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Temporal Coherent Control in Two-Photon Transitions: From Optical Interferences
to Quantum Interferences
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Temporal coherent control of an excited state wave packet is produced by a sequence of two identical
ultrashort laser pulses. We show theoretically and experimentally in the case of thes6s-7dd two-
photon transition in Cs that optical and quantum interferences take place and are clearly distinguished.
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Recently a great deal of attention has been devo
to laser control of chemical and molecular processes [
The goal is to take advantage of laser radiation propert
to favor a specific outcome when several output chann
can occur simultaneously in the process.

Several kinds of control have been investigated. Op
mal control consists of shaping the laser pulse in order
reach a well-defined target, but remains mostly inacc
sible to the experimentalist, except in very limited cas
[2]. In coherent control, quantum interferences betwe
several quantum paths are used to modulate a spe
channel [3–9]. Each quantum path results from the int
action between a laser field and the atomic or molec
lar system. Variation of the relative phases between th
laser fields induces constructive or destructive interfe
ences between quantum paths. Excitation probability
the process is thus coherently controlled.

One way to achieve coherent control consists of usi
the combination of a fundamental frequency and one
its harmonics [3–5]. In the case of an odd harmon
both quantum paths reach the same excited state, and
total cross section can be controlled [3,4]. With an ev
harmonic, the quantum paths lead to degenerate st
with opposite parity, and differential cross sections c
be controlled [5].

In temporal coherent control, a sequence of two tim
delayed pulses is used to follow the two quantum pa
[6–9]. The interference phase is related to the time de
between the two pulses. Variation of the time delay r
sults in interferograms which show a high frequency osc
lation (corresponding to Ramsey fringes [10]) modulat
by a slow envelope resulting from the wave packet m
tion in the excited state. Various detection schemes ha
been used to isolate this slow envelope from the rapid
cillations. Three examples are the phase lock techniq
[6], the sensitive phase technique [7], and the rando
phase technique [11]. These techniques allow extract
of the wave packet motion contribution from the signa
However, to achieve control of the process, the time d
lay must be fixed with an accuracy much better than t
optical period in order to select between constructive
2716 0031-9007y97y78(14)y2716(4)$10.00
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destructive interferences which result in enhancement
weakening of the total cross section of the process. M
of these experiments have been performed in the we
field regime [6,7,9]. These quantum interferences p
sist in the intermediate or high field regime, where high
transfer rates and large control contrasts are observed
However, the analysis of the data is difficult because
ac Stark effects and multiple Raman processes popula
numerous states. Thus a careful numerical integration
the Schrödinger equation is required [8].

We show in this paper that temporal coherent co
trol can be applied to two-photon transitions in the we
field regime, where striking new features are observ
and where a complete analysis of all the interference p
nomena is given. Namely, we are able to distinguish f
the first time between optical interferences (oscillations
the optical period), which take place when the two puls
overlap temporally, an purely quantum interferences (o
cillations at half the optical period) when the two pulse
are well separated. This new scheme also provides
efficient tool for probing the excited states wave pack
dynamics which contains all the spectroscopic informati
on the system, extending the Fourier transform spectr
copy to a powerful coherent Fourier transform multiph
ton ionization (CFT-MPI) spectroscopic tool.

The atomic system considered here consists of th
sets of levels: the ground statejgl, the intermediate states
jill, and the excited statesjekl. Their corresponding
energies are denoted 0,̄hvil , and h̄vek . The electro-
magnetic fieldE std consists of a superposition of two
ultrashort, Fourier-transform-limited, linearly polarize
(along the same direction) laser pulses separated b
delay timet. E std  Epstd 1 Ecstd, where (in the
rotating wave approximation)Epstd  E0stde2ivLt and
Ecstd  bEpst 2 td  bE0st 2 tde2ivLst2td. b is
the ratio between the amplitudes of the electric fields
the two pulses (assumed to be real).E0std is the pulse
envelope, of durationtL and spectral widtht

21
L , and

vL is the “central” frequency of the pulse. We hav
assumed here two perfectly collinear laser beams w
identical longitudinal and transverse profiles, so that it
© 1997 The American Physical Society
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not necessary to take explicitly into account the spa
variation of the electric field.

At resonance, the central frequency of the laservL

is chosen to be close (within the spectral width) to h
the energy difference between the excited statesjekl and
ground statejgl, j2vL 2 vek

j # t
21
L . We consider only

the nonresonant (with respect to the intermediate sta
case (two-photon excitation instead of sequential exc
tion) so that no population remains in the intermedia
states after the laser pulse sequence,jvL 2 vil

j ¿ t
21
L .

Also, we limit our treatment to the weak-field regime an
use a second-order time-dependent perturbation theor

After the laser pulsesfst 2 td ¿ tLg, the total wave
function of the system is expressed as

jCstdl  jgl 1
X

k

aek
std jekl (1)

if no depletion of the ground state is assumed, where

aek std 
i
h̄

Qg,ek e2ivek tẼ 2svek d . (2)

Here the two-photon transition operator [12] is given by

Qg,ek


X
l

kekjmjill kiljmjgl
h̄svil 2 vLd

(3)

(m is the electric dipole moment of the atom), and

Ẽ 2svd 
Z 1`

2`
E 2stdeivtdt (4)

is the Fourier transform of the square of the electric fie
The t dependence of the amplitudeaek std is completely
contained in theẼ 2svek d factor of Eq. (2). The two-pulse
sequence leads to the following expression:

aek std  K
ek
1 1 K

ek
2 std 1 2K

ek
12std , (5)

with

K
ek
1 

i
h̄

Qg,ek
e2ivek tẼ 2

0 svek
2 2vLd , (6a)

K
ek
2 std  b2K

ek
1 eivek t , (6b)

K
ek
12std 

i
h̄

Qg,ek
be2ivek teivLt

3
Z 1`

2`

E0st0dE0st0 2 td

3 e1is2vL2vek dt0

dt0. (6c)

These contributions account for all possible quantu
paths leading the system from the ground state to
excited states (see Fig. 1). They correspond to
absorption of two photons from the first pulsesKek

1 d, two
photons from the second pulsesKek

2 d, and one photon from
each laser pulsesKek

12d. As the intermediate states,jill, are
nonresonant, this last term vanishes as the pulse ove
decreases. This means that, since these two photon
absorbed “simultaneously” (within a time equal to th
al

lf

es)
ta-
te

d
.

d.

m
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he
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FIG. 1. Schematic diagram of the levels involved and of th
various paths considered [see Eq. (6)]. (1) and (2) refer to
pulse numbers.

inverse of the energy defect in the intermediate stat
both combinations (photon of pulse 1 followed by photo
of pulse 2 or vice versa) contribute equally. This explai
the factor 2 in Eq. (5). The two termsK

ek
1 andK

ek
2 differ

only by an amplitude factorb2 and a phase factoreivek t.
The population in each excited state after the e

of the interaction is given byjaek s`dj2 and contains
contributions from each path considered separately a
interference terms between these various paths. The ph
factors which govern these interferences depend on
product of the time delayt and the frequenciesvL or
vek . An example of the evolution of the excited state
population as a function oft is given in Fig. 2 in the
case of two excited states. Three insets show expan
views of the population for the characteristic values
the time delay: 2(a) perfect overlap of the two puls

FIG. 2. Simulation of the population variation of the7d
cesium state as a function of the time delayt between the two
excitation laser pulses (atl  768 nm, b  0.7 corresponding
to experimental conditions). The three insets show the t
regimes of interferences: (a) optical interferences, (c) quant
interferences, and (b) the transition between these two regim
2717
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cal
st ø tLd, 2(b) partial overlapst . tLd, and 2(c) no
overlapst ¿ tLd.

When t ø tL, the temporal overlap of the two lase
pulses results in optical interferences. A simple expr
sion can be obtained by equatingE0st 2 td to E0std. The
expression of the electric field then reduces toE std .
s1 1 beivLtdE0std, where the factors1 1 beivLtd ac-
counts for optical interferences. From Eqs. (2) and (6
one obtains the total population in the excited states,
st ø tLd,

Nestd 
X

k

jaek
s`dj2  j1 1 beivLtj4

X
k

jK
ek
1 j2. (7)

Optical interferences take place at the optical frequen
vL and result in strong oscillations of the intensity
the laser beam and, in consequence, of the excited sta
population. These oscillations have exactly the sa
frequency for all the excited statesjekl as they result only
from optical interferences. Because of the nonlinear
of the two-photon transition, the oscillations are n
symmetric with respect to the average value. In oth
words, the population oscillates with the period2pyvL,
but these oscillations contain both frequenciesvL andvek

s.2vLd as appears clearly in Eq. (6).
When the time delay is such that the pulses do

overlapst ¿ tLd, then the pathK
ek
12, corresponding to one

photon absorbed from each pulse, vanishes. This ag
yields a simple expression for the excited state populat
which results from quantum interferences between pa
K

ek
1 andK

ek
2 , for st ¿ tLd,

Nestd 
X

k

s1 1 b4 1 2b2 cosvek td jK
ek
1 j2. (8)

Equation (8) is the superposition of terms which oscilla
at the frequency of each transitionvek (close to2vL) be-
tween the extreme valuess1 1 b2d2jK

ek
1 j2 (constructive

interferences) ands1 2 b2d2jK
ek
1 j2 (destructive interfer-

ences). The phase factorvek t results from the parallel
evolution of the two waves in the two levels (initial an
excited) separated by the energyh̄vek

during the time in-
terval t. Each excited state population oscillates at its o
frequencyvek . After delays greater than the reciprocal
the excited states energy splittingsh̄Dvek

, the interfero-
grams associated with each individual excited statejekl
dephase and beats result. These beats correspond t
time evolution of the wave packet created in the excit
state by the first pulse and reflect the energy structure
the excited states manifold. When the interference cont
is maximal, the two wave packets created by the two la
pulses are identical (or have a maximal overlap), and
terferences are constructive or destructive according to
relative phase between the wave packets. At the nodes
two excited state wave packets are orthogonal and can
interfere. This result can be generalized to any multiph
ton transition: For a resonant transition of frequencyve

excited through an-photon transition, the interferogram
2718
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exhibits rapid oscillations at the frequencyve s. nvLd
resulting from quantum interferences.

For intermediate time delaysst . tLd, optical and
quantum interferences take place simultaneously. As
two laser pulses overlap partially in time, optical interfe
ences are partially contrasted so that quantum interferen
(at twice the optical frequency) can show up. This effe
is shown in the inset (b) of Fig. 2 which gives an extend
view of the [120–190 fs] time interval. The exact expre
sion of the excited state populationNe contains indepen-
dent contributions from the three possible quantum pa
[see Eq. (6)] and interference terms between these pa
The direct contributionsjK

ek
1 j2 andjK

ek
2 stdj2 are indepen-

dent oft, andjK
ek
12stdj2 drops monotonically witht as the

overlap between the two pulses decreases. The inte
ence terms betweenK

ek
1 or K

ek
2 std andK

ek
12std produce os-

cillations at the optical frequencyvL whose amplitude also
decreases regularly witht. They correspond to the opti
cal interferences. Finally, the interference term betwe
K

ek
1 andK

ek
2 std has a constant amplitude and is modulat

at the excitation frequencies,vek
, close to twice the op-

tical frequency. For the shortest delays, the interfere
pattern presents single maxima separated by the op
period. Although the quantum interferences are pres
they are hidden by the optical interferences and contrib
only to modify the shape of the fundamental period whi
is not a simple cosine function. As the time delay grad
ally increases, secondary maxima appear in between
main maxima, as a result of the quantum interferences
tween the part of the laser pulses which do not overlap
cannot therefore interfere optically.

The phenomena discussed above have been suc
fully demonstrated in the two-photon excitation to th
7d 2D3y2,5y2 fine-structure doublet in Cs at 768 nm. Th
intermediate states,6p 2P1y2,3y2 are off resonance by ca
1300 to 1850 cm21. The 7d fine structure splitting is
20.97 cm21, corresponding to a beat period of 1.591 p
The Css7dd atoms are then ionized by the absorption of
extra photon from either pulse (1) or (2). One can sh
[9] that the ion signal is qualitatively similar to the excite
state population calculated here.

The experimental setup has been described in de
elsewhere [9]. Briefly, a titanium sapphire laser delive
13 nJ pulses at 76 MHz repetition rate. The measu
pulse duration is ca 150 fs, and the corresponding spec
width is 120 cm21 (FWHM), so that the off-resonanc
condition for the intermediate states is fulfilled. The las
pulses are split into two parts and recombined in a Ma
Zender type interferometer, with a variable optical pa
difference resulting in a two-pulse sequence. Copro
gating pulses are slightly focused on a cesium atom
beam. Ions resulting from the interaction with the las
are detected with a quadrupole mass spectrometer.

Experimental results are displayed in Fig. 3.
low-resolution scan (f210 ps, 130 psg interval) shows
the broad features: strong peaks resulting from opti
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interferences aroundt  0 fs, high-frequency oscilla-
tions modulated by a slow envelope resulting from t
beats between the two fine-structure excited states,
period of 1.59 ps. The insets show high-resolution sc
which allow us to distinguish between optical interfe
ences [3(a): 2.56 fs period], quantum interferences [3
1.28 fs period], and the transition regime 3(b), whe
quantum interferences gradually show up as the temp
overlap between the laser pulses drops. The qualita
agreement between the observed ionic signal and
calculated excited state population (Fig. 2) is excellent

We have shown in this paper that the temporal coh
ent control technique relies on two types of interferenc
(quantum and optical) which are clearly identified in th
case of a two-photon transition. This technique ope
a broad field of applications. As a spectroscopic to
this “Fourier transform multiphoton ionization” (FT-MPI
technique provides information on the energetic struct
and on the dynamics of the excited state. It also provi
coherent control capabilities which are manifold. If se
eral channels can be simultaneously controlled with d
ferent phases, the branching ratios between these chan
can thus be controlled. This opens wide applicatio
particularly in polyatomic systems. Ultrafast switchin
devices can be developed with semiconductors [13].
nally, the efficiency of the control process can be grea

FIG. 3. Variation of thes2 1 1d resonance-enhanced mult
photon ionization (REMPI) probability in Cs as a function o
the time delay between the two laser pulses (atl  768 nm,
with b  0.7). The7d 2D3y2,5y2 fine-structure doublets are th
resonant states for the two-photon transition. The three in
show the two regimes present in this experiment: (a) opti
interferences with a 2.56 fs period, (c) quantum interferen
with a 1.28 fs period, and (b) the transition between these
regimes.
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enhanced by using sequences of coherent laser pulses
as in NMR.
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