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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 ¢bsthid) 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 devotedestructive interferences which result in enhancement or
to laser control of chemical and molecular processes [1jweakening of the total cross section of the process. Most
The goal is to take advantage of laser radiation propertiesf these experiments have been performed in the weak
to favor a specific outcome when several output channelield regime [6,7,9]. These quantum interferences per-
can occur simultaneously in the process. sist in the intermediate or high field regime, where higher

Several kinds of control have been investigated. Optitransfer rates and large control contrasts are observed [8].
mal control consists of shaping the laser pulse in order tblowever, the analysis of the data is difficult because of
reach a well-defined target, but remains mostly inaccesac Stark effects and multiple Raman processes populating
sible to the experimentalist, except in very limited casesiwumerous states. Thus a careful numerical integration of
[2]. In coherent control, quantum interferences betweerthe Schrédinger equation is required [8].
several guantum paths are used to modulate a specific We show in this paper that temporal coherent con-
channel [3-9]. Each guantum path results from the intertrol can be applied to two-photon transitions in the weak
action between a laser field and the atomic or molecufield regime, where striking new features are observed
lar system. Variation of the relative phases between thesand where a complete analysis of all the interference phe-
laser fields induces constructive or destructive interfernomena is given. Namely, we are able to distinguish for
ences between quantum paths. Excitation probability othe first time between optical interferences (oscillations at
the process is thus coherently controlled. the optical period), which take place when the two pulses

One way to achieve coherent control consists of usingverlap temporally, an purely quantum interferences (os-
the combination of a fundamental frequency and one ofillations at half the optical period) when the two pulses
its harmonics [3—5]. In the case of an odd harmonicare well separated. This new scheme also provides an
both quantum paths reach the same excited state, and th#ficient tool for probing the excited states wave packet
total cross section can be controlled [3,4]. With an evertdlynamics which contains all the spectroscopic information
harmonic, the quantum paths lead to degenerate states the system, extending the Fourier transform spectros-
with opposite parity, and differential cross sections carcopy to a powerful coherent Fourier transform multipho-
be controlled [5]. ton ionization (CFT-MPI) spectroscopic tool.

In temporal coherent control, a sequence of two time- The atomic system considered here consists of three
delayed pulses is used to follow the two quantum pathsets of levels: the ground stdig), the intermediate states
[6-9]. The interference phase is related to the time delayi;), and the excited statef,). Their corresponding
between the two pulses. Variation of the time delay re€nergies are denoted @w;, and hw,,. The electro-
sults in interferograms which show a high frequency oscil+nagnetic field’E () consists of a superposition of two
lation (corresponding to Ramsey fringes [10]) modulatedultrashort, Fourier-transform-limited, linearly polarized
by a slow envelope resulting from the wave packet mo{along the same direction) laser pulses separated by a
tion in the excited state. Various detection schemes havéelay timer. E(1) = E,(t) + E.(t), where (in the
been used to isolate this slow envelope from the rapid ogotating wave approximation)kf,(r) = Ey(t)e '“*" and
cillations. Three examples are the phase lock techniqu&.(t) = BE,(t — 7) = BEo(t — 1)e "7 B is
[6], the sensitive phase technique [7], and the randonthe ratio between the amplitudes of the electric fields of
phase technique [11]. These techniques allow extractiothe two pulses (assumed to be realE(¢) is the pulse
of the wave packet motion contribution from the signal.envelope, of durationr, and spectral widthr; ', and
However, to achieve control of the process, the time dee; is the “central” frequency of the pulse. We have
lay must be fixed with an accuracy much better than the@ssumed here two perfectly collinear laser beams with
optical period in order to select between constructive oidentical longitudinal and transverse profiles, so that it is
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not necessary to take explicitly into account the spatial leks
variation of the electric field. A A
At resonance, the central frequency of the lasgr |
is chosen to be close (within the spectral width) to half I
the energy difference between the excited stdtgsand Ki
ground statdg), 2w, — o, | = 7. '. We consider only K12 l
the nonresonant (with respect to the intermediate states) —_— _»
case (two-photon excitation instead of sequential excita- A 2N\ lil>
tion) so that no population remains in the intermediate |
states after the laser pulse sequeneg, — w;,| > L. |
Also, we limit our treatment to the weak-field regime and K2
use a second-order time-dependent perturbation theory. l
After the laser pulsef(r — 7) > 7], the total wave | |g>
function of the system is expressed as (1) 2)
V(@) = lg) + Zaek(t) lex) (1) FIG.1. Schematic diagram of the levels involved and of the
X various paths considered [see Eq. (6)]. (1) and (2) refer to the

if no depletion of the ground state is assumed, where ~ PUISe numbers.

! —iw,, I T
ae (1) = 5 Qgere ' EXwe,). (@) inverse of the energy defect in the intermediate state),
both combinations (photon of pulse 1 followed by photon
of pulse 2 or vice versa) contribute equally. This explains
0ue = Cexlpeliry (il ulg) the factor 2 in Eq. (5). The two tern#§;* andK5" differ
8-€k
1

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

fi(w;, — wr) (3) only by an amplitude factog? and a phase factar @7,
The population in each excited state after the end
(u is the electric dipole moment of the atom), and of the interaction is given byla, ()]> and contains
. +oo ‘ contributions from each path considered separately and
o) = E>(1)e' dt (4)  interference terms between these various paths. The phase

—o0

factors which govern these interferences depend on the

is the Fourier transform of the square of the electric fieldproduct of the time delay and the frequencies; or

The 7 dependence of the amplitude, (¢) is completely o, . An example of the evolution of the excited states

contained in the£ ?(w,,) factor of Eq. (2). The two-pulse population as a function of is given in Fig. 2 in the

sequence leads to the following expression: case of two excited states. Three insets show expanded
e () = K& + KS(7) + 2KE(r), (5) views of the population for the characteristic values of

ith the time delay: 2(a) perfect overlap of the two pulses
Wi

i i, t
Klek = EQg,eke l pktf()z(wek o Q’wL)’ (68.)

(a) (b) ()
K> (1) = B*Ki"e' =7, (6b) |

i . .
Kis(7) = 4 Qe e e

-10 0 10 120 140 160 180 4780 4800

£
oo 4 delay (fs)
X f To(t)Eo(t' — 1) AN e \
X etiGerm o) gyl (6c)
These contributions account for all possible quantum
paths leading the system from the ground state to the
-1600 0 1600 3200 4800

excited states (see Fig. 1). They correspond to the
absorption of two photons from the first pule;*), two . . . o
photons from the second pu|S§§"), and one photon from FIG. 2. Simulation of the population variation of th&d

e ; ; . cesium state as a function of the time defapetween the two
each laser pulsek;;). As the intermediate statels;), are excitation laser pulses (at = 768 nm, 8 = 0.7 corresponding

nonresonant, th_'s last term van!shes as the pulse overlqg experimental conditions). The three insets show the two
decreases. This means that, since these two photons akgimes of interferences: (a) optical interferences, (c) quantum
absorbed “simultaneously” (within a time equal to theinterferences, and (b) the transition between these two regimes.

delay (fs)
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(r < 71), 2(b) partial overlap(7 = 7;), and 2(c) no exhibits rapid oscillations at the frequenay, (= nw;)
overlap(r > 7). resulting from quantum interferences.

When 7 <« 71, the temporal overlap of the two laser For intermediate time delay$r = 7,), optical and
pulses results in optical interferences. A simple expresguantum interferences take place simultaneously. As the
sion can be obtained by equatifiig(r — 7) to Eo(r). The  two laser pulses overlap partially in time, optical interfer-
expression of the electric field then reducesZ®d:) =  ences are partially contrasted so that quantum interferences
(1 + Bei“r™)Ey(t), where the factor(l + Be'“:™) ac- (at twice the optical frequency) can show up. This effect
counts for optical interferences. From Egs. (2) and (6a)is shown in the inset (b) of Fig. 2 which gives an extended
one obtains the total population in the excited states, foview of the [120—190 fs] time interval. The exact expres-
(r < 11), sion of the excited state populatiav) contains indepen-

, dent contributions from the three possible quantum paths

Ne(1) = D lag () = [1 + B * Y |K{*I*>. (7) [see Eq. (6)] and interference terms between these paths.

k k The direct contribution$k;*|? and|K5" (7)|? are indepen-
Optical interferences take place at the optical frequencylent ofr, and|K5(7)|*> drops monotonically withr as the
oy and result in strong oscillations of the intensity of overlap between the two pulses decreases. The interfer-
the laser beam and, in consequence, of the excited statemice terms betweeki;* or K5*(7) andK{5(7) produce os-
population. These oscillations have exactly the sameillations at the optical frequeney; whose amplitude also
frequency for all the excited staths,) as they result only decreases regularly with. They correspond to the opti-
from optical interferences. Because of the nonlinearitycal interferences. Finally, the interference term between
of the two-photon transition, the oscillations are notK;* andk;‘(r) has a constant amplitude and is modulated
symmetric with respect to the average value. In otheat the excitation frequencies,,, close to twice the op-
words, the population oscillates with the perid@/w;, tical frequency. For the shortest delays, the interference
but these oscillations contain both frequencigsandw,, pattern presents single maxima separated by the optical
(=2w/) as appears clearly in Eq. (6). period. Although the quantum interferences are present,

When the time delay is such that the pulses do nothey are hidden by the optical interferences and contribute
overlap(r > 7.), then the patlk{}, corresponding to one only to modify the shape of the fundamental period which
photon absorbed from each pulse, vanishes. This agais not a simple cosine function. As the time delay gradu-
yields a simple expression for the excited state populatiorally increases, secondary maxima appear in between the
which results from quantum interferences between pathsain maxima, as a result of the quantum interferences be-

K" andK5", for (1 > 1), tween the part of the laser pulses which do not overlap and
. 5 o cannot therefore interfere optically.
N(r) = > (1 + B* + 2B%cosw,,7) [K{'I>.  (8) The phenomena discussed above have been success-
k

fully demonstrated in the two-photon excitation to the
Equation (8) is the superposition of terms which oscillate7d 2Ds, 5/, fine-structure doublet in Cs at 768 nm. The
at the frequency of each transition, (close to2w;) be- intermediate statesip 2P;/,3,, are off resonance by ca
tween the extreme valugd + B2)?|K;*|* (constructive 1300 to 1850 cm™!. The 7d fine structure splitting is
interferences) andl — B2)?|K;*|* (destructive interfer- 20.97 cm™!, corresponding to a beat period of 1.591 ps.
ences). The phase factar,, 7 results from the parallel The C47d) atoms are then ionized by the absorption of an
evolution of the two waves in the two levels (initial and extra photon from either pulse (1) or (2). One can show
excited) separated by the enerlgy,., during the time in-  [9] that the ion signal is qualitatively similar to the excited
terval 7. Each excited state population oscillates at its owrstate population calculated here.
frequencyw,,. After delays greater than the reciprocal of The experimental setup has been described in detail
the excited states energy splittingd w,,, the interfero- elsewhere [9]. Briefly, a titanium sapphire laser delivers
grams associated with each individual excited stat¢ 13 nJ pulses at 76 MHz repetition rate. The measured
dephase and beats result. These beats correspond to fhdse duration is ca 150 fs, and the corresponding spectral
time evolution of the wave packet created in the excitedvidth is 120 cm™! (FWHM), so that the off-resonance
state by the first pulse and reflect the energy structure afondition for the intermediate states is fulfilled. The laser
the excited states manifold. When the interference contragtulses are split into two parts and recombined in a Mach-
is maximal, the two wave packets created by the two laseZender type interferometer, with a variable optical path
pulses are identical (or have a maximal overlap), and indifference resulting in a two-pulse sequence. Copropa-
terferences are constructive or destructive according to thgating pulses are slightly focused on a cesium atomic
relative phase between the wave packets. Atthe nodes, tlhheam. lons resulting from the interaction with the laser
two excited state wave packets are orthogonal and cannate detected with a quadrupole mass spectrometer.
interfere. This result can be generalized to any multipho- Experimental results are displayed in Fig. 3. A
ton transition: For a resonant transition of frequergy low-resolution scan [10 ps +30 ps| interval) shows
excited through az-photon transition, the interferogram the broad features: strong peaks resulting from optical
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interferences around- = 0 fs, high-frequency oscilla- enhanced by using sequences of coherent laser pulses such

tions modulated by a slow envelope resulting from theas in NMR.
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