RAPID COMMUNICATIONS

Competition between sequential and direct paths in a two-photon transition
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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 achieverect contributions. The scheme is extended to the case of
high-resolution spectroscogyt]| or to maximize the excita- several intermediate states which provide as many sequential
tion efficiency of a desired state has been an active field ogxcitation paths and new interference possibilities. In par-
research in the past decades. The first experiments on cohdieular, interferences between these sequential paths produce
ent two-photon effects were performed in 1972 by Shoelotally different patterns as compared to the sequential-direct
makeret al. [2] and since then theoretical and experimentalinterferences. This scheme is applied to the-{(3p— 5s)
studies have been performed on the one hand to improv@dder system in sodium vapor. Highly contrasted interfer-
spectroscopy3] and on the other hand to control the final €nces are observed, as a direct consequence of this new in-
population transfer through achieving quantum interferenceterference scheme.

[4,5] or/and manipulating the coherent properties of the op- Let us consider an atomic system with three levggs;
tical field [6]. li), and|e), the ground, intermediate, and excited statg.,

Many results have been obtained in the hiii] or  ®@ej, and wey are the corresponding transition frequencies.
intermediate-field regime involving adiabatic transfer in mul- This ladder system is excited by a weak femtosecond pulse
tilevel ladder climbing in atomi¢8—10] or molecular sys- &(t), which is linearly chirped and Gaussian-shapgw)
tems[11,17. In molecules, schemes based on chirped ulis the Fourier transform of(t) and is given by
trashort pulses have been proposed and used to climb )
electronic ladder$13], vibrational ladders in diredtl1,14] E(w)=m&Toe (@~ @0 Togi¢" (0= wp) 12 (1)
or Raman schemdd5], or even the rotational levels in a
molecular centrifugef16]. The advent of ultrafast lasers where 2T, is the field-transform-limited temporal widtfat
combined with pulse-shaping techniques has led to nevi/e), sw, =4/T, is the field spectral width, ang” is the
schemeq 17,18 where two-photon transitions representing quadratic phase dispersion. The carrier frequesngyis as-
the lowest-order nonlinear interaction are used as a benclkumed to be on two-photon resonanae, € wey/2). The
mark system. In particular, Silberberg and co-work€d7]  one-photon detuning= w;y— wy is smaller than or compa-
have shown that the two-photon absorption rate is maxirable to the spectral bandwidth. The chirped pulse width
mized for transform-limited pulses only in the case of tran-gjyen by:Tp:Tom is assumed here to be con-
sitions without any resonant intermediate state. For transigigerably shortefpicosecond scalehan all lifetimes(nano-

tions involving a nearly resonant intermediate state, argcond scaje involved. The general expression of the
enhancement by a factor of 7 of the two-photon absorptioRycited-state amplitude due to a two-photon transition in-

rate in Rb vapor has been obtained by shaping the pélse \olying an intermediate resonant leé} can be written as
Effectively the broad bandwidth of ultrashort lasers allowsyg

one to take advantage of interference effects between quan-
tum paths in multiphoton transitions. Considering the sim-

plest case of linearly chirped.pulses where the laser fre- ae=— '“e“gig %E(wig)E(wei)

quency is regularly swept during the pulse, Noordam and h

co-workers[4] observed quantum interferences between se- . te E(w)E B

guential and direct two-photon transitions in rubidium. These A M

¢ : + P dw , (2)
interferences are due to the phase difference accumulated by 27 ) o W~ Wig

various quantum paths, namely the direct nonresonant two-

photon transition and sequential ladder climbing. They aravhere u; and u;y are the dipole moment matrix elements

observed as a function of the laser chirp. These interferencesd P is the principal Cauchy value. Silberberg and co-

are related to, but of a different nature from, the two-photonworkers[6] allocated the first term in Eq¢2) to the resonant

versus two-photon interferencgs9,20. contribution through the intermediate state and the second
In this paper, we present an analytic derivation which al-term to the off-resonance contributions. However, this sec-

lows us to mathematically distinguish the sequential and diond term includes contributions from the whole spectrum,
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of two terms of equal magnitude arising from the first part of
Eq. (2) clearly identified previously, and from the principal
value. This sequential contribution is either twice the first
B T— term of Eq.(2), or vanishes, depending on the signgsfs.

For a given sign of¢” 48, its magnitude is constant. This
— means intuitively that the frequencies should arrive in the
""" correct order {;, beforewg;) to have a significant sequen-
tial contribution: excitation of the intermediate stéi fol-
lowed by excitation from|i) to |e) (see the dressed state
— picture explanation belowThe sequential contribution con-
tains a phase factcez“ﬁ"‘sz, arising from the electric fielfsee
Eqg. (1)]. The corresponding probability is a steplike function
(dashed line in Fig. Lldepending only on the power spec-
trum at each one-photon transition. The total probability

population (a.u.)

—

o b | I 1 1 1 = = == 4 = =
6 5 4 3 2 4 0 1 2 3 4 5 |ag|? exhibits strong interferences due to the phase difference
¢"(10° fs°) accumulated between both paths. In Fig. 1, the analytic ap-

proximation of|a,|? [Eq. (3)] and the numerical integration
FIG. 1. Population of the excited state as a function of chirp forof Eq. (2) are plotted with squares and a solid line, respec-

5>0. Dashed line: sequential contributi¢ay|? (dashed ling di-  tively (for §>0 and&/Sw, ~0.5). Both fit perfectly except
rect contribution/ay|® (dash-dotted ling total two-photon contri-  for the small region around zero chirpg(’|<1/6%), where
bution |a.|? [using Eq.(2) (solid ling) and Eq.(3) (squarey. Inset: our approximation is not valid. Fog”>0, |ae|2 has the
three-levels systenw, is the carrier frequency of the laser aAd same behavior a$ad|2. It corresponds to the population
the detuning. The vertical line corresponds¢to= — 37/462. transferred by two photons with the same eneh:ggéglz on
the other hand, foky”<0 the population oscillates around

involving also the one-photon resonance= wi4) with a 2 : . :
significant weight. In the case of chirped pulses such tha\ta,f| - From Bq.(3), the period of the oscillations is equal to

— 2 ; i i .
both sequential frequenciesfy and w,;) are separated in .2”_277/5 - The first maximum is reached whe_n bofh am
time plitudes have nearly the same phase factors, i.e.@fGe

_ 2
(|¢"|>116%), it is shown below that the second term can be 3mlas”. , .
separated in two distinct contributions These interferences were first observed experimentally by

Even if general expressions can be derived for any ﬁeldNoordam and co-workers in RED], although the relative

e analyticlexpressionsshown belfnd 1 partcular Eq, - o410 of 1 secuenleg and et paths were o
(3b)] are obtained with the Gaussian field given by EL). : ' y

Two frequency ranges provide major contributions to theof behavior between direct and sequential paths as a function

second term in Eq(2), aroundw, andw,y , respectively. The of the chirp: a rapid decay for the direct contr.ibution com-
first one results from the stationary phase approximation, anaa;ed toha copst?nt m’?(gzn:ctud:er)lr the corr::ptl sign %\fﬁ d)'
gives the direct two-photon transition amplitude. It corre-2Nd @ phase factor ap or the sequential one. ng.
sponds to a small range of frequencisidth :1/\/W) new sequential paths leads to multiple interferences and in-

centered o~ that can fulfill the two-photon resonance con- creases the possibilities of improving the interference con-
o 0 . p - L Erast. For instance, this is obtained when the different detun-
dition. The second one is due to the pole in the principal

Cauchy value, and provides a second significant contribu 9> d= wi g~ wo keep close together. The direct path is not

tion, identical to the sequential contribution already identi-dualitatively changed, only.eiuig /6 should be replaced by
fied in Eq.(2). Finally, one obtains the probability amplitude Zkteitig/Sk- In the simplest case of two intermediate

a.=ag+ay, with states, interferences occur between three paths, as can easily
be seen from the dressed states picture. The dressed atomic
HMeitbig 1—-sgn¢"d) states arda,n), where|a) is an atomic state anfh) the
as=— TE(wei)E(wig)fv (33 photon number state, as shown in Fig. 2. A given manifold of

neighboring energy consists ¢§,n+1), |i,,n), and|e,n
—1). The dashed lines represent the diabatic states and the

2
ay= — eittia E(wg) e i(0+mI2, 3b  solid lines the quantum patfimicluding the atom-field cou-
h? oN2mToT, pling). For a positively(negatively chirped pulse, the tem-

poral evolution of the system corresponds to a traversal of
whereag,ay are the sequential and direct contributions, re-the diagram from left to rightright to left). At each crossing,
spectively, and ta=—2¢"/T5. Note thatay corresponds the wave packet splits into two components of relative mag-
exactly to the nonresonant excited-state amplif@evith a  nitude depending on the coupling strength. Here in the weak-

far off-resonance intermediate state. field regime, the major component remains on the diabatic
As shown in Fig. 1|ay|? (dash-dotteylis maximized for  curve. The two sequential patti$) and (2) correspond to
transform-limited pulses ¢”"=0) and evolves as-1/T,, two successive one-photon transitions. They can be followed

with a full width at half maximum equal t63/3. a, consists ~ only for negative chirgfor §>0). Paths(3) and(4) are the
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FIG. 2. Dressed states picture of a ladder system with two in- g
termediate states. The arrows indicate the different paths. 2
TR
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direct two-photon transitions for negative and positive chirp, 4;"(103 fsz)
respectively. Note that for chirps small enoudi’(|<T3),
all the frequencies can be considered to be simultaneousl
present, and the dressed level picture is not appropriate
explain the observations. Then the distinction between the
sequential and direct two-photon processes is not relevant.
As qualitatively explained by Noordam and co-workers The laser system is based on a conventional Ti:sapphire
[4], the relative phase between the paths is given by thé&ser with chirped pulse amplificatidSpitfire Spectra Phys-
product of the chirp rate by the enclosed area delimited bycs) which supplies 80Q:J—130 fs—1 kHz 795 nm pulses. A
these paths in the dressed state diagram. This leads to osdilaction of the energy feeds a homemade Noncollinear Opti-
lations of the final population as a function of the chirp. cal Parametric Amplifie(NOPA) [21], without compression,
These result from the beats of three interference periods: twevhich delivers pulses of 1@J, 28 nm bandwidth centered
rapid ones due to the interferences of sequential gajrend  around 603 nm. To vary the chirg” on the interval
(2) with the direct path(3), and one slow one corresponding [ —40 000 f$,40 000 f$] with 100 f$ steps, we combine
to interferences between path) and(2) (in case of a split- glass rods(4 cm SF58, 6 cm SF1Qwith a tunable double
ting small compared to the one-photon detunidgs. The  pass grating paif600 grooves/mm The pulse is slightly
probability of each path depends on the strength of the coufocused into a sealed cell containing natural sodium with a
pling at the crossing, which is proportional to the laser elecpressure of 1.X 104 Pa. The $— 3s fluorescence signal
tric field amplitude and the respective dipole moments. Thisat 330 nm is collected by 18 optical fibers and detected by a
latter leads to highly contrasted interferer(@e the case of photomultiplier with photon counting. The signal was moni-
balanced excitation pathsvith a chirp-independent ampli- tored as a function of the grating’s distance, which is essen-
tude, whereas the sequential-direct interference amplitudéally proportional to the chirp.
decreases rapidly withy”|. Moreover, it depends critically Figure 3 presents the experimental result compared with a
on the value ofs,/dw, . This explains the relatively small theoretical simulation based on the numerical calculation of
interference amplitude in Noordam’s experiment, wherethe excited-state probability as derived from Ef), sum-
8l Sw_ ~0.25 (compared to this present study, whel®w,  Ming over both P intermediate staté&,,, and *Ps). In
=0.5): Therefore for the chirp corresponding to the firstthe calculation, the complete phase of the laser pulse is in-
maximum (& —37/46%), the direct two-photon magnitude cluded instead of a pure quadratic phase to take into account
has already strongly decreased. This dressed atom pictutee higher-order dispersion terms. However, for the sake of
does not allow us to determine the absolute position of th&implicity, the results are plotted as a function of the chirp
interference pattern with respect¢d =0, and in particular, ¢" (the effect of the higher-order dispersion terms will be
the phase shift of 3/4 between the direct two-photon path treated in more detail elsewhef22]). The agreement be-
and the sequential paths. tween theory and experiment is excellent without any adjust-
In order to illustrate this scheme involving two sequentialment except for a normalization factor. The high contrast and
paths, an experiment has been performed in sodium atom#e beat of slow and fast oscillations are clearly observable
The (3s-5s) two-photon transition(at 603 nm is excited for negative chirp. As described above, for positive chirp
with a chirped pulse. The laser bandwidth allows us to excitécorresponding to sge{’6)=1] the signal is rapidly de-
the sequentialat 589 and 615 nirand the direct two-photon creasing and is only due to the direct two-photon transition.
transitions. The (B-3s) fluorescence is recorded as a func- The sharp step corresponds to the passage of the pulse
tion of chirp. This two-photon transition involves two inter- around the zero chirp. Considering E@), for ;= 6, the
mediate states (8 (P, and 2P3,) and one excited state first maximum of the interference pattern appearspgt
5s,2S,,. The one-photon detunings are closel; —3w/482=—500 f€ in our case ¢}=—525 f$ and ¢}=
=0.067 radfs® and §,=0.070 radfs® for ?P;, and —480 fS). The enhancement of the population transfer be-
2p,;,, respectively. tween this chirp and a transform-limited pulse is about a

&
&
g
&

FIG. 3. 4p-3s fluorescence as a function of chirp. Black line
nd squares: experiment; gray line: theory.
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factor of 3. The combination of slow and fast oscillations We have presented in this paper a study of multipath in-
leads to a maximum enhancing factor of 20 between theerferences in quantum ladder climbing. A new analytic ex-
minimum at ¢”=—7500f¢ and the maximum aw”=  pression of the competition of sequential and direct contri-
—500 <. As described above, the oscillation periods arebutions in a two-photon transition with chirped pulses has
easy to deduce as well from the analytic expression as frorgeen derived. This expression allows us to separate them
the dressed states picture. The two fast periods are very cloggearly and throws new light on ladder-climbing experi-
together and equal to about 1272 for the ?Pg, and  ments. This result clearly demonstrates the difference of be-
1399 f¢ for the ?Py),. These are extremely well reproduced hayior between these two contributions and stimulated a new
experimentally with an average small period of 133 fs experiment where two intermediate states are involved.
The Iarg.e period is due to the mterferences between the tWPIigth contrasted interferences between two sequential
sequential pathél) and (2) and is equal to 14 125s cor- uantum paths have been observed in excellent agreement
responding to the experimental result. The contrast of the fa%l/ith theory. Finally, the combination of linear chirp and
oscillations decreases as a function of the chirp experime%ore complex puls’e shapég6] in two-photon transitions
tally as well as theoretically, whereas that of the slow OSCiI'with several intermediate states could be implemented to en-

lat'g.ns Ill(eetFrJIS alconstaqltl Vt".’HUEﬂDJSi b ded hance the final population in the low-field regime. This
ina’ly, the slow osciilations can aiso be regarded as reg.peme involving a two-photon transition in sodium repre-

su(ljtmg frto;n a}r\r/]v_ave packet l?sf'”art]'.ng .betweehn a bt”ght aNGents a particular interest for the polychromatic artificial star
a‘t' ar sff?he' ¢ |s.vxéave p;c te ’;Nt Ich IS a cot edre; ?;]Jpefm roject[24]. Adiabatic transfer is difficult to achieve at 100
sition of the two Intermediate states, 1S created by In€ Irsg ., yisiance, and optimizing the excitation efficiency in the

sequential transition df= (8, + 5,) ¢"/2 and detectgd when. .weak- or intermediate-field regime seems more appropriate
the laser frequency reaches the second sequential tranS|t|?§5]

att;=—(6,+ 8,) ¢"/2. The accumulated relative phase be-

tween the two levels is tf—t,)AE/A=(t;—1t;)(5,— 51) We sincerely acknowledge Jean-Paul Pique for fruitful
=(5§—5§) ¢" as calculated above. The dark stae  discussions on the artificial star project and the loan of the
=1,M_ ==1) cannot be excited towards the final statesodium cell. We also acknowledge financial support from the
without any change of the laser polarization during the pulseEuropean Union (Contract No. HPRN-CT-1999-00129,
This explains the much higher contrast observed here comzOCOMO). We enjoyed fruitful and stimulating discussions

pared to previous spin precession studizd].

with the late G. Grynberg.
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