximum value~taking into
account ac-Stark shifts@16,18#!.

In case of a large detuning,D@dE, the three-level system
thus reduces effectively to a two-level system. The popula-
tion then oscillates between statesua& and uc& with the gen-
eralized Rabi frequencyV. It can also be expressed analyti-

FIG. 1. Energy-level schemes of bare molecular states~left! and
~uncoupled! dressed states~middle!. The sum of the laser frequen-
ciesv1 andv2 is resonant with the transitionua&→uc&. The inter-
mediate detuning is denoted byD. The photon number states de-
scribing the laser fields are labeled byN1 andN2. At the right, the
influence of radiative coupling of the otherwise degenerate doublet
is shown. Note that actuallydE!D, so that the intermediate level
does not have to be considered.
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cally as a function of the laser-molecule interaction timet
and the two-photon Rabi frequencyVac ,

rcc5
Vac

AVac
2 1dv2

sin2SAVac
2 1dv2

2
t D . ~3!

Here, rcc stands for the fractional population ofuc&, with
raa1rcc51 andrbb50. The excitation amplitude~factor in
front of the sin2! is a function of the two-photon Rabi fre-
quency and determines the maximum degree of excitation. In
case of exact two-photon resonance~dv50! Eq. ~3! reduces
to

rcc5sin2S Vact

2 D . ~4!

The effective interaction timeteff in the case of a two-photon
interaction involving a Gaussian laser profile follows from
the pulse-area theorem@19# ~see the Appendix!,

teff5Ap/2
w0

v
~5!

with w0 the laser waist radius andv the velocity of the mol-
ecule. If we count subsequent extrema inrcc by an index
numbern, that is,

n5
Vacteff
2p

, ~6!

maxima and minima inrcc are found forn51,3,5, . . . and
n52,4,6, . . . , respectively. Note that for the case of a one-
color ~E15E2! two-photon transitionVact}P/w0 , whereas
for a one-photon transitionVabt}AP, see Eq. (2)

III. EXPERIMENT

The prototype three-level system used for the experiments
consists of theP(4)E rovibrational two-photon transition of
the vibrationaln3-ladder in SF6. The two-photon resonance
frequency is1348 MHz detuned with respect to twice the
fundamental frequency of the 10P16 CO2 laser line center
@20,21#. The single intermediate level involved is detuned by
1250 MHz from the same laser line@22#. The two-photon
transition can be induced by either a single-laser interacting
with the molecules or by two simultaneously interacting la-
ser fields. Both types of two-photon excitation processes will
be discussed. For the single-laser interaction the two-photon
transition is denoted as ‘‘one-color two-photon’’ transition
and the resonance frequency is1174 MHz detuned to the
blue with respect to the 10P16 CO2 laser line. A two-laser
interaction yields a ‘‘two-color two-photon’’ transition. In
practice this means that both lasers are set to the 10P16 CO2
laser line center with a sum detuning of1348 MHz.

The experimental setup has been described earlier in
@13,20,21,23#. It consists of two high-power, single-
frequency CO2 waveguide lasers and a molecular-beam ap-
paratus that provides a large population of theJ54 rotational
state in the vibrational ground state of SF6. The used laser
system consists of two CO2 waveguide lasers locked to
Fabry-Pe´rot étalons. The lasers are stable in frequency with a
short-term fluctuation of!10 kHz. The long-term drift could

be minimized to several 100 kHz in 10 min. This suffices to
keep the lasers in resonance with the molecular transition
frequency during the experiments with a typical recording
time of 1–2 min. The power stability of the lasers was better
than 1%. The laser beams together with the molecular beam
span a horizontal plane.

To tune the laser frequency into resonance with the two-
photon transition use was made of optoacoustic modulators
~OAM, IntrAction Corp.!. These modulators shift the laser
frequency by 100 MHz per pass through the crystals. The
laser power is reduced by about a factor of 2 on each pass.
Together with the tuning range of the lasers themselves of
more than 100 MHz to both sides of the line center, the
maximum achievable detuning from the central laser fre-
quency amounts to6300 MHz for both lasers, the laser
beams passing twice through the OAM.

The intensity of the frequency-shifted laser beam can be
controlled by adjusting the diffraction efficiency of the
OAM, which depends on the rf power fed into the crystal.
Care was taken to avoid beam deflection that might be
caused by this way of varying the laser intensity.

A stringent condition for producing Rabi oscillations with
high contrast is to avoid rapid adiabatic passage~RAP! phe-
nomena which, in our case, are mainly caused by the curva-
ture of the laser-field wave fronts@20,24,25#. The effects of
wave-front curvature can be minimized by using a telescope
to suppress beam divergence@26#. Additionally, the focus of
the laser beam should coincide precisely with the interaction
region with the molecular beam.

For the telescope anf525 cm in combination with an
f540 cm lens is used producing a laser waistw054.0 mm at
a distance of 6 m. Alternatively, ‘‘sharp focusing’’@20#
could be realized with lenses off520 cm producing a laser
waist ofw050.25 mm at the laser-molecules interaction re-
gion. This technique, however, produces flat wave fronts
only near the molecular beam axis~waist length only 20
mm!, whereas the outer parts of the molecular beam~that
still reach the detector! experience already nonnegligible
wave-front curvature.

Both optical systems~telescope and sharply focused! have
been applied, utilizing the experimental setup shown in Fig.
2; SF6 was seeded in He~2%! and expanded through a
30-mm nozzle with a stagnation pressure of 2 bars at room
temperature. The velocity of the beam molecules is 1250
m/s. The detection of the change in internal energy of the
beam molecules was performed with a liquid-He-cooled bo-
lometer~.1.5 K! applying lock-in techniques@27#. The bo-
lometer dimensions are 5 mm~horizontal!31 mm ~vertical!.
To obtain circularly polarized light a14l plate was inserted in
the laser beam; no distinction has been made between left-
and right-handed polarization. All data acquisition took place
by computer.

IV. RESULTS

A. One-color excitation

Two-photon Rabi oscillations with one laser focused to a
diameter of 2w050.5 mm were obtained by recording the
excited-state population as a function of the laser power
~‘‘power scan’’!. The results are shown in Fig. 3~a!. The
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dashed trace shows the oscillations for a linearly polarized
laser field and the solid trace for a circularly polarized laser
field.

The contrast between the maxima and minima in the sig-
nal is affected by two different phenomena: first, theM de-
pendence of the transition dipole momentsdab and dbc ,
whereM denotes the quantum number corresponding to the
projection of the angular momentum on a space fixed axis
~determined by the laser polarization!. The Rabi frequency
depends onuM u and the observed signal stems from the su-
perimposed contributions of differentM values. With in-
creasing laser power the smearing out of different Rabi fre-
quencies becomes more pronounced resulting in a reduced
contrast. The trace for linearly polarized light shows a con-
trast of 25%. The maximum signal is obtained forn51 @Eq.
~6!#. For circularly polarized light the contrast vanishes
faster, indicating a larger spread in theM -dependent Rabi
frequencies. The sharp focus introduces RAP effects in the
outer parts of the molecular beam. Since rapid adiabatic pas-
sage produces transitions without Rabi oscillations, this re-
duces the contrast in the oscillations observed, as discussed
in @7#.

With the extended laser beam diameter of 8 mm Rabi
oscillations were produced by changing the laser power as
well as the interaction time. The latter was achieved by plac-
ing a horizontal slit with adjustable width into the laser
beam. By changing the slit width the interaction time of the
molecules with the laser field is varied. The results are
shown in Fig. 3~b!. TraceB shows the result for increasing
interaction time for a fixed~relatively high! power of 1.5 W.
TraceA shows the result for increasing power with a fixed
laser beam diameter of 8 mm. The product of laser power
and interaction time~i.e., the fluence! is plotted on the ab-
scissa; this parameter is varied in both scan types. Since the
excited-state population is a function of fluence only@Eq.
~4!#, the power scan and the interaction-time scan should
produce similar results. The solid traces represent simula-
tions, discussed below.

The large difference in contrast between both recording
techniques is caused by the Doppler residue~udnDu.400
kHz! of the molecular beam determined by the detector size
~5 mm!. In case of the 8-mm interaction length~traceA! the
first p pulse is obtained for a two-photon Rabi frequency of
100 kHz. From Eq.~3! it is seen that a local detuning of
dvD52pdnD reduces both the Rabi-oscillation amplitude
and its oscillation period, if it becomes nonnegligible with
respect touVacu.

For a fixed laser power of 1.5 W and a changing slit width
the firstp pulse is observed for a slit width of 3 mm~trace
B!. The influence of the Doppler residue is three times
smaller here and the contrast is strongly enhanced.

The number ofp pulses,n of Eq. ~6!, is plotted in Fig. 4
as a function of increasing laser power for the linearly polar-
ized laser beam, with interaction lengths of 0.5 and 8 mm
and for the circularly polarized laser beam with an interac-
tion length of 0.5 mm. The straight lines are linear fits
through the data points. The slopes~n over laser powerP!
are proportional todabdbc/(w0D) @see Eqs.~2! and~6!#. For
the linearly polarized beam, the slope for the 2w058 mm
case can be scaled to the 2w050.5 mm case through multi-
plication by a factor of 16. Rescaling the experimental value
of 1.8 W21 ~h of Fig. 4! one obtains 29 W21, which is in
satisfactory agreement with the experimental value of 32
W21 ~n of Fig. 4!.

B. Two-color excitation

If two ~counterpropagating! lasers with different frequen-
cies are used, the laser powers and the detuning of the laser
frequencies with respect to the intermediate level can be cho-
sen independently. To perform the experiments the laser
fields are made to interact simultaneously with the molecular
beam. Both lasers are focused with anf520 cm lens to a

FIG. 2. The experimental setup consists of two laser systems
interacting with molecules in a skimmed molecular beam. The la-
sers, e´talons, power meters, and lenses are denoted byLi , FPIi ,
Pi , and f i , respectively. Further,M is the mirror,S is the beam
splitter, and OAM is the optoacoustic modulator. PD stands for the
pyrodetector used to record the laser power simultaneously with the
bolometer signal.

FIG. 3. ~a! shows the one-color two-photon Rabi oscillations for
linear ~dashed trace! and circular~solid trace! laser field polariza-
tion, for increasing powerP and an interaction length of 0.5 mm.
The vertical scale shows the bolometer signal; a value of 1.0 cor-
responds to complete inversion.~b! shows the Rabi oscillations of a
varied interaction length of up to 8 mm, corresponding to an effec-
tive interaction timeteff54.0 ms. @Calculated from the slit width
2a, using Eq.~A3!.# For traceB the power was kept fixed at 1.5 W
and the interaction time was changed from 0 to 4.0ms. For traceA
the interaction time was kept fixed and the laser power was changed
from 0 to 1.5 W. The solid traces represent simulations.
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waist diameter of 2w050.5 mm. The foci are aligned such
that with each individual laser one-color two-photon Rabi
oscillations are observed.

Accurate alignment is achieved by horizontally translating
the focus of laser 1 along the molecular beam, through the
focus of laser 2. Both laser intensities are kept below satura-
tion of the two-photon transition. In this case the two-color
two-photon signal depends strongly on the overlap of both
laser beams, as illustrated in Fig. 5~b!. The used laser power
is 10 mW for both lasers. The laser beams cross under a
small angle to avoid mutual perturbations.

To obtain the two-color two-photon signal laser 2 is kept
fixed in frequency, slightly detuned to the blue with respect
to the one-color two-photon resonance. The bolometer signal
~i.e., the excited-state population! is recorded as a function of
the frequency of laser 1; both one-color and two-color reso-
nances occur, see Fig. 5~a!. The used laser power of 10 mW
corresponds toV/2p50.8 MHz andVteff50.3p. Instead of
the expected Doppler-free two-color signal for the two coun-
terpropagating laser beams, a broadening by about a factor of
2 is observed~as compared to the one-color transition!. This
is due to the fact that, in addition to the interaction time
broadening~which amounts to 2 MHz for the sharp foci!,
laser 2 gives rise toM -level splitting ~induced by the ac-
Stark effect! which is also probed by laser 1. This phenom-
enon is absent in the case of the one-color two-photon tran-
sition. Note that the use of two overlapping but
counterpropagating waves eliminates RAP effects.

Two-photon two-color Rabi oscillations were produced
by increasing the power of laser 1 with fixed power of laser
2. The lasers are tuned to a frequency of 195 MHz~laser 1!
and 153 MHz~laser 2! with respect to the 10P16- CO2 laser
line. The intermediate detunings amount toD1555 MHz and
D2597 MHz, respectively. The results are shown in Fig. 6
for fixed power of laser 2 of 20 mW~traceA! and 50 mW
~traceB!; the power of laser 1 is varied up to 1 W. TraceC
shows the result of interchanging the lasers; the power of
either laser 1 or laser 2 is varied, whereas the other is kept
fixed at 300 mW. The similarity of the solid and dashed
traces proves that both lasers couple to the molecules in
nearly identical ways.

On increasing the power of the fixed-power laser the con-
trast in signal is reduced, from.50%~traceA! to 20%~trace
C!. This is explained by an increasedM -level splitting,
caused by the stronger laser. In addition, the two-color two-
photon process actually involves two different pathways. If

FIG. 4. The numbern of p pulses for increasing laser power
obtained from Figs. 3~a! and 3~b!. The symbolsn, s, andh cor-
respond to a 0.5-mm-diam focus with linearly and circularly polar-
ized light and to an 8-mm focus with linear polarized light, respec-
tively. The respective slopes are 32, 40, and 1.8 W21.

FIG. 5. ~a! shows the one-color two-photon signal for a detuning
of laser 1 from the 10P16 CO2 line center of 174 MHz and the
two-color two-photon signal for laser 1 at 167 MHz. Laser 1 is
tuned in frequency and laser 2 is kept fixed in frequency at 181
MHz ~arrow!. The peak indicated byA is an unimportant weak
two-color feature.~b! shows the line profile of the two-color two-
photon resonance for different relative laser focus positionsd ~in
mm, with arbitrary offset!, at low-laser intensities,n!1. The signal
strength is seen to respond sensitively to displacements as small as
0.1 mm.

FIG. 6. Two-color two-photon Rabi oscillations for fixed values
of the power of laser 2, viz., 20 mW~traceA!, 50 mW ~traceB!,
and 300 mW~traceC!, and increasing power from 0 to 1.0 W of
laser 1. Note the decrease in contrast with increasing laser 2 power.
In traceC the difference between solid and dashed curves results
from the interchange of laser 1 and laser 2. The detuning of the
intermediate level equalsD1555 MHz andD2597 MHz for either
n1 or n2 being absorbed in the first step, respectively.
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the two photons are denoted byn1 andn2 a two-photon tran-
sition can proceed either by absorbing first a photonn1 fol-
lowed byn2 or vice versa. Both pathways are associated with
different intermediate detunings, viz.,D15n2n1 or D2
5n2n2 ~n being the one-photon transition frequency! and
therefore with different Rabi frequencies. Their interference
gives rise to a reduced contrast.

In Fig. 6 the relative amplitudes forn51,3,5, . . . areseen
to decrease with increasing power of laser 2. At the same
time, the number of Rabi oscillations increases.

To investigate the role of the intermediate detuning,
power scans at different values ofD1 were made. For various
intermediate detunings the Rabi oscillations are obtained by
varying the power of laser 1 for a fixed value of the power of
laser 2. The results for intermediate detuningsD1 equal to 70,
25, 16, and 7 MHz~corresponding values forD2 are 278,
323, 332, and 341 MHz, respectively! are shown in Fig. 7,
traceA, B, C, andD, respectively. For decreasingD1 the
observed Rabi oscillations are seen to become more closely
spaced and finally are barely resolvable any more~traceD!.

The numbern of p pulses is plotted in Fig. 8 as a function
of AP1P2. Comparison of Fig. 8 with Fig. 4 shows that—for
givenD1—the measured points scatter considerably around a
straight line fitted through the data points. This scattering is
absent in Fig. 4. In addition the linear fit goes only approxi-
mately through the origin. The slopes of the linear fits are
expected to be proportional to 1/D1, see Eqs.~2! and ~6!. In
Fig. 8, however, for the detuningsD157 and 70 MHz, the
slopess obey the relations(D157)'3.8s(D1570).

V. DISCUSSION

For a nearly equidistant three-level systemua&, ub&, and
uc& one-color and two-color Rabi oscillations have been ob-
served betweenua& and uc&, with Vac/2p typically in the
range of 2.5 MHz~n51!–25 MHz~n510!. After the laser
interaction, the molecular state is described by

a exp2 iEat/\ua&1g exp2 iEct/\uc&. ~7!

The bolometer signal is proportional tougu2. The coefficients
a andg depend on the productVacteff . The amplitudesuau
andugu assume maximum~minimum! values forn51,3,5, . . .
~n52,4,6, . . .! if

1

2pD1

AP1P2

pe0cw0
2

dabdbc
\2

xw0

v
5np, ~8!

with x5Ap/2 ~see the Appendix!. In Eq. ~8!, perfect coinci-
dence of two Gaussian laser waists is assumed,
w15w25w0 . In the case of nonlinear one-color interaction,
P15P2 andD15D. For the two-color interactions, only the
pathway withn1 absorption as the first step is taken into
account. Rewriting Eq.~8! one obtains a relation between
dabdbc and the measured slopes~Figs. 4 and 8!,

dabdbc52pD1

e0cvw0h
2

4x

n

AP1P2

. ~9!

For the one-color measurements the effective value for
dabdbc obtained from the linear fit under different experi-
mental conditions is listed in Table I.

For then3 ladder of SF6, dabdbc can be calculated for the
two successive one-photon steps, including the contributions
of specificM values,

dabdbc5d0
2fA2Jb11S Ja

2Ma

1
m

Jb
Mb

D
3A2Jc11S Jb

2Mb

1
m

Jc
Mc

D . ~10!

Equation~10!, including the factorf50.735, is derived in
@28# for the vibrational excitation of two mutually perpen-
dicular oscillations and includes the first-order Coriolis cor-
rection term for this specific type of excitation. The rota-

FIG. 7. Two-color two-photon Rabi oscillations obtained for
various values of the intermediate detuningD1. The intermediate
detuning was varied while keeping the sum frequency on resonance.
The traces correspond toD1570 MHz ~traceA!, D1525 MHz ~trace
B!, D1516 MHz ~traceC!, andD157 MHz ~traceD!. The Rabi
oscillations are obtained with the power of laser 2 fixed at 200 mW;
the power of laser 1 is changed from 0 to 300 mW.

FIG. 8. The number ofn of p pulses obtained for the various
intermediate detunings~Fig. 7! indicated byD1 ~in MHz! for in-
creasing laser powerAP1P2.
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tional quantum numbersJa,b,c of the three successive states
involved areJa54, Jb5Jc53. In the case of two parallel
linearly polarized photons we havem50; for circular polar-
izationm51. The value ofdabdbc for differentMa , Mb , and
Mc calculated from Eq.~10! are listed in Table II, for lin-
early and circularly polarized light.

In the measurements the sum of contributions of allMa
sublevels is observed. The laser intensity for which maxima
and minima occur is determined by the strongestM contri-
butions. The weakerM components give rise mainly to a
reduction of contrast and a slight shift in the position of the
minima and maxima. From Table II it is seen that for linearly
polarized light mainly the transitions withuMau52 and 3
contribute todabdbc ; for circularly polarized light the main
contributions arise from theMa sublevels withuMau54, 3,
and 2. The average main value~a.m.v! for those sublevels
from which the resulting dipole strength is estimated are
listed in column three.

With this averaged main value the dipole strengthd0 is
calculated, see Table I in good agreement with the generally
accepted value ofd050.437 D@29#. The uncertainty of 10%
in the experimental value stems mainly from the not-
precisely-known velocity of the beam molecules~12506100
m/s!. The value for the laser waist diameter is calculated
using Gaussian beam formulas; the uncertainty in this pa-
rameter amounts to 5%. The value of the laser power is

known with an accuracy of 5%. The intermediate detuningD
is known precisely for the one-color two-photon transition
~76 MHz!.

For the linearly polarized laser beam with a diameter of 8
mm simulations of the power scan and the time scan have
been performed, based on the optical Bloch equations
@14,19#. The total population in the final state,rcc

tot has been
calculated as a function of the fluences taking into account
theM dependence ofdabdbc , that is,

rcc
tot~s!5E

dnD
(

M524

14

rcc
M ~s!, ~11!

with r cc
M ~s! the contribution for a specificM value and an

effective fluences5Pteff . An integration was performed
over the 800-kHz Doppler residue of the molecular beam.
The result is included in Fig. 3~b! ~dashed curves!. Two con-
clusions can be drawn. The diminishing contrast for succes-
sivep pulses in case of a power scan and the better contrast
in the time scan are well reproduced. The procedure to evalu-
ate the measurements with the help of the averaged main
value ofdabdbc appears to be justified.

Concerning the two-color measurements a quantitative
simulation was not attempted. The results shown in Fig. 8
show the right trend, but strong ac-Stark effects and interfer-
ences between individual transition pathways are likely to
occur. Already, the comparison between the slopes of two-
color excitation withD1570 MHz ~D2582 MHz! and one-
color excitation withD576 MHz shows a deviation by more
than a factor of 2~see Figs. 4 and 8!. For decreasingD1 this
effect becomes even more pronounced. In the dressed-state
model it is easy to see that the presence of many photons in
two radiation modes of different but nearly the same energy
yields large multiplets of nearly degenerate states. The radia-
tive coupling within these multiplets renders the dressed-
state model untractable for quantitative discussions, and cal-
culations should be based on the appropriate set of optical
Bloch equations. Further discussions of multicolor multilevel
excitation processes can be found elsewhere@9,30,31#.

VI. CONCLUSIONS

Two-photon Rabi oscillations are demonstrated using
one- and two-color excitation. For the one-color case the
three-level system can be described in terms of the superpo-
sition of two states, equivalent to a two-level system, if a
relatively large detuning of the intermediate level is as-
sumed. From the number ofp pulses the dipole strength can
be recovered in good agreement with the theoretical value.
For the two-color case the observed Rabi oscillations are

TABLE I. Values for the effective dipole momentdabdbc and the resultant transition dipole strengthd0
for different experimental conditions. Columns 1–3 characterize the experiment. Column 4 gives the
‘‘slopes’’ as obtained from the linear fits in Fig. 4. The values ford0 in column 5 should be compared with
the theoretical value ofd050.437 D.

Polarization w0 ~mm! D ~MHz! slope~W21! dabdbc ~D2! d0 ~D!

linear 0.25 76 32.2 0.0503 0.44~4!

linear 4.0 76 1.77 0.0459 0.42~4!

circular 0.25 76 40.0 0.0629 0.43~4!

TABLE II. In the first column the initialMa values are speci-
fied. In the second column the values ofdabdbc are listed obtained
in terms ofd0 @Eq. ~10!#. The average mean value~a.m.v.! of the
strongest contributions is given in column 3.

Linear polarization,uDM u50
uMau dabdbc a.m.v.

0
1 0.14

2

3

0.24

0.28J 0.26

Circular polarization,DM521
Ma dabdbc a.m.v.

21 0.11
0 0.19
1 0.27

2

3

4

0.34

0.36

0.32
J 0.34
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described only qualitatively. Multilevel couplings are likely
to occur due to different interaction pathways involving dif-
ferent photons.
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APPENDIX

The analytical formula for the population of the final level
in a two-level system can be obtained from the optical Bloch
equations~OBE!. For the special case of a square pulse
shape of the em field this results in an expression similar to
Eq. ~3!. The interaction timet results from the width of the
square pulse divided by the beam velocityn. The strength of
the em-field intensity is constant, which allows for analytical
solution of the OBE.

For a Gaussian-field-intensity distribution the em-field
strength experienced by the molecules varies in time, accord-
ing to

E~ t !5E0 expF2S vtw0
D 2G ~A1!

with e0 the maximum field strength,n the velocity of the
beam molecules, andw0 the half-width of the Gaussian pro-
file. The OBE have to be solved with this time dependence
of the em-field strength. Application of the pulse area theo-
rem @19# gives the populationrcc for a laser field on reso-
nance with the transition frequency as

rcc5sin2F S dabdbc2\ D 2E E2~ t !dtG . ~A2!

For a full Gaussian profile, time runs from2` to ` and the
integral can be solved analytically. When the Gaussian beam
is partially cut off symmetrically around the center with a slit
of total width 2a the integral can only be evaluated numeri-
cally. The effective interaction time for a two-photon transi-
tion is defined as

teff~a!52E
0

a/v
expF22S vtw0

D 2Gdt5Ap/2
w0

v
ErfS&a

w0
D ,

~A3!

in which Erf(x) is the error function@32#. This gives the
effective interaction time with an unobstructed laser beam as

teff~a→`!5Ap/2
w0

v
. ~A4!

This value can be compared to the interaction time with a
square intensity profile, 2w0/n.

For the experiments it is necessary to know the magnitude
of the electrical-field strength that results from the measured
laser power. The relation between laser power and the local
electrical-field strength is given by

P5 1
2 e0cE

A
E2~x,y!dA, ~A5!

for a laser field running in theẑ direction with electrical-field
strengthE(x,y) and withe0 the dielectric constant andc the
speed of light. For a laser beam symmetrically cut off by a
slit of total width 2a and using the general expression for a
Gaussian beam the laser power is expressed by

P52e0cw0
2E02E

0

a

expF22S x

w0
D 2GdxE

0

`

expF22S y

w0
D 2Gdy

5
p

4
e0cw0

2E02 ErfS&a

w0
D , ~A6!

where diffraction at the slit edges is neglected.
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