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Perturbative chirped pulse excitation leads to oscillations of the excited state amplitude. These
coherent transients are governed by interferences between resonant and off-resonant contributions.
Control mechanisms in both frequency and time domain are used to modify these dynamics. First, by
applying a phase step in the spectrum, we manipulate the phase of the oscillations. By direct analogy
with Fresnel zone lenses, we then conceive highly phase-amplitude modulated pulse shapes that slice
destructive interferences out of the excitation time structure and enhance the final population.
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Use of optimally shaped pulses to guide and control the
temporal evolution of a system has been an active field of
research in the past decade [1]. Recent experimental
advances have led to successful control of molecular
ionization and dissociation [2—4], atomic and molecular
fluorescence [5-7], clusters reactivity [8], the shape of
Rydberg wave functions [9] and excitations in semicon-
ductors [10,11], but also of the energy flow in a biological
system [12]. These papers were spurred by the tech-
nological breakthrough [13] for generating arbitrarily
tailored pulses. However, in the absence of predesigned
control mechanisms, only a closed loop scheme [14] may
be employed to find efficient pulse shapes [3]: The out-
come of many different shapes is fed back into an algo-
rithm that iteratively optimizes the excitation shape
without insight into the physical mechanism that is trig-
gered by a particular shape. In contrast, the effect of
shapes on small systems can be systematically studied
within an open-loop scheme [6,15].

Our approach is based on this open-loop scheme. It
consists of reaching a specific goal (manipulation of the
temporal response of a system excited by a light pulse)
without any experimental feedback. Physical analysis of
the process allows us to predetermine the theoretical
pulse shape which leads to the desired result. It is then
implemented experimentally. To demonstrate this ap-
proach, we consider the simplest case of the excitation
of a two-level system by a linearly chirped pulse. It leads
to interferences between resonant and nonresonant exci-
tation paths, which are the signature of coherent transi-
ents (CT) [16], first observed in the femtosecond scale in
our previous work [17] and also studied in the saturated
regime [18]. Recently, Silberberg et al. [19] showed how it
is possible to enhance the transient population obtained in
a two-level system with transform limited pulses by
applying a 7 step on the spectral phase. In this work,
we take advantage of the chirped pulses where the “in-
stantaneous” frequency drifts in time, and combine it
with amplitude and phase tailoring to control the full
time evolution of the CT. For strongly chirped pulses,
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the time to frequency analogy can be used to understand
the behavior of the CT. For instance, applying a spectral
phase step at a given frequency results in a phase shift of
the oscillations in the CT. Furthermore, we will demon-
strate how to create a Fresnel lens in time domain:
Analogous to focusing of light by partially obstructing
the spatial profile, we slice the temporal structure of
excitation pulses. CT oscillations are thus transformed
into a climbing staircase pattern that decrease or increase
the final transfer efficiency. Chirped pulses have already
been used to create the equivalent of a Fresnel zone lens
[20,21] in the spectral domain instead of the temporal
domain in our case. A two-photon transition was, for
instance, optimized by suppressing the frequencies lead-
ing to destructive interferences [20].

We recall first the origin of the coherent transients [17].
Consider the resonant interaction between an atomic sys-
tem and a weak femtosecond laser pulse. First order time
dependent perturbation theory predicts the temporal am-
plitude of the excited state to be [19]
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where w,, is the transition frequency, u,, the dipole
moment matrix element, |g) and |e) the ground and ex-
cited states, respectively, and E(w) and ¢(w) the ampli-
tude and phase of the pump electric field spectrum. ¢ is
the principal Cauchy value. The first term in Eq. (1)
corresponds to the resonant contribution of the excited
population, whereas the second term deals with the off-
resonance contributions. CT result from interferences of
these two terms. Naturally, most of the population trans-
fer occurs at resonance. The small fraction of excited
amplitude transferred after resonance leads to strong
interferences, whereas interaction before resonance re-
sults in negligible effects [17]. With a significant chirp,
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we observe large amplitude oscillations as depicted in
Fig. 2 (below). In this work, we apply an additional phase
or phase-amplitude shaping to dephase or modify these
CT features.

Atomic rubidium is used as a benchmark system.
The 5s-5p(2P;),) transition (at 795 nm) is resonantly
excited with a chirped shaped pulse [Fig. 1(a)]. The laser
bandwidth of ~8 nm limits the excitation of the other
fine structure component 2P3,, (at 780 nm). The tran-
sient excited state population is probed “in real time”
on the (5p-ns, n'd) transitions with an ultrashort pulse
(at 607 nm).

The laser system [Fig. 1(b)] is based on a conventional
Ti:sapphire laser with chirped pulse amplification
(Spitfire Spectra Physics) which supplies 1 mJ-130 fs-
795 nm pulses. Half of the beam is used as the pump
pulse. The remaining seeds a homemade noncollinear
optical parametric amplifier [22] compressed with
chirped mirrors, which delivers pulses of a few micro-
joules, 30 fs-FWHM pulse intensity, centered around
607 nm. The pump pulse is negatively chirped with a
pair of gratings, shaped with a programmable pulse-
shaping device, recombined with the probe pulse, and
sent into a sealed rubidium cell. All the experiments
are performed in the perturbative regime (fluence of
12 wJ/cm?). The pump-probe signal is detected by moni-
toring the fluorescence at 420 nm due to the radiative
cascade (ns, n'd) — 6p — 55 collected by a photomulti-
plier tube as a function of the pump-probe delay. The
pulse-shaping device [23,24] is a 4f setup composed of
one pair each of reflective gratings and cylindrical mir-
rors. Its active elements—a double stack 128 pixels liquid
crystal mask —is installed in the common focal plane of
both mirrors. The predominant part of the phase, which is
quadratic, is introduced by the Treacy stretcher [¢" =
(d*¢p/dw?),, , where w, is the pump laser carrier fre-
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FIG. 1. (a) Excitation scheme of rubidium. 7 is the pump-

probe delay. (b) Experimental setup. The shaper is shown with
lenses for clarity. CPA: regenerative amplifier; LC-SLM: liquid
crystal spatial light modulator; PM: photomultiplier.
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quency]. Here |¢”| ranges between 5 X 10° fs?> and
10° fs?, corresponding to pulse duration 7. between 10
and 20 ps. The pulse-shaping apparatus allows us to add
modulation to the quadratic phase and to filter simulta-
neously the amplitude of the frequencies. Keeping in
mind that the final excited state population is proportional
to the energy of the pulse at resonance, we use rubidium
itself to identify precisely the pixel corresponding to
resonance. This is achieved by switching off the trans-
mission pixel per pixel, until the minimum asymptotic
population is reached. The width of the resonance curve is
approximately 1.5 pixel or 0.4 nm, limited by the dif-
fraction spot size on the SLM.

The first experiment consists in producing CT in oppo-
site phase with normal CT. Because of the time-frequency
correspondence for a strongly chirped pulse, a 7 jump in
the frequency domain for frequencies below the reso-
nance translates almost exactly to a change of sign of
the electric field after resonance. Thus, since the oscilla-
tions of the CT are due to interferences between on- and
after-resonance contributions, this change of sign results
in a 7r-phase shift of the oscillations. The 7r step occurs at
a chosen frequency wg.,: Experimentally, we set the
phases of the pixels of frequency w i < @gep, to 7 and
the others to zero. Because of the limited resolution of the
shaper, the resulting 7 phase step function can be de-
scribed by

buep(@) = {1~ anh[B(w ~ o)k (@)

where the slope 8 produces a smooth transition of the 7
jump between adjacent pixels. Experimental results and
numerical integration of Eq. (1) are displayed in Fig. 2.
As can be seen, the contrast of the oscillations and also
the pattern deformation due to the passage by the 7 jump
are in perfect agreement. The comparison of the unshaped
coherent transients with theory (where the time origin
is well defined) has been used to adjust the relative
time origins between experiment and theory, and the
value of the chirp which differs by less than 4% from
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FIG. 2. Experimental (dotted) and numerical (solid) results:
chirped pump pulse (black), and 7-step shaped chirped pulse
(gray). Here ¢” = —9.4 X 10° fs? corresponding to 7, = 21 ps.
Here Age, = 277¢/ wgyep = 795.23 nm .
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the estimates deduced from the geometry of the stretcher.
Since the passage through resonance lasts approximately
At = 242|¢"| (=27 ps), the transition domain from
normal CT to inverted CT is approximately Af broad
centered on fye, = (Wgep — @ )P" [see Fig. 2 (gray
dots)] [25].

The second set of experiments reported in this work is
based on the strong similarity between the expression of
the excited state amplitude [17] and Fresnel diffraction of
a Gaussian beam by a sharp edge. Equation (1) can be
rewritten as a function of the temporal electric field,

+o00 t/2
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where 6(r) is the Heaviside step function, 7. the chirped
pulse duration, w; the laser carrier frequency, 6w =
w; — w,, the detuning, and « the chirp rate. Here, ¢
corresponds to the position of the sharp edge in Fresnel
diffraction.

Thus, by slicing out sections in the pump pulse, the
equivalent of a Fresnel zone lens can be reproduced in the
time domain. So it should be possible to suppress the de-
structive (or constructive) contributions to a,(f) and in-
crease (or decrease) significantly its asymptotic value
by converting the oscillations into staircase patterns.
Figure 3 shows a theoretical simulation of the climbing
staircase pattern when a single cut is made in the time
domain (inset of Fig. 3) during the first decreasing part of
the CT. As expected, the final population is enhanced.

Slicing the pulse at a time scale of ~100 fs is not
directly possible in the time domain. As usual in fs pulse
shaping, the required shape can be obtained by filtering
the spectral profile. While decreasing the excitation en-
ergy [the area under spectra in Fig. 4(a)], the shaped
temporal profile produces a redistribution of frequencies.
In particular as shown on Fig. 4(a), the intensity (black
line) at resonance (A,,) is increased compared to the
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FIG. 3. Fresnel zone lens analogy: Excited transient popula-
tion with unshaped chirped pump pulse (black line) and with
calculated shaped pulse (solid gray line). Inset: Corresponding
shaped temporal envelope of the pump pulse.
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original spectrum (black dashed line). Thus, the passive
temporal filter of the inset of Fig. 3 corresponds to an
active spectral filter.

We simulate this latter using a passive spectral filter,
and applying an appropriate normalization factor by com-
parison of the shaped and unshaped pulse area. The
required spectrum is obtained by Fourier transforming
the shaped temporal profile (inset of Fig. 3). Its amplitude,
represented in Fig. 4(a) (solid line), is highly structured.
It was implemented experimentally by using the pulse
shaper as a pure amplitude modulator. This leads to the
spectrum (gray line) observed on Fig. 4(a). It has been
smoothed by the finite resolution of the pulse shaper.
However, the fastest oscillations are associated to the
sharpness of the cutting, whereas the main features of
physical interest (position and width of the temporal
hole) are contained in the large peaks which are pre-
served even in the smoothed spectrum as our experiments
have demonstrated. The corresponding phase is mainly
quadratic (introduced by the stretcher as for unshaped
CT) with some residual terms which have been neglected.
Qualitatively, the agreement between the experimental
result shown in Fig. 4(b) and the ideal result displayed
in Fig. 3 is excellent. That includes the in-phase revival of
oscillations after the suppressed interference, precisely as
intended by the control goal.

To investigate the origin of the small quantitative dis-
crepancies, we performed the inverse Fourier transform
of the experimental spectrum together with the known
quadratic phase. We obtain the temporal electric field of
the experiment which is then used as an input field in the
numerical resolution of the Schrodinger equation. Thus,
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FIG. 4. (a) Calculated (black) and realized (gray) spectra.
Original spectrum (dashed line). A,, = 794.95 nm. (b) Tran-
sient population measurements (dots) and numerical solution
(line) obtained with the experimental spectrum (gray), to-
gether with the normal CT (black). Here ¢ = —4.9 X
10° fs? corresponding to 7, = 12.4 ps.
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this theoretical CT corresponds well to the experimental
conditions. The amplitude normalization factor between
experiment and simulation and the delay origin are kept
identical from the fit of the normal CT. The theoretical
shaped CT are, hence, obtained without any adjusted
parameter. The theoretical curve reproduces perfectly
all the experimental features. The contrast is very good,
and the slope of the step is also very well reproduced.
Clearly, the finite resolution of the pulse-shaping appa-
ratus can be identified as the source of experimental
imperfection.

Supplementary simulations explain that the disappear-
ance of the “plateau” at the cutting time is due to the
neglection of the residual, nonquadratic phase. Similar
experiments have been performed to suppress the first
increasing part in the oscillations leading again to a
good agreement with theoretical simulations.

In conclusion, this experiment is the first demonstration
of a pulse-shaping strategy where a complex shape (in-
phase and amplitude) has been designed and applied to a
simple system with an excellent agreement with predic-
tions. We have manipulated the perturbative chirped ex-
citation of a two-level system. In analogy to spatial
Fresnel lenses, the temporal oscillation of the transient
population was controlled both in phase and in amplitude.
The results demonstrate that if the system is well known
it is possible to predetermine the control mechanism and
the exact corresponding shape and to apply it directly
without feedback in open-loop coherent control.
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