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Competition between sequential and direct paths in a two-photon transition

Béatrice Chatel, Je´rôme Degert, Sabine Stock, and Bertrand Girard
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Two-photon excitation of a quantum ladder system by a chirped pulse leads to interferences in the excited-
state population, due to the phase differences between direct and sequential paths. First, based on an analytical
approach, we separate and discuss the features of the contributions arising from these two paths. Then inter-
ferences with two intermediate levels are observed experimentally in atomic sodium vapor. Interplay between
the two sequential paths leads to strongly contrasted oscillations and a great enhancement of the transition
probability for some values of the chirp.
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Study of two-photon transitions with the aim to achie
high-resolution spectroscopy@1# or to maximize the excita-
tion efficiency of a desired state has been an active field
research in the past decades. The first experiments on c
ent two-photon effects were performed in 1972 by Sh
makeret al. @2# and since then theoretical and experimen
studies have been performed on the one hand to imp
spectroscopy@3# and on the other hand to control the fin
population transfer through achieving quantum interferen
@4,5# or/and manipulating the coherent properties of the
tical field @6#.

Many results have been obtained in the high-@7# or
intermediate-field regime involving adiabatic transfer in m
tilevel ladder climbing in atomic@8–10# or molecular sys-
tems @11,12#. In molecules, schemes based on chirped
trashort pulses have been proposed and used to c
electronic ladders@13#, vibrational ladders in direct@11,14#
or Raman schemes@15#, or even the rotational levels in
molecular centrifuge@16#. The advent of ultrafast laser
combined with pulse-shaping techniques has led to n
schemes@17,18# where two-photon transitions representi
the lowest-order nonlinear interaction are used as a be
mark system. In particular, Silberberg and co-workers@6,17#
have shown that the two-photon absorption rate is ma
mized for transform-limited pulses only in the case of tra
sitions without any resonant intermediate state. For tra
tions involving a nearly resonant intermediate state,
enhancement by a factor of 7 of the two-photon absorp
rate in Rb vapor has been obtained by shaping the pulse@6#.
Effectively the broad bandwidth of ultrashort lasers allo
one to take advantage of interference effects between q
tum paths in multiphoton transitions. Considering the si
plest case of linearly chirped pulses where the laser
quency is regularly swept during the pulse, Noordam a
co-workers@4# observed quantum interferences between
quential and direct two-photon transitions in rubidium. The
interferences are due to the phase difference accumulate
various quantum paths, namely the direct nonresonant t
photon transition and sequential ladder climbing. They
observed as a function of the laser chirp. These interferen
are related to, but of a different nature from, the two-pho
versus two-photon interferences@19,20#.

In this paper, we present an analytic derivation which
lows us to mathematically distinguish the sequential and
1050-2947/2003/68~4!/041402~4!/$20.00 68 0414
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rect contributions. The scheme is extended to the cas
several intermediate states which provide as many seque
excitation paths and new interference possibilities. In p
ticular, interferences between these sequential paths pro
totally different patterns as compared to the sequential-di
interferences. This scheme is applied to the (3s→3p→5s)
ladder system in sodium vapor. Highly contrasted interf
ences are observed, as a direct consequence of this ne
terference scheme.

Let us consider an atomic system with three levels:ug&,
u i &, andue&, the ground, intermediate, and excited state.v ig ,
vei , and veg are the corresponding transition frequencie
This ladder system is excited by a weak femtosecond p
E(t), which is linearly chirped and Gaussian-shaped.E(v)
is the Fourier transform ofE(t) and is given by

E~v!5ApE0T0e2(v2v0)2T0
2/4eif9(v2v0)2/2, ~1!

where 2T0 is the field-transform-limited temporal width~at
1/e), dvL54/T0 is the field spectral width, andf9 is the
quadratic phase dispersion. The carrier frequencyv0 is as-
sumed to be on two-photon resonance (v05veg/2). The
one-photon detuningd5v ig2v0 is smaller than or compa
rable to the spectral bandwidth. The chirped pulse wi
given by:Tp5T0A11(2f9/T0

2)2 is assumed here to be con
siderably shorter~picosecond scale! than all lifetimes~nano-
second scale! involved. The general expression of th
excited-state amplitude due to a two-photon transition
volving an intermediate resonant levelu i & can be written as
@6#

ae52
meim ig

\2 F1

2
E~v ig!E~vei!

1
i

2p
PE

2`

1`

dv
E~v!E~veg2v!

v2v ig
G , ~2!

wheremei and m ig are the dipole moment matrix elemen
and P is the principal Cauchy value. Silberberg and
workers@6# allocated the first term in Eq.~2! to the resonant
contribution through the intermediate state and the sec
term to the off-resonance contributions. However, this s
ond term includes contributions from the whole spectru
©2003 The American Physical Society02-1
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involving also the one-photon resonance (v5v ig) with a
significant weight. In the case of chirped pulses such t
both sequential frequencies (v ig and vei) are separated in
time
(uf9u@1/d2), it is shown below that the second term can
separated in two distinct contributions.

Even if general expressions can be derived for any fie
the analytical expressions shown below@and in particular Eq.
~3b!# are obtained with the Gaussian field given by Eq.~1!.
Two frequency ranges provide major contributions to
second term in Eq.~2!, aroundv0 andv ig , respectively. The
first one results from the stationary phase approximation,
gives the direct two-photon transition amplitude. It corr
sponds to a small range of frequencies~width .1/Auf9u)
centered onv0 that can fulfill the two-photon resonance co
dition. The second one is due to the pole in the princi
Cauchy value, and provides a second significant contr
tion, identical to the sequential contribution already iden
fied in Eq.~2!. Finally, one obtains the probability amplitud
ae5as1ad , with

as52
meim ig

\2
E~vei!E~v ig!

12sgn~f9d!

2
, ~3a!

ad52
meim ig

\2

E2~v0!

dA2pT0Tp

e2 i (u1p)/2, ~3b!

whereas ,ad are the sequential and direct contributions,
spectively, and tanu522f9/T0

2. Note thatad corresponds
exactly to the nonresonant excited-state amplitude@6# with a
far off-resonance intermediate state.

As shown in Fig. 1,uadu2 ~dash-dotted! is maximized for
transform-limited pulses (f9.0) and evolves as;1/Tp ,
with a full width at half maximum equal toT0

2A3. as consists

FIG. 1. Population of the excited state as a function of chirp
d.0. Dashed line: sequential contributionuasu2 ~dashed line!; di-
rect contributionuadu2 ~dash-dotted line!, total two-photon contri-
bution uaeu2 @using Eq.~2! ~solid line! and Eq.~3! ~squares!#. Inset:
three-levels system.v0 is the carrier frequency of the laser andd
the detuning. The vertical line corresponds tof9523p/4d2.
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of two terms of equal magnitude arising from the first part
Eq. ~2! clearly identified previously, and from the principa
value. This sequential contribution is either twice the fi
term of Eq.~2!, or vanishes, depending on the sign off9d.
For a given sign off9d, its magnitude is constant. Thi
means intuitively that the frequencies should arrive in
correct order (v ig beforevei) to have a significant sequen
tial contribution: excitation of the intermediate stateu i & fol-
lowed by excitation fromu i & to ue& ~see the dressed sta
picture explanation below!. The sequential contribution con
tains a phase factoreif9d2

, arising from the electric field@see
Eq. ~1!#. The corresponding probability is a steplike functio
~dashed line in Fig. 1! depending only on the power spe
trum at each one-photon transition. The total probabi
uaeu2 exhibits strong interferences due to the phase differe
accumulated between both paths. In Fig. 1, the analytic
proximation ofuaeu2 @Eq. ~3!# and the numerical integration
of Eq. ~2! are plotted with squares and a solid line, resp
tively ~for d.0 andd/dvL.0.5). Both fit perfectly except
for the small region around zero chirp (uf9u&1/d2), where
our approximation is not valid. Forf9.0, uaeu2 has the
same behavior asuadu2. It corresponds to the populatio
transferred by two photons with the same energy\veg/2. On
the other hand, forf9,0 the population oscillates aroun
uasu2. From Eq.~3!, the period of the oscillations is equal t
f2p9 52p/d2. The first maximum is reached when both am
plitudes have nearly the same phase factors, i.e., forf9.
23p/4d2.

These interferences were first observed experimentally
Noordam and co-workers in Rb@9#, although the relative
contributions of the sequential and direct paths were not
culated. However, this analytic result stresses the differe
of behavior between direct and sequential paths as a func
of the chirp: a rapid decay for the direct contribution com
pared to a constant magnitude~for the correct sign off9)
and a phase factor off9d2 for the sequential one. Adding
new sequential paths leads to multiple interferences and
creases the possibilities of improving the interference c
trast. For instance, this is obtained when the different det
ingsdk5v i kg2v0 keep close together. The direct path is n

qualitatively changed, onlymeim ig /d should be replaced by
(kmeik

m i kg /dk . In the simplest case of two intermedia
states, interferences occur between three paths, as can e
be seen from the dressed states picture. The dressed a
states areua,n&, where ua& is an atomic state andun& the
photon number state, as shown in Fig. 2. A given manifold
neighboring energy consists ofug,n11&, u i k ,n&, and ue,n
21&. The dashed lines represent the diabatic states and
solid lines the quantum paths~including the atom-field cou-
pling!. For a positively~negatively! chirped pulse, the tem
poral evolution of the system corresponds to a traversa
the diagram from left to right~right to left!. At each crossing,
the wave packet splits into two components of relative m
nitude depending on the coupling strength. Here in the we
field regime, the major component remains on the diab
curve. The two sequential paths~1! and ~2! correspond to
two successive one-photon transitions. They can be follow
only for negative chirp~for d.0). Paths~3! and~4! are the

r
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direct two-photon transitions for negative and positive chi
respectively. Note that for chirps small enough (uf9u<T0

2),
all the frequencies can be considered to be simultaneo
present, and the dressed level picture is not appropriat
explain the observations. Then the distinction between
sequential and direct two-photon processes is not releva

As qualitatively explained by Noordam and co-worke
@4#, the relative phase between the paths is given by
product of the chirp rate by the enclosed area delimited
these paths in the dressed state diagram. This leads to o
lations of the final population as a function of the chir
These result from the beats of three interference periods:
rapid ones due to the interferences of sequential paths~1! and
~2! with the direct path~3!, and one slow one correspondin
to interferences between path~1! and ~2! ~in case of a split-
ting small compared to the one-photon detuningsdk). The
probability of each path depends on the strength of the c
pling at the crossing, which is proportional to the laser el
tric field amplitude and the respective dipole moments. T
latter leads to highly contrasted interference~in the case of
balanced excitation paths! with a chirp-independent ampli
tude, whereas the sequential-direct interference amplit
decreases rapidly withuf9u. Moreover, it depends critically
on the value ofdk /dvL . This explains the relatively sma
interference amplitude in Noordam’s experiment, whe
d/dvL.0.25 ~compared to this present study, whered/dvL
.0.5): Therefore for the chirp corresponding to the fi
maximum (.23p/4d2), the direct two-photon magnitud
has already strongly decreased. This dressed atom pic
does not allow us to determine the absolute position of
interference pattern with respect tof950, and in particular,
the phase shift of 3p/4 between the direct two-photon pa
and the sequential paths.

In order to illustrate this scheme involving two sequent
paths, an experiment has been performed in sodium ato
The (3s-5s) two-photon transition~at 603 nm! is excited
with a chirped pulse. The laser bandwidth allows us to ex
the sequential~at 589 and 615 nm! and the direct two-photon
transitions. The (4p-3s) fluorescence is recorded as a fun
tion of chirp. This two-photon transition involves two inte
mediate states 3p ~2P1/2 and 2P3/2) and one excited stat
5s, 2S1/2. The one-photon detunings are close:d1
.0.067 rad fs21 and d2.0.070 rad fs21 for 2P1/2 and
2P3/2, respectively.

FIG. 2. Dressed states picture of a ladder system with two
termediate states. The arrows indicate the different paths.
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The laser system is based on a conventional Ti:sapp
laser with chirped pulse amplification~Spitfire Spectra Phys
ics! which supplies 800mJ–130 fs–1 kHz 795 nm pulses.
fraction of the energy feeds a homemade Noncollinear O
cal Parametric Amplifier~NOPA! @21#, without compression,
which delivers pulses of 10mJ, 28 nm bandwidth centere
around 603 nm. To vary the chirpf9 on the interval
@240 000 fs2,40 000 fs2# with 100 fs2 steps, we combine
glass rods~4 cm SF58, 6 cm SF10! with a tunable double
pass grating pair~600 grooves/mm!. The pulse is slightly
focused into a sealed cell containing natural sodium wit
pressure of 1.731024 Pa. The 4p→3s fluorescence signa
at 330 nm is collected by 18 optical fibers and detected b
photomultiplier with photon counting. The signal was mon
tored as a function of the grating’s distance, which is ess
tially proportional to the chirp.

Figure 3 presents the experimental result compared wi
theoretical simulation based on the numerical calculation
the excited-state probability as derived from Eq.~2!, sum-
ming over both 3p intermediate states~2P1/2 and 2P3/2). In
the calculation, the complete phase of the laser pulse is
cluded instead of a pure quadratic phase to take into acc
the higher-order dispersion terms. However, for the sake
simplicity, the results are plotted as a function of the ch
f9 ~the effect of the higher-order dispersion terms will
treated in more detail elsewhere@22#!. The agreement be
tween theory and experiment is excellent without any adju
ment except for a normalization factor. The high contrast a
the beat of slow and fast oscillations are clearly observa
for negative chirp. As described above, for positive ch
@corresponding to sgn(f9d)51] the signal is rapidly de-
creasing and is only due to the direct two-photon transiti
The sharp step corresponds to the passage of the p
around the zero chirp. Considering Eq.~3!, for d1.d2, the
first maximum of the interference pattern appears atfk95

23p/4dk
2.2500 fs2 in our case (f19.2525 fs2 andf29.

2480 fs2). The enhancement of the population transfer b
tween this chirp and a transform-limited pulse is abou

-

FIG. 3. 4p-3s fluorescence as a function of chirp. Black lin
and squares: experiment; gray line: theory.
2-3
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factor of 3. The combination of slow and fast oscillatio
leads to a maximum enhancing factor of 20 between
minimum at f9.27500 fs2 and the maximum atf9.
2500 fs2. As described above, the oscillation periods a
easy to deduce as well from the analytic expression as f
the dressed states picture. The two fast periods are very c
together and equal to about 1272 fs2 for the 2P3/2 and
1399 fs2 for the 2P1/2. These are extremely well reproduce
experimentally with an average small period of 1334 f2.
The large period is due to the interferences between the
sequential paths~1! and ~2! and is equal to 14 125 fs2, cor-
responding to the experimental result. The contrast of the
oscillations decreases as a function of the chirp experim
tally as well as theoretically, whereas that of the slow os
lations keeps a constant value of;0.75.

Finally, the slow oscillations can also be regarded as
sulting from a wave packet oscillating between a bright a
a dark state. This wave packet, which is a coherent supe
sition of the two intermediate states, is created by the fi
sequential transition att i5(d11d2)f9/2 and detected when
the laser frequency reaches the second sequential trans
at t f52(d11d2)f9/2. The accumulated relative phase b
tween the two levels is (t f2t i)DE/\5(t f2t i)(d22d1)
5(d2

22d1
2)f9 as calculated above. The dark stateuL

51, ML561& cannot be excited towards the final sta
without any change of the laser polarization during the pu
This explains the much higher contrast observed here c
pared to previous spin precession studies@23#.
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We have presented in this paper a study of multipath
terferences in quantum ladder climbing. A new analytic e
pression of the competition of sequential and direct con
butions in a two-photon transition with chirped pulses h
been derived. This expression allows us to separate t
clearly and throws new light on ladder-climbing expe
ments. This result clearly demonstrates the difference of
havior between these two contributions and stimulated a n
experiment where two intermediate states are involv
Highly contrasted interferences between two sequen
quantum paths have been observed in excellent agree
with theory. Finally, the combination of linear chirp an
more complex pulse shapes@26# in two-photon transitions
with several intermediate states could be implemented to
hance the final population in the low-field regime. Th
scheme involving a two-photon transition in sodium rep
sents a particular interest for the polychromatic artificial s
project @24#. Adiabatic transfer is difficult to achieve at 10
km distance, and optimizing the excitation efficiency in t
weak- or intermediate-field regime seems more appropr
@25#.
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