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ABSTRACT

The outcome of quantum-mechanical dynamics can be steered by application of light field shaping,
and this concept is called ” Coherent Quantum Control.” Since Silberberg’s seminal work of the coherent
control of two-photon absorption process of atomic Cesium, many studies on the coherent control of
multi-photon processes have been attempted in more complex systems. But these studies considered
multi-photon processes in weak-field regime, where the energy level structure remains unchanged during
the light-matter interaction. Recent studies are focused on coherent control in strong-field regime. The
strong-field effects in a multi-photon process, such as dynamic Stark shift and power broadening, prevent
efficient coupling of matter with an intense femtosecond laser field. Especially, the dynamic Stark shift
is crucial to optimize multi-photon processes.

Hence we have developed a new coherent control method, in which the dynamic Stark shift is
successfully compensated. In this thesis, we present experimental demonstration of the newly devised
analytical coherent control method, in which the laser-induced energy level change is compensated by the
frequency-shift of computer-programmed shaped laser pulses. In the newly developed analytical coherent
control, laser pulses are shaped as a polynomial sum of frequency and/or time in an acousto-optic pro-
grammable dispersive filter. For the given light-matter interactions, the model Hamiltonians developed
in the strong-field regime are analytically studied and the derived excitation probability formulas given
as analytical solutions are compared with the experimental results.

In experiments with atomic Cesium, we have demonstrated the analytical coherent control of the
two-photon absorption in a dynamically shifted energy level structure. We have obtained the transition
probability of the two-photon broadband excitation as a function of pulse shape parameters, frequency
detuning, and laser intensity, by solving the two-photon two-level model Hamiltonian. First, we have
found out that transform-limited pulses are not optimal in the strong-field regime, and certain linearly
chirped pulses with a lower peak intensity enhance the given non-linear process. Further, spectro-
temporal laser-pulse shaping is applied up to the third order chirp to preserve the resonant absorption
condition during the intense laser-field interaction. Experiments carried out in the strong-field regime
of two-photon absorption reveal that the analytically obtained offset and curvature of a laser spectrum
compensate the effect of both static and dynamic energy shifts of the given light-atom interaction.

Lastly, the analytical coherent control method for a 241 multi-photon energy ladder system in
atomic Sodium has been developed. We have coherently controlled the interference among sequential
and non-sequential excitation paths from the ground 3s state to the 7p state in the strong-field regime.
Both analytic formula and experimental results show that a negatively chirped pulse enhances the 7p
population because the sequential path is opened by a negatively chirped pulse. We expect that our

study gives the possibility to realize quantum logic gates in multi-photon absorption system.

Keywords: Multi-photon absorption, Coherent control, Alkali atom
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Chapter 1. Introduction

Nature is not only the object of observations, but also the object of control. After appearance of
quantum mechanics, many observed phenomena which can not be explained by classical mechanics have
been successfully described by quantum mechanics. At the same time, control of quantum dynamics has
attracted public attention. One can understand an unknown quantum system deeply and also obtain
desired outcomes of quantum mechanical processes by control of quantum dynamics. The desire for
control of quantum system led to the appearance of ’coherent control’.

The term ’coherent control’ refers to the idea of coherent manipulation of quantum states. The state
of an object is controlled quantum mechanically, by altering the dynamics of the amplitude (probability
distribution) and the phase (quantum coherence) of the quantum wavefunction. The coherent preparation
of light has been considered relatively easy compared to that of matters, and therefore, in a light-matter
interacting system, the quantum states of the matter is controlled by controlling the coherent nature
of interacting light. In this regards, both the laser development and the light control itself have played
important roles in the the study of ”coherent control”. Lately, ultrafast lasers, which produce coherent
superposition of broadband frequency components in optical region, are widely used in various settings of
coherent control experiments. For example, the optimization problem of various light-matter interactions
has been tried with shaped laser pulses that are prepared in special waveform designed either by solving
the Schrédinger equation or by feed-back adaptation.

In recent decades, a variety of coherent controls, for example, quantum control, ultrafast optical
control, or optimal control methods, have been developed to change a quantum-mechanical system
towards desirable final states in a more systematic fashion. One of the important problems in coherent
control is the selective bond breaking of molecules. One of the early approaches to the selective bond
breaking was the use of tunable narrow-band lasers. The high intensity laser field of which the frequency
is resonant with one of the vibration frequencies of molecules was used to produce selective molecular
fragments [1]. Unfortunately, the intra-molecular vibrational redistribution (IVR)!, which occurs in a
sub-picosecond time scale, prevents selective bond breaking. As a result, this simple idea of coherent
control failed, and alternative coherent control schemes have been required.

Two different coherent control methods have been proposed in 1980’s. One is Brumer-Shapiro
method, which is based on the control interference among the several quantum passages towards a
desired target state proposed in 1986 [3]. In this method, the final-state probability can be controlled
via constructive or destructive interference between the excitation passages, by adjusting the relative
phase between two CW (continuous wave) lasers, which was experimentally demonstrated in 1990. The
other scheme proposed by Tannor, Kosloff, and Rice in 1985 [4], known as Tanner-Kosloff-Rice method
controls the time-evolution of a wavepacket. The wave packet is induced by an ultrashort laser pulse on
the excited potential energy surface (PES). After the free evolution of wave packets, the molecule arrives
at a certain position which prefers the desired reaction outcome. Then, a second ultrashort laser pulse
transfers the wavepacket to the desired state, and therefore the time delay between the two pulses is the

control parameter. This control scheme was experimentally demonstrated in early 1990’s by the groups

VR is known as the phenomena that the energy for breaking the certain bond of a molecule is redistributed to many

eigenstates of the molecular system [2].



of Gerber and Zewail. These two schemes were operated in simple molecules whose Hamiltonians are
known.

With the development of the femtosecond laser, many studies have been attempted to use various
degrees of freedom of a femtosecond pulse: the complex pulse shaping technique has been developed. In
complex systems like huge molecules, it is not possible to obtain the full Hamiltonian, nor to describe the
time evolution of wave packets. Without a priori information of the system Hamiltonian, it is not possible
to design the optimal pulse shape for the desired state manipulation. To overcome this difficulty, Judson
and Rabitz proposed the closed-loop coherent control method in 1992. [5] This method uses a feed-
backed learning algorithm to provide iteratively different electric light fields, towards an improvement of
the predetermined outcome. After many iterations, the optimal electric field can be obtained. Because
this scheme needs a complex pulse shaping technique, the laser pulses were programmed either by liquid
crystal arrays or acousto-optic modulators, placed in frequency domain. In a complex pulse shaping
example, for each frequency component of a laser pulse, not only the amplitude and phase but also the
polarization states were programmed [6].

Gerber and coworkers first demonstrated the closed-loop control experiment on the photo-dissociation
in 1998 [7]. Also, in the same year, Meschulach and Silberberg used the complex pulse shaping for ma-
nipulating two-photon absorptions [8]. These two experiments were followed by many coherent control
experiments that were performed using similar methods. This novel concept of ultrafast coherent control
has been applied to, for example, the optimization of nonlinear processes(e.g. second-harmonic gen-
eration, third-harmonic generation [9, 10], and multi-photon absorption [8, 11, 12, 13, 14]), nonlinear
Raman spectroscopy (CARS) [15], in-vivo fluorescence microscopy [16], frequency comb [17], and the
manipulation of electronic wavefunction [18].

In particular, ultrafast coherent control in multi-photon absorptions has been studied widely in the
weak-field regime where the energy level structure of the matter remains unchanged. An analytic form
obtained from the perturbation theory has well described multi-photon processes with pulses of m phase
step, sinusoidal phase [8, 11, 12, 13, 14, 17], and linear chirping [19, 20, 21]. For the enhancement of
multi-photon processes, the strong field are required. In the strong field regime, strong-field effects, such
as the dynamic Stark shift and the power broadening have to be considered. It is now well known that,
in general, the control schemes devised in the weak-field regime are not directly applied for the strong
field coherent control, although the partial information of the weak-field solution is still useful to cancel
the power broadening [22]. In recent years, there have been many studies towards strong-field coherent
control. For optimization of strong-field two-photon absorptions, Weinacht and his coworkers proposed
the strong-field atomic phase matching [23]. Also Silberberg’s group phenomenologically studied strong-
field two-photon absorptions in spectro-temporal two-dimensional map [24]. There was the attempt to
maximize two-photon absorptions by using the piecewise linear chirped pulse [25]. For the selection
of the desired state among accessible states, the selective population of dressed states (SPODS) was
demonstrated, based on terms of adiabatic passages and photo locking [26].

We have considered the analytical coherent control method for multi-photon absorption processes in
strong-field regime. In this study, we have theoretically analyzed the strong-field two-photon absorption
of linearly-chirped optical pulses in atomic Cesium [27]. Then, we have experimentally demonstrated a
new analytical control scheme in which the static and dynamic energy level shifts are compensated by a
polynomial sum of the laser spectral phase for the optimization of the two-photon absorption [28]. Fur-
ther, we have applied our method for the 241 multi-photon absorption in Sodium, and the experimental

results were found in a good agreement with the calculations from the theoretical analysis [29].



This thesis contains 7 chapters. In Chapter 2, we provide a review of coherent quantum control,
which includes the typical approaches in coherent control and pulse shaping techniques. We introduce
the theory of multi-photon controlled absorption in Chapter 3. The experimental apparatus used to
verify the devised coherent control method are explained in Chapter 4, and the experimental results and
theoretical analysis of Cesium vapor experiment is given in Chapter 5. In Chapter 6, the analytical control
experiment of the 241 multi-photon absorption process in Sodium is explained with the calculation and

experimental results. The conclusion is given in Chapter 7.



Chapter 2. Review of coherent quantum control

In this chapter, we review the early studies on coherent quantum control. Especially, we pay
attention to the coherent control of multi-photon processes. Many studies have been performed to
manipulate atomic or molecular states utilizing the coherence of laser fields. Two approaches were
proposed: one is frequency domain coherent control, also known as Brumer-Shapiro scheme, and the

other is time-domain coherent control, Rice-Tannor scheme.

2.1 Coherent control in frequency domain

Brumer-Shapiro control scheme [3], or the coherent control in frequency domain is based on con-
trolling the interference between two several passages leading to the desired target state: one passage is
a multi-photon process, and the other is an one-photon process. In this case, the relative phase between
photons for the two processes needs to be well maintained. And the angular frequencies of each processes
have to satisfy w; = nw,,, where w; and w,, are angular frequencies of the photons for the one-photon and
multi-photon processes. For the well maintained relative phase, the electric field for the multi-photon
process is obtained from the electric field for the one-photon processes via high harmonic generation. The
well-known example is the experimental demonstration of the interference between three-photon process
and one-photon process in Hg atoms [30]. Subsequent experiments were performed in other systems,
such as HCl, HI, and CH3I molecules. When the third harmonic photons are used for the one-photon
process, the probability of the desired state P. is given by

Pe - |A1ph + A3ph|2 (21)
= Plph —+ P3ph + ACOS(391 — 93 + 5173),

where Aqp, and Aspp, are the probability amplitudes induced by the one-photon and three-photon pro-
cesses, respectively. 07 and 03 represent the phase of the photons for the one-photon and three-photon
processes, respectively. The intrinsic phase ¢ 3 is originated from the structure of atoms or molecules.
The relative phase A8 = 307 — 63 can be controlled by varying the thickness of a dispersive optical
medium. The probability of the desired state shows the sinusoidal behavior as a function of the relative
phase as shown in Fig. 2.1. By observing this evidence of quantum interference, this Brumer-Shapiro

scheme has proven the principle of coherent quantum control.

2.2 Coherent control in time domain (Semi-classical)

In time domain, Rice and Tannor developed the wavepacket modulation approach [4], which scheme
is often called ‘pump-dump control scheme’. A sequence of ultrafast pulses creates a wavepacket of a
certain molecular state. Then the wavepacket evolves into a predetermined intermediate state. After
some time delay, another sequence of dump pulses excites the wavepacket to the predetermined final
state. The original version of this 'pump-dump’ scheme was proposed for coherent control of molecules,

but can be applied to atomic systems as well. For example, in a simple atomic system interacting with
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Figure 2.1: (a) Schematic diagram of coherent control based on the interference between 3-photon and
1-photon passages. (b) Experimental data in Hg atoms [30]. The relative phase is determined by the
pressure of the Ar buffer gas.

the pulses via one-photon process, the total laser field can be expressed as
=Y Eylt), (22)
P

where p indicates the 'p’th pulse. In weak field regime (perturbative regime), the wavefunction after a

time t is given as
. t
[h(t) > ~|g > +% ZZ/ fig By (8 e =0 at! | > (2.3)
k p VT

1
—lg >+ () >,

where 14 is the transition dipole moment between the |g > and |k > states. Then the wavefunction of

excited states is given by

[the(t) > = Z We,p(t) > (2.4)

t
S DY BTG E LT
p kT

The wavefunction is the sum of individual wavepackets each created by constituent pulses in the sequence.
The wavepacket created by the first pulse p = 1 evolves freely, and interferes with the wavepacket induced
by the second pulse p = 2, and so on. At the end of the sequence of interactions, the wavefunction of

the excited states is given as

[Ye(t) > = Z Zukge—mtep(wkﬂk >, (2.5)
p k
where €,(wy) is the result of the Fourier transform of E,(¢). The probability of the state k is obtained

as follows )

Py = |ty Y ep(wr)

p

(2.6)
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Figure 2.2: (a) Schematic diagram of coherent control based on pump-dump scheme; L1(L2) indicates
two-photon transitions by the pulse 1(2). L12 represents the passage through the intermediate state |i >.
(b) Experimental data of Csg [19].

For example, when the time delay between two identical pulses is given by 7, the probability of the
state k is given as Py (7)  [1 4+ cos(wg7)]. The time dependence of the probability shows the oscillation
of the period 27/wg. The oscillation due to the interference shows that the operation of the coherent
control scheme is possible. In this scheme, the time delay needs to be shorter than the life time of the
excited states, because the decay of the probability amplitude toward a third intermediate state should
not avoided. It is noted that, when the two pulses are overlapped, the optical interference dominates the
quantum interference. Figure 2.2 shows the pump-dump scheme and the experimental results by Girard’s
group [19]. Here, the optical interference (L12 passage) prevails when the two pulses are overlapped.
This pump-dump scheme has been developed to the quantum state measurement in terms of coherent

transient [31] and two-dimensional Fourier transform optical spectroscopy [32].

2.3 Coherent control of multi-photon process in Alkali atoms

2.3.1 Non-resonant two-photon absorption in Cesium

The multi-photon process is a typical example in which the coherent control scheme based on
the interference between several passages can be applied. For the coherent control of multi-photon
process, broad band pulses, such as femtosecond pulses generated by a Ti:Sapphire oscillator, are used.
The coherent control of two-photon process was demonstrated using femtosecond pulses in Cesium by
Silberberg’s group [8]. They controlled the probability of the desired state by applying certain phase
functions, such as a 7 phase step or sinusoidal function, as shown in Figs. 2.3(a) and 2.3(b). In the
experiment performed in the perturbative regime, by varying the spectral phase, the interference between
the passages of the multi-photon absorption(MPA) was controlled. In the perturbative regime, the

analytic approach is available for the given multi-photon process. The transition probability amplitude
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of the two-photon absorption (TPA) is given by [11]

1 t t1 . )
ac(t) = — 1 > enting / / E(t1) E(t2)exp(iwent1 )exp(iwngts)dtadt, (2.7)

where ;5 is the transition dipole moment between the i and j states. Indices e and g represent the
excited and ground states, respectively. If all the intermediate states are far from the pulse spectrum,
the probability of the excited state can be approximated by

1 enMn o
ap~ _Mentlng / e(w)e(weg — w)dw, (2.8)

~e —
ih? o Wng — Weg /2 e

where €(w) is the Fourier transform of E(t). Several passages are available in the given two-photon
absorption, as shown in Fig. 2.4. The photon pairs, if their energy sum equals the energy difference
between the ground and excited states, (i.e., w1 + ws = wey), construct quantum passages to the excited
state. By adjusting the spectral phase, we can control the phase of each passage. In the non-resonant TPA
case (i.e., a third resonant level does not exist as shown in Fig. 2.4(a)), the constructive interference occurs
if the spectral phase is constant. Thus, the transform-limited pulse, which has the shortest temporal
duration among the pulses of the same bandwidth, maximizes the two-photon absorption. However, a

transform-limited pulse is not always optimal in two-photon absorptions.

2.3.2 Resonant two-photon absorption in Rubidium

If a resonant level exists within the laser spectrum, as shown in Fig. 2.4(b), a transform-limited
pulse is not optimal anymore [13]. In Alkali atoms, Rubidium has such resonant intermediate level, 5p
states, in the two-photon absorption processes between 5s and 5d states. The two resonant wavelengths
for the 5s-5p transitions are 780 nm (D; line) and 795nm (D; line), and they are within the spectrum
of a typical Ti:sapphire laser. The probability amplitude of the excited state is given by

| EW)E(weg —w)

Heifli .
af = — 2h2g ZWE(wig)E(wei) + p/ dww——(,uzg y (29)

—0
where indices e, g, and ¢ denote the excited 5d, the ground 5s, and the resonant 5p states. g is the
sign for Cauchy principal value calculation. As shown in Eq. (2.9), the denominator in the integral,
w — wjg, determines the phase of individual passage. The non-resonant passages above the resonant level
(w—wig > 0) and the ones below the resonant level (w —w;, < 0) have opposite phase (0 and 7). On the
other hand, the resonant passage has 7/2 phase if a transform-limited pulse is used. Therefore, the non-
resonant parts destructively interfere. To enhance the resonant TPA, the spectrum which contributes to
the destructive interference needs to be blocked. Figure 2.5 shows the corresponding experimental result,
where, as the cutoff wavelengths approached the resonant transition wavelengths, the average power was
reduced by 71%, whereas the TPA rate was doubled.

Therefore, a transform-limited pulse is not optimal for the two-photon resonant transition in the
weak-field interaction regime. However, in a non-resonant two-photon transition (no intermediate state),
a transform-limited pulse is believed to be optimal. However, we found in the strong-field regime that
the transform-limited pulse is also not an optimal pulse, even in this non-resonant TPA. We discuss this

phenomenon in chapter 5.

2.3.3 Ladder climbing structure in Sodium

In a 3s-3p-5s ladder system of Sodium, Girard’s group demonstrated the interference between the

direct and sequential paths by using linearly chirped pulses. They observed two oscillations in experiment
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with negatively chirped pulses. The fast one is originated from the interference between the sequential and
direct paths, (1) and (2) with (3) in Fig. 2.6, and the slow one is caused by the interference between the
two sequential paths, (1) and (2). Note that a negatively-chirped pulse enables the sequential excitation

paths. From Eq. (2.9), the contributions of both paths are given by [21]

Heifbi 1 —sgn(azd)
g = — 2 gE(wei)E(wig)72 5 (210)
2
feitig  E*(Wo) o4
aq = — e , 2.11
¢ w2 6\ /2rToT, (2.11)
where as and aq are the sequential and direct contributions, respectively, and tanf = —2as/T3. Ty is

the pulse duration of a transform-limited pulse. 7}, is determined by T, = To\/1 + (2a2/T73)?. The
one-photon detuning J is given by § = w — w;4. The direct contribution has the chirp rate dependence,
e~ Tt induces the fast oscillation as a function of linear chirp rate as. sgn(azd) has a crucial role
to determine whether the sequential path is available or not. In Sodium 3s-3p-5s system, § is positive
(6 ~ 0.070 rad/fs~1). Therefore, the sequential path has nonzero contribution to the probability of the
excited state only if a negatively-chirped pulse is used. A negatively chirped pulse enhance the excitation
of the 3s-3p-5s ladder system of Sodium better than a positively chirped pulse. This experiment also
showed that a transform-limited pulse is not optimal in a ladder system. In chapter 6, we adopt this
interference scenario of sequential and direct transition paths for a different multi-photon transition in

Sodium, which is the 241 multi-photon absorption process in 3s-4s-7p system.

2.4 Pulse shaping in coherent control

In this section, we describe pulse shaping devices for coherent control experiments. In the recent
decades, more complex pulse shapes have been required to control complex systems than before. Complex
temporal shapes are obtained by modulating the amplitude and phase in Fourier domain, which has

been achieved by applying a spectral filter, such as a liquid crystal spatial light modulator (SLM) [6], an
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acousto-optic modulator (AOM) [34], or a deformable mirror [35].

Figure 2.7 shows the pulse shaping in Fourier domain. A typical pulse shaping setup in Fourier
domain is a 4f configuration which consists of two gratings, two lenses, and a modulator, separated by
the focal length of lenses as shown in Fig. 2.7. The first grating spatially separates spectral components,
and the phase and amplitude of spatially separated spectral components are controlled by the spatial
modulator. After that, the controlled spectral components are converged by the second grating, and we
obtain a shaped ultrafast pulse. In the next subsections, two widely used components in a pulse shaper,

the liquid crystal array and the acousto-optic modulator (AOM), are introduced in more detail.

2.4.1 Liquid crystal arrays

The refractive index of the liquid crystal can be controlled by applying the voltage into the liquid
crystal [6]. Liquid crystal arrays consist of three layers: a thin layer of a liquid crystal and two pieces
of glass coated with electrically conducting films (Additionally, one piece is patterned into separate
electrodes or pixels.) The liquid crystal consists of long thin rod-like molecules, which are originally
aligned with their long axis (for example, along the y direction). When an electric field perpendicular
to the long axis of molecules (z direction) is applied, the molecules incline to the z direction, causing
a refractive index change for y-polarized light. A maximum phase change of at least 27 is required for
complete phase control. In order to apply the electric field, the inside surface of each glass is coated with
a thin, transparent, electrically conducting film of indium tin oxide. One piece is patterned into separate
electrodes or pixels. A typical device has 128 (256, 640) pixels of liquid crystals which are individually
controlled electronically. Thus the phase of the light passing through the liquid crystal is a function
of the voltage applied to the electrodes. If the liquid crystal array is used alone in a 4f configuration,
only the phase shaping is possible. But the combination with a pair of polarizers enables the amplitude
shaping as well. Generally, pulse shapers based on liquid crystal arrays need two liquid crystal arrays to
manipulate amplitude and phase simultaneously. It has the advantage for realization of discontinuous

phase steps. The waveform update time depends on the reorientation time of the liquid crystal molecules,
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50 ms, longer than the update time of an AOM. The liquid crystal arrays has smaller power loss than
the AOM, and can be used for high repetition lasers. But, it has disadvantages of complex alignment,
pulse shape distortion, due to pixel gaps and pixel calibration, and linkage of on-off pixel operation with

neighbor pixels.

2.4.2 Acousto-optic modulator

In a 4f configuration, liquid crystal arrays can be replaced by an acousto-optic modulator as shown
in Fig 2.8. This type of pulse shaper controls both the phase and amplitude of each frequency compo-
nents [34]. The acousto-optic modulator generates an acoustic wave by an arbitrary waveform generator
synchronized with the kHz repetition rate of the laser. The acoustic wave propagates perpendicular to
the direction of the pulse propagation, and generates an index pattern in the acousto-optic crystal. This
index pattern determines the amplitude and phase of spectral components which are diffracted. The
AOM uses a large aperture TeOq (visible) or InP (Infrared) AOM crystal. The acoustic wave propagates
at the speed of sound in the crystal, 4.2mm/us for TeOs. The speed of light in the crystal is about
2.0 x 10°mm/us. Thus the acoustic wave is regarded as a fixed diffraction grating. Because of using
the acoustic wave, the acousto-optic pulse shaping is suitable for laser systems of a kHz repetition rate.
Other type, an acousto-optic programmable dispersive filter (AOPDF) allows the pulse shaping without
Fourier transform optics [36]. It also utilizes an acousto-optic interaction but acoustic and optical waves
propagate collinear, not perpendicular. It is easy to align and obtain the smooth spectral modulation. It
is also possible to modulate both amplitude and phase. Usually, it is used to compensate the dispersion

for an amplifier system. More details of AOPDF will be explained in chapter 4.
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2.5 Closed-loop and open-loop control schemes

The purpose of coherent quantum control is to optimize certain light-matter interaction. In a simple
system whose Hamiltonian can be written as a simple form, one can easily obtain an analytic solution
to describe the probability amplitude. Such an analytic solution allows a direct determination of the
pulse shape. This scheme is called ‘open-loop optimal control’. This scheme is suitable to find physical
meanings of pulse shapes. In a complex system, it is hard to obtain an analytic solution of the system,
hence it is impossible to predict an optimal pulse shape for the desired target state. For practical
applications such as determination of a chemical channel, an optimization using a learning algorithm
and a feedback are required as shown in Fig. 2.9. This scheme is called ‘closed-loop optimal control’ [5].
It is composed of iterative measurements and complex pulse shaping: both processes are connected with
a learning algorithm, such as genetic algorithm. A learning algorithm steers a pulse shape to the direction
of maximizing a certain outcome, without a priori information of Hamiltonian. After many iterations,
one can obtain an optimal pulse shape. Bardeen used this technique to demonstrate the control of
molecular electronic population transfer in dye molecules [33]. Gerber and co-workers tried to optimize
the branching ratios of photo-dissociation channels by using this technique [7]. This scheme is used
practically but it is hard to find physical meaning of optimal pulse shapes due to unknown Hamiltonian.

In our study, we will use open-loop coherent control to investigate multi-photon absorption processes
of Alkali atoms such as Cesium and Sodium. These absorption processes can be modeled by two-
level and three-level Hamiltonians, respectively. By analyzing the Hamiltonians, we have successfully

obtained analytical solutions of the given light-matter interaction as a function of pulse shape parameters,
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especially in the strong-field regime. In the next chapter, we will describe the theory of multi-photon

processes in the presence of non-negligible dynamic Stark shifts.
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Chapter 3. Theoretical background and calculation

In this chapter, we describe the theory of two-level two-photon absorption process in the strong field
regime. First, we introduce two-photon spectrogram picture to explain the two-photon absorption in the
presence of dynamic Stark shift, and then we obtain analytic optimization pulse-shape solutions for the
given absorption process by compensating the time-dependent transition level shift. Finally, we expand
the theory developed for the two-level two-photon absorption into a three-level three-photon absorption

problem.

3.1 Semi-classical approach to one-photon transition in a two-

level system

We provide a brief review of the problem of a dipole-coupled two-level system interacting with a laser
pulse. The semi-classical approach to the given problem is one of the fundamental examples of quantum
mechanics. The theory introduced in this section is used as an analogy to the approach in multi-photon
absorption problems to be discussed in the following sections. First, we consider a two-level system
that interacts with a short laser field as shown in Fig. 3.1. We note that a dipole transition is allowed
between the two states which have different angular momentum numbers ¢, for example |5s,¢ = 0 > and
|5p, £ =1 > in Rubidium, according to the selection rule. After we apply the dipole approximation, the
interaction Hamiltonian is given as

V() = —ji- B(t), (3.1)
where E(t) is the electric field and p is the electric dipole moment. To estimate the population of the
states, we solve the Schrédinger equation in a density matrix form [38], i.e.

i

pij = —(ij + iwij)pij — h[V, plijs (3.2)

where /w;; is the energy difference between the energy levels ¢ and j, and +;; is the decay constant. ~;;

is assumed very small and then the density matrix equation is given by

) i
Pgg = ﬁE(t)Ugepegv (3.3)
) i
Pee = ﬁE(t):uegpgev (3.4)
Peg = —WegPeg + fLE(t)Uengga (3.5)

where fio4 is the transition dipole moment between the ground excited states. The angular frequency
difference between these two states is wey. We denote pey = Rege™“est, where R, is the slowly varying

envelope that changes little during the optical pulse duration. Then, Egs. (3.2) become

1

ﬁ"gg = ﬁE(t)e_iwegt,uge?Regy (36)
. i W

Pee = ﬁE(t)e EQt,ueg%ge, (37)
. )

§Reg = ﬁE(t)Megpggv (3'8)
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transition

and can be written further in a simple form as

1

per(t) = & [per (1), Hee (1)] (3.9)

where the Hamiltonian Hy, is given by

0 tge E(t)exp(—iwegt)

Hy =
tegE(t)exp(iwegt) 0

(3.10)
The transformed Hamiltonian is written in the interaction picture and the probability amplitudes are

given by

g = ipge E(t)exp(—iwegt) e, (3.11)
e = ipteg E(t)exp(iwegt)ag. (3.12)

We assume that the atom is initially in the ground state and the interaction with a shaped laser
pulse is in the weak field regime. Then the probability amplitude of the excited state, given as a result

of the first-order perturbation, is obtained as

alt) ~ —%ueg/ dtE(t)exp(iwegt) (3.13)

— 00

7

7 Heg€\Weg ),
\/%hlug( 9)

where e(w) is the Fourier transform of E(t). Therefore, aél) is determined by the spectral amplitude

and phase of the photons with angular frequency weg4, only, and not dependent on any other frequency
components. Figure 3.2 shows the excitation probability, |a£1)|2, of Rubidium D; transition, plotted as
a two-dimensional function of linear chirp rate and pulse energy. Here we assume that the interacting
laser pulse is linearly chirped rate but the population of the excited state is proportional to |e(weg)|?
which is constant. Hence |a§1)|2 is not dependent on the phase of the shaped pulse and, therefore,
becomes a constant for a linearly-chirped pulse. This result in the weak field regime is well illustrated
in Fig. 3.2, which shows a good agreement between the experimental data and the calculation based on

the first-order perturbation theory.
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Figure 3.2: (a) Calculation and (b) measurement of Rubidium D1 fluorescence at 794.7 nm. The

fluorescence is proportional to the excited 5P, /o-state population.

The second order perturbation calculates the two-photon transition rate of a ground-state atom

back to the ground-state via the excited state, given by

. ¢
agf) N _%/ th(t)exp(—iwegt)/ dt1E(t1)exp(iwegtt) (3.14)
9 e}
pe [, et (w)e(w)
i i o [~ TEEE),

where p is the Cauchy principal value and w. is the spectrum center. If e(w) is symmetric about
the angular frequency wey, the integral vanishes and only the first term with the resonant component
€*(Weg)€(weg) is nonzero. If laser spectrum is far off from the resonant frequencyw.q, the probability
amplitude can be written as

2) Heg
ag ) ~ _h_weg o / dwe* (w)e(w), (3.15)

and, as a result, the laser laser spectral function affects the transition probability in this two-photon

process.

3.2 Semi-classical approach to non-resonant two-photon absorp-

tion in a two-level system

In this section, we consider two-photon transitions of a two-level atom interacting with an ultrafast
laser field, as depicted in Fig. 3.3. In particular, we treat non-resonant two-photon absorption, which
means that there are no extra resonant levels within the laser spectrum. The transition selection rule
does not allow one-photon transitions between the ground(¢ = 0) and excited({ = 0) states, but two-
photon transitions are still possible. This is a good model for a two-photon resonant transition between
the |6s) and |8s) states of atomic Cesium. The resonant laser wavelength A\(= 2m¢/v) for this two-photon
transition, v = wgs—sgs/2, is 822 nm. If we take the fact that the typical wavelength width A\ = 20-

30 nm for an ultrafast laser pulse into account, the resonant one-photon transition to |6p), from |6s), is
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Figure 3.3: Schematic diagram of a two-photon transition with no intermediate one-photon resonant

states

far off-resonant from the laser field. We note Ags—p = 852 nm. A more careful validation for two-level
modeling is given in section 5.5.

Also, we employ a semi-classical Hamiltonian. For this problem, the semi-classical description is
perfectly adequate, because the number of photons in the laser pulse is huge. Thus, the laser field is
written classically as:

E(t) = %EO g(t)e?Mete 4 c.c., (3.16)

where g(t) and ¢(t) are the temporal intensity profile and temporal phase, respectively. v is the center
angular frequency of the pulse. € is the polarization vector and FEjy is the field strength. The energy of
the dipole-field interaction is given by

1 . .
Vij = _§Nz’jE0\/9(t)€z¢(t)€M +ecc., (3.17)

where p;; is the transition dipole moment defined as p;; =< iler - €[5 >. In the case of one-electron
atoms, or alkali atoms, the electric dipole only connects states of opposite parities, £ + ¢/ =odd [39].
Thus s states are only coupled with p states and the p states are not coupled with other p states. As
a result, the couplings between p intermediate states are negligible in alkali atoms. By solving the
generalized Schrodinger equation (3.2), the coherence between the intermediate and ground (excited)

states is obtained as the following differential equations:

. . { 1 w
pia = —(lia +ig)psg + 5=Eo | VgD + e [1igpag + Hiepe (3.18)
pie = —(Vje + iwje)pje + o5 o { g(t)e et + C-C} [1igPge + jePee) » (3.19)

We assume that the decay rate 7;g.e is negligible. As pcq is rapidly oscillating with the frequency of weg,
we set peg = Rege™“est. For the following condition, or if the electric field envelope is a slowly varying

function,
d Hijg.e i Eo
S0 S << Wwjges — (320)
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Then, the coherence between the intermediate and ground (excited) state can be written as:

t
Pig = %Eo/ dt’ {\/g(t’)e“b(t Jeirt' 4 c.c} e~ wig(t=t) {,ujgpgg + pjeRege oot } (3.21)
1 t ip(t) pivt t —ig(t) ,—ivt
1y [Valesoe | Jae e
2h Wjg + Vv Wijg —V
1 t ip(t) Li(V—weg)t t —ip(t) ,—i(V+weg)t
_Llp g(t)e Ve L Vgt)em e iRy,
25 wej -V wej + v
l’ t . / s . ’
= et [ [T o] ot i ] 02
_ L [ Vg@etWettteet Jglpe Wbt |
on " Wijg + v Wijg —V Higtge
B LE g(t)eiqs(t)eiut N g(t)efiqs(t)efiut .
oh 0 Wej — v Wej TV HjePee-

If either a resonance condition between v ~ w;, and v =~ w,; is satisfied, the coherence between the
intermediate state and the ground (or excited) state is not negligible, and the population p;; of inter-
mediate states can not be ignored. Then, a full consideration requires at least three energy states, and
a three-level system is described in the next section. Otherwise, by substituting Egs. (3.21) and (3.22)
into Eq. (3.2) and by neglecting the rapidly oscillating terms such as ¢! | e™est and e'(?+west) e

have the set of the following differential equations:

i ei(At+29(1)) e~ H(At+26(1))

. [ )

Pgg = 452 Eog(t) Wie TV ngﬂjeg%eg - _452 Eog(t) Wie + U ,Uej,ujgéRgev (3-23)
i 52 e~ H(At+24(1)) - i ei(At+26(t)) " -

.ee = T1o5 t)———— ej Mg e — - jMjeJleg, .

P A7.2 09(t) Wiy — U HejljgItg A72 0g(t ) Wiy — U HgjtjeIteg ( )
: —i(At+26(1)) - ,

. ) e ) Wie

Reg = 173 B0 9(8) ——————HeiltigPag + 535 E09(t) =75 HejitieReg, (3.25)

19 je
i . ; —i(At+26(1))
T o Wig T 9 e
~ o Eog(t)wijz_g —ahaittigReg = 1 Eog(t)iwje o HeiltigPec;

where A is the two-photon detuning, given as A = 2v — w.,. The summation index j is omitted. From

Egs. (3.23)-(3.25), we reconstruct the Hamiltonian of 2 by 2 square matrix:

S (¢ LO) (1) etlAt+24()]
= (1 7gi[(A)t+2¢(t)] A ’ (3.26)
58(t)e Se(t)
and the set of differential equations can be written as
) i
pt) =+ [p(t), H(®)], (3.27)

where S, . represent the dynamic Stark shift of the ground and excited states.
In the presence of intermediate states of angular frequencies w;, an intense laser field temporally

shifts the angular frequencies of the ground and excited states, and the dynamic Stark effect is given by

|pte, 9J| Wje,g
E Egg(t) 21—, (3.28)
2h2 w]e,g — 2
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where fij(;q) are the transition dipole moments between the excited (ground) and intermediate states.

Q(t) is the two-photon Rabi frequency,

Me‘]u‘jg 1 ~ HgjHje Eg (t) 1 (329)

2h? Bog w]g -v - 2h2 Wje + v’
representing the coupling between the excited and ground states for the small two-photon atom-field
detuning. Consistently, the two-photon rotating wave approximation is given that |A| € wj; — v ~
wje + v. The Hamiltonian of the system can be transformed to a more simple form. We define R¢, =
pege_iﬁoo St where S(t) is the difference of the dynamic Stark shifts defined as S(t) = Sc(t) — S4(2).
It simplifies the Eqs. (3.23) and (3.24) as

. .1 i -1 —itx

Pgg = 7159(15)6 D peg + Z§Q(t)€ ® e, (3.30)
. . 1 —itx 1 1e]

Pee = 7159(15)6 ® pge + Z§Q(t)€ e, (3.31)
. . 1 —itx ; 1 —ta

feg = —i5 Ut W pgg + i)™ pec, (3.32)

where a(t) is the induced phase accumulated by the atom-field interaction, obtained as a(t) = — fioo S(t")dt' +

At + 2¢(t). With «(t), the simplified Hamiltonian can be written as

0 L0 (t)eie®
H(t) =5 (| | D (3.33)
1Q(t)eio® 0

We note that the complete transfer is achieved by both the condition of the minimum pulse area, or

J diQ)(t) = m, and the phase matching condition
at) = —S(t) + A +2¢(t) = 0, (3.34)

that needs to be satisfied for the pulse duration. With this phase matching, the resonance condition is

maintained, or the dynamic Stark shift is compensated by temporal change of laser frequency.

3.2.1 Weak-field formula

In the weak-field regime, the probability amplitude of the excited state can be written up to the

first order of Dyson series:

A~ —i / h dt’%Q(t’)exp[ia(t’)]dt' (3.35)
= 4‘/00 dt’;Q( t"expli(At' + 2¢(t"))]dt’ (3.36)
= Z MZFLMQN P / E2g(t)expli(2v — weg )t + 2igp(t')]dt (3.37)

The dynamic Stark shift S(¢), contained in the phase «(t), is proportional to the pulse peak intensity
I, and is considered to be zero in the weak-field limit. With the electric field in frequency domain

represented as the Fourier transform

1
§E0 g(t)eteiot w)e™tdw, (3.38)

- L
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Eq. (3.35) can be rewritten in frequency domain [47] a

A, =1 He;ﬂ;g / dwl/ dwae(wr)e(ws) (3.39)
, Wig — V
S

y %m/ﬂo doon /_OO dune(w1)e(w)5 (w1 + wa — weg)

N Hejlig L =
=1 —_— dwi€e(wr)e(Weg — w
S wjg—l//oo 1€(w1)€(weg — w1),
Thus the probability amplitude of the excited state is determined by the sum of pairwise interference
between w and wey — w photons. In that regards, a transform-limited pulse induces fully constructive

interference and maximizes the two-photon absorption in the weak-field regime.

3.2.2 Strong-field solutions

In a strong-field regime, dynamic Stark shifts and higher-order transitions have to be considered.
When phase matching is satisfied or &(t) = 0, the Hamiltonians at different time commute. In this case,
we obtain an analytic form of the probability amplitude.

The time-evolution operator is given as

t t

. 1 1
Ut) = Icos(/ Eﬂ(t/)dt’) - i&msin(/ §Q(t/)dt/), (3.40)
where I is a 2 by 2 identity matrix, and 6., 64, and 6, denote Pauli matrices. The excited-state

Pu(t) = sin® (/t %Q(t’)dt’) , (3.41)

— 00

population can be written as

which behavior is the Rabi oscillation given as a function of pulse intensity. The final probability can be
maximized by the condition [*°_Q(t')dt’ = m. From this condition, we determine the minimum energy
to induce the population inversion(i.e. P, = 1), to be terms as the minimum 7-pulse energy. Above the
minimum 7-pulse energy, the excited-state population is decreased because the stimulated emission is
larger than the absorption. When &(t) # 0, the Hamiltonians at different-time do not commute anymore.

The Hamiltonian can be rewritten as
1
H= §Q(t)cos(a(t)) — —Q( )sin(a(t))ay,. (3.42)

Then, the time-evolution operator U (t) satisfies the following differential equation,

0] 1 1

8tU( ) = —i§Q(t)cos(o¢(t))6'zU(t) + iiﬂ(t)sin(a(t))z%yU(t). (3.43)
The time evolution of the states can be obtained by solving the Schrédinger equation. Even the
Schrédinger equation is numerically solvable, for example, by using the fourth order Runge-Kutta
method, it is in general very hard to obtain an exact formula for the excited state. To approach the

excited population analytically, we introduce a new parameter, complex pulse area defined as

0= / h %Q(t)exp(ia(t))dt, (3.44)

— 00
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Figure 3.4: Estimation of the excited population as a function of pulse peak intensity and linear chirp

rate. (a) Numerical solution of Schrédinger equation. (b) |#]2. Two results show a good agreement.

which is also the result of the first order Dyson series of Eq. (3.43). When |Q(¢)7/2| << 1, |0|? approxi-
mate the state probability.

In Cesium, we estimate that the maximum amplitude of (¢) is —54 Trad/s at I = 1.0 x 101*W /cm?.
In the experiments, the pulse duration 7 is ranging from 37 fs to 90 fs. Thus, 2.0 < |Q(¢)7/2| < 4.86 at
I = 1.0 x 10"W/cm?, and the experiment is in non-perturbative regime, if the spatial-intensity effect
is not taken into account. However, due to the spatial-intensity effect, the effective Q(t) ! is reduced
and the perturbative approach turns out valid. As a result, |0|? is the excited-state population in our
experiment. For example, Fig. 3.4 shows the excited-state populations: (a) the numerical solution of
Schrodinger equation; (b) the complex pulse area. They show a good agreement, and that the complex
pulse area is a good estimate for the excited-state population. More specification about the spatial
intensity averaging effect is given in section 3.4.

The atom-field phase «(t) represents the accumulated detuning given as a function of time, and the
nonzero phase occurs as a result of accumulated off-resonances. When &(¢) is large (large detuning case),
the pulse area becomes zero, because Q(t)exp(ia(t)) becomes a rapidly oscillating function. If &(t) =0,
on the other hand, the pulse area can be maximized (zero detuning case). The degree of off-resonance
can be written as &(t) = E.(t)/h— 2w(t) where the shifted energy is given as F.(t) = weg + S(t) and the
instant frequency of the pulse is represented as w(t) = v + ¢(t).

Spectrogram is useful to represent the characteristic of laser pulses in phase space, which is an
analogy of the Wigner quasi-probability distribution for a classical field. The Wigner quasi-probability

distribution has been widely used in quantum optics [44]. The spectrogram given as
W (e, t) = / E*(t + 1)E(t — )¢ dr, (3.45)

shows the probability distribution of the pulse in time-frequency domain. Especially, a chirped pulse is

well described by the spectrogram (e.g. the slope of the distribution depicts the linear chirp rate.) We

IThe effective two-photon Rabi frequency is an average of two-photon Rabi frequencies of individual atoms, which is
usually 6-12 times smaller than the two-photon Rabi frequency given at the pulse-peak intensity.

— 22 —



define a two-photon spectrogram as
P(Q,t) = / W(w, )W (2 — w, t)dw, (3.46)

where €2 denotes the sum frequency. For a two-photon absorption, the two-photon resonance is satisfied at
Q = wey, and therefore, the overlap between the time-dependent resonance frequency and the two-photon
spectrogram represent an absorption probability distribution given as a function of both time and €2, in
spectral-temporal two-dimensional space. Figure. 3.5 shows spectrogram and two-photon spectrogram of
two different chirped pulses. The density of two-photon spectrogram overlapped with the shifted energy
level depicted as dashed lines in Figs. 3.5(b) and (d) determines the total magnitude of two-photon
absorptions. It is useful to qualitatively estimate two-photon absorptions induced by a shaped pulses.
The instant frequency in a two-photon spectrogram is determined by 2w(t) = 2v + 2(;5(15), and therefore
&(t) is the difference between the shifted energy level and two-photon spectrogram, depicted as the black
arrows in Figs. 3.5(b) and (d).

In this section, a simple form of transition probability amplitude is obtained for strong-field two-
photon absorption. From the formula used in the low laser intensity limit, we successfully construct the
well-known weak-field formula for the given two-photon absorption. We verify this derived theoretical
results experimentally in chapter 5, where examples of laser excitation with more complex shapes are

considered.

3.3 Two-photon and one-photon transitions in a three-level lad-

der system

In this section, we expand the theory of two-photon absorption, derived in the previous section, into
a three-level ladder system. We consider a 241 multi-photon process in alkali atoms, where 241’ means
that the system consists of a two-photon and a one-photon transitions. The schematic diagram of the
241 multi-photon ladder system is shown in Fig. 3.6. In this case, a higher energy state |r) is added to
the previously considered two-level system of |g) and |e), and the newly added state |r) is one-photon
coupled to the excited state |e).

In Sodium, the ground-state atom is excited to the 4s excited state by non-resonant two-photon
absorption of 777 nm photons. Simultaneously, the 4s-excited atom can be further excited by absorbing
a 781-nm photon. Because the energy difference between the 4s and 7p state is 781 nm in wavelength
scale, the 4s-Tp transition is resonant with the laser field. Thus, the 7p state has to be treated explicitly,
which is different from the non-resonant intermediate states. Then, the probability amplitudes are given

by the differential equations as

dg(t) = —iSy(t)ay(t) — Z'%Q(t)em““d’(’f”ae(t), (3.47)
do(t) = fi%sz(t)e*imlt+2¢<t>1ag (t) — iSe(t)ac(t) — z‘%Qer(t)eiW(t)*A”t] ar(t),
1

() = =i Qen(t)e™ 1O 22a, () — i (Har(b),

where indices e, g, and r indicate the |4s > excited state, |3s > ground state, and |7p > resonant state,
respectively. A; is the two-photon detuning defined as A; = 2 — wey. Az is the one photon detuning,
Ag =V —wre. Qer(t) is the one-photon Rabi frequency, Qey(t) = —pier Eo/g(t)/h. Sq, Se, and S, are the

dynamic Stark shifts of the ground, excited, and resonant levels, respectively. S; and S, can be written
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a) pulse spectrogram at a,=-2000 fs b) two-photon spectrogram at a,=-2000 fs*

2.48 a56] ]
— L ~—~
< 2.46 08 L 484f 08
£ 2.44) ] ' g 0l :
wvy wy .
S 242¢ =R
0.6 ‘ 0.6
= 24t ] =
(2 }? 478 m = m - .. . e -m -
g 238 S 476} ]
g 536l | 0.4 g da(t)/dt 0.4
E=T & 474t ]
5 234 S 4mf
B = 4+
3t {17102 & 0.2
< s 47
23 4.68¢ ]
: : : : : 0 : : : : : : : 0
-3 2 -1 0 1 2 3 -3 2 -l 0 1 2 3
time(ps) time(ps)
¢) pulse spectrogram at a,=2000 fs* d) two-photon spectrogram at a,=2000 fs*
‘ ‘ ‘ ‘ ‘ 1 ‘ ‘ ‘ ‘ ‘ 1
248 4.86f ]
~~ L ~~
z 2.46 L 484f
€ 244} { ;o3 g 0.8
n . 482}
“2 242¢ —‘2 4.8t
0.6 ' 0.6
= 247 X478k e - - [
[5) (3} ~ ~ . -
5 2.38F 5 | 3
S S 476
g 236/ {0 g 0.4
& & 474
— L =
= 234 = 472)
R | 0.2 5 02
g7 g 47
23 4.68¢ ]
‘ ‘ ‘ ‘ ‘ 0 ‘ : ‘ ‘ ‘ 0
-3 2 -1 0 1 2 3 -3 2 - 0 1 2 3
time(ps) time(ps)

Figure 3.5: (a) Spectrogram of a linearly-chirped pulse with as = —2000fs2. (b) Two-photon spectro-
gram a linearly-chirped pulse with as = —2000fs?. (c) Spectrogram at as = 2000fs%. (d) Two-photon
spectrogram at as = 2000fs2. When the phase of the pulse is given by ®(w) = % (w — wp)?, az is called

2
linear chirp rate. More specific refers to the subsection 4.2.1.
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Figure 3.6: Schematic diagram of 2+1 multi-photon transition

by

|:U'e, | W‘e,
=D Bt (3.48)

— 12
G wJe,g v

The only difference of Eq. (3.48) from Eq. (3.28) is that the contribution of the r state is extracted. Also,
Q(t) is the two-photon Rabi frequency given by
e 1 ilje 1
Hejbig g g(t) ~ N Haili E2g(t) (3.49)

0 - s
2h? Wjg — VU = 2h2 Wje + v

J#T

which does not include the contribution of the r state. At 777 nm center-wavelength, two-photon rotating
wave approximation? is satisfied, because the two-photon detuning is nearly zero. At 800 nm center-
wavelength, the two-photon detuning is calculated as |A| ~ 0.14 x 10*®rad/s. The calculated values
of wj, — v and wj. + v are larger than 0.7 x 10'® rad/s, and therefore the two-photon rotating wave
approximation condition in Sodium 3s-4s transition is valid in the experimental situation. We can solve
Eq. (3.47) by numerical method such as Runge-Kutta method. In a matrix representation, atomic

Sodium interacting with an electric field can be described by the three-level Hamiltonian:

S, (1) LO(1)eilart+260) 0
H(t) — %Q(t)e*i[Alt‘f’Q(ﬁ(t)] S, (t) %Qer (t)ei[A2t+¢(t)] . (3.50)
0 %Q” (t)e—i[Aﬂ-Hi’(t)] Sy (t)

This Hamiltonian can be transformed by using a matrix 7' given as 7' = /2114260 |g > < g| + |e ><
e| + e AWl > < |, After the transformation, the Hamiltonian can be written alternatively as
HT = T1HT — ihTTdT/ dt. Finally, we obtain the following transformed Hamiltonian describing the

2Two-photon rotating wave approximation is given by |A| <« Wjg — V >~ wje + v where A = 2 — weg
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system,

2N (t) = (3.51)
Se(t) + Ay +26(t)  19(t) 0
3U1) Se(t) 10 () (3.52)
0 Qe (t)  Se(t) — Ay — é(1)

The diagonal terms can be transformed into the phase of the off-diagonal terms. The transform matrix is
given as 77 = =il Salwdutduit26(0)] lg >< g|+ et Se(widu|e > < ¢| + el Sr(wdu=tat=(0)] |r ><r|.

As a result, the final form is obtained as,

HT(t) = (3.53)
0 1Q(t)e!@® 0
1Q(t)e @ ®) 0 10, ()e’92®)
0 10, (t)e @) 0

where Q1(t) = — [* Seg(u)du + Art + 2¢(t) and Qa(t) = — [* Sye(u)du + Aot + ¢(t). The level shift
parameters are given as Sey(t) = Se(t) — Sy(t), and Sye(t) = Sp(t) — Se(t). The resonant 7p level is
shifted by couplings with s (£ =0), d (£ = 2) and continuum states. We note that the excited state can
be coupled with the continuum. The Ponderomotive energy can be expressed as [41]:

_ E2ER(1)

S, (t) = (3.54)

CAmp?
where v depicts the laser frequency and m is the mass of an electron. In the Sodium 3s-4s-7p system,
the Ponderomotive energy is 8.5 Trad/s and is roughly two-orders of magnitude above the dynamic
Stark shift, because of the presence of lower-lying s and d states [42]. From Eq. (3.53), the probability
amplitude of the 7p state can be calculated. The probability amplitude of 7p state is the result of the

second order Dyson series, or

o 1 . t 1 . ,
Aqp ~ / thQer(t)e—zQﬂ“ / dt’§Q(t')e—1Q1<t>, (3.55)

— 00

where @Q1(t) and Q2(t) are the atomic phases induced from the level shift, detuning, and phase of the

laser pulse. We use the truncation, keeping terms up to O(t/7), or

¢ ¢
/ Seg,re(u)du = / Cegreg(u)du = g ret + O(t*/72). (3.56)

Hence, the probability can be rewritten by

reflej g 1 e —il(ly— _
Ay = = 3 Hrellesitig / dt Bor/g(f)e™ 10 =sme=bre)t+6(0) (3.57)
P 8k  wig—v J_ o

t
x / dt' B3 g(t)e =12 mweo=0eg)t+20(1)],

— 00

Then, finally, the probability amplitude of the 7p state can be written in frequency domain [47] as

ar = iTE(Wre + Ope) / E(w)E(weg + 6eg — w)dw, (3.58)
Anyr = p[m % X [m E(W")E(wrg + 0rg — w — w')dwdw'. (3.59)
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where g is the Cauchy principal value. Indices 't’ and 'nr’ denote the resonant and non-resonant parts.
deg and dy,. are the maximum amplitudes of the total level shifts of the 3s-4s and 7p-4s transitions, respec-
tively, when a transform-limited pulse is illuminated. We note that the factor » ., mfiretiejtiig/ (4R (wjq—
v)) is omitted. The probability amplitude of 4s state can be written up to the third order Dyson series,

Ags = —i /_Z dt%ﬂ(t)exp(—i@l(t)) (3.60)
i /_Z A5 0(0)exp(—iQa (1) / ) ' SO )expliQu(1) /_ N A" L0 exp(~iQu (")
+i [ Z dt%Qer(t)exp(—z‘Qz(t)) [ . dt’%Qer(t’)eXp(ng(t’)) [ . dt//%g(tu)exp(,in(t,,))'

In the perturbative regime (Q(t)7 << 1 and Q.,(t)7 << 1), the first-order term dominates the third-
order terms. The first-order term is also shown in the two-photon two-level system described in the
previous section.

In this section, the probability amplitudes of excited states |e > and |r > in the 3-level Hamiltonian
are obtained in pertabative regime. In particular, the probability amplitude of the |e > state can be
separated into two parts, resonant and non-resonant contributions. We will compare these probability

amplitudes with the experimental results of Sodium 3s-4s-7p ladder system in chapter 6.

3.4 Spatial intensity averaging effects

In this section, we discuss the spatial intensity averaging effect. In the experiment, we use vapor
cells of alkali atoms, and because the laser beam has the spatial intensity distribution, many atoms in
spatially distributed intensity region interact with the laser pulses. Thus, a measured atom response
is the sum of responses from individual atoms interacting with different pulse peak intensities. At the

focus, the intensity distribution is given by

I(r) = Ipexp <;—z) : (3.61)

where d is the beam radius at the focus. If we define the response from an individual atom at the pulse

intensity I as P(I). The total response can be expressed as

Piotal :/ P(I(r))2mrdr (3.62)
0
o p(J
= 7d’ / Pa) )dl,
0 I

where, we substituted the radius r with the peak intensity I. The contribution to the total response
depends on the inverse of the pulse peak intensity I. Thus, the response is mainly determined by the
weak-field interactions, even though strong-field effects is still present. In order to compare the simulation
with the experimental results, the simulation results under Iy has to be integrated. For example, Fig. 3.7
shows the calculated excited-state population as a function of linear chirp rate as and pulse peak intensity
1/Iy, (a) with and (b) without the intensity averaging effects. At zero chirp rate, the Rabi oscillation as
a function of intensity at zero chirp rate is presented in the simulation, but the Rabi oscillation were not

observed in our experiment due to the spatial averaging effect. The contribution of weakly interacting
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Figure 3.7: Excited-state population plotted as a function of linear chirp rate a2 and pulse peak intensity
1/1y, (a)if no spatial intensity averaging effect is considered, and (b) if spatial intensity averaging effect

is considered.

atoms is larger than that of strongly interacting atoms 2. The dip structure caused by level shifts is

shown even after the spatial intensity averaging, which is discussed experimentally verified in chapter 5.

3The number of atoms in the interval from I to I + dI depends on the inverse of the pulse peak intensity I. The Rabi
oscillation is shown when the pulse area exceeds the minimum 7 pulse. The pulse area of weakly interacting atoms is much
smaller than 7.
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Chapter 4. Experimental apparatus

In this chapter, we describe the experimental apparatus used in the experiments. The apparatus
consists of a Ti-sapphire laser amplifier system, a pulse shaper(DAZZLER), atomic vapor cells, and a
fluorescence collecting system, as shown in Fig. 4.1. We use vapor cells of Cesium (TT-CS-75-V-Q-
CW, Triad technology) and Sodium (CP25075-NA, Thorlab Inc.). For the investigate of multi-photon

-3

absorption in strong-field regime, the density of Cesium vapor, 2.89x10'® m~3 is sufficient to observe

fluorescence by photomultiplier tube (PMT) in room temperature (20°C.). However, the density of

Sodium in room temperature is 3.76x10'! m~3 and the Sodium vapor cell needs to be heated. For the
heating, the Sodium vapor cell was prepared as shown in Fig. 4.2. The gradient heating of the vapor cell
prevents metal deposition on the view windows, where the temperature of the sides of the cell is kept
higher than that of the center. Thus, the vapor is driven into the center of the cell. In the experiments,
the Sodium cell is heated about 130°C for the atomic density of 1.92x10'* m~3. The temperature of the
Sodium cell is measured by a thermistor (PTC100, Thorlab Inc.) of which the resistance is a function
of temperature. The temperature controller (TC200, Thorlab Inc.) converts the resistance to digitized

numbers.

4.1 Pulse generation and measurement

We use a home-built femtosecond laser amplifier system, which produces short pulses of 35-90 fs
pulse width and 100uJ pulse energy at 1 kHz repetition rate. The seed beam for the amplifier system
is generated from the oscillator (KM-LAB) operating at 90 MHz, and its pulse width is 35-50 fs. The
wavelength of laser pulses is chosen in the range from 782 to 830 nm. The pulses from the amplifier
system are characterized by a second harmonic frequency-resolved optical gating (SHG FROG) [43], and

also by an autocorrelator (Mini autocorrelator, APE). The intensity of the SHG is given as

ISHG (1) = ‘/Oo E)E(t —1)e”™tqt 2. (4.1)

By measuring the SHG spectra as a function of delay 7, the corresponding FROG trace is generated.
We measure the SSG spectrum in a spectrometer (USB2000, Ocean Optics Inc.) of which the spectral
resolution is 0.3 nm. The spectral (or temporal) amplitude and phase are retrieved from the FROG trace
using a FROG algorithm. Figure. 4.3 shows the schematic diagram of a FROG setup to measure the
pulse characteristics. The BBO crystal used in the experiments has angle cuts at 8§ = 29.2° and ¢ = 90°,
and the thickness is 100um. As an example, the FROG signal of a linearly chirped pulse generated from
the laser system is shown in Fig. 4.4. After applying the FROG algorithm, the amplitude and phase, in

spectral and temporal domains, are retrieved as shown in Figs. 4.4(b) and (c), respectively.

4.2 Pulse shaping

We use an acousto-optic programmable dispersive filter (AOPDF) [36] as a pulse shaper which is
used to program the phase and amplitude of ultrafast pulses. The structure of the AOPDF (DAZZLER)
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Figure 4.3: Schematic diagram of FROG (frequency-resolved optical gating) setup.

used in the experiments is shown in Fig. 4.5. AOPDF overcomes the two limitations of spatial light mod-
ulators: the coupling between the spatial and temporal aberrations of laser beam, and small dispersion
compensation ranges. Figure 4.6 shows the schematic diagram of AOPDF, which is based on a collinear
acousto-optic interaction. Acoustic waves are generated by the transducer, and propagates along the
z-axis in a 25-mm-long TeOs crystal. The speed of sound in the crystal is 1000 m/s, and the index
difference is An = 0.04. Along the z-direction, an acoustic spatial grating is produced. The frequency
component of the pulse that travels a certain distance meets a phase-matched frequency of an acoustic
wave, and diffracted into an extraordinary mode at the phase-matched position. The traveling distance
determines the phase of each frequency component, and the amplitude of each frequency component
is determined by diffraction efficiency, that is controlled by the acoustic power at the phase-matched
position. In the following, we provide coupled-wave analysis of AOPDF. The dielectric tensor in a TeOq
crystal is given by

€(z) = e + 2€1(2)cos(¥(2)), (4.2)

and the acoustic phase given by
o) = [ K (43)
0

where K (z) is the instant spatial frequency of the acoustic wave, usually a monotonic function of z. ¢
is the dielectric tensor in absence of an acoustic wave. €1(z) is the perturbed dielectric tensor resulted
from the optical mode coupling. We note that €; is in general much smaller than e. The optical pulses

can be represented as a Fourier sum of spectral components, i.e.,
E(t,r) = /E(w, r)exp(iwt)dw. (4.4)

When no acoustic wave is applied, e; = 0. Then,

E(w,r) = v/ S(w) [A1(z)erexp(—iki(w)z) + Az(z)ezexp(—ike(w)2)], (4.5)
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where k1,2 = n1 2(w)w/c, and

2pow 1/2
4.6
€1,2 <k:172( )> P12 (4.6)

where pj 2 are the unit polarization vector of optical waves (e.g. ordinary and extraordinary axes). In
the crystal, the wave equation is given by
d? 9
FE(w, r) +w poe(z)E(w,r) = 0. (4.7)
z

By inserting Eq. (4.5) into Eq. (4.7), the optical wave satisfies the following coupled-wave equation [37]:

0 42(2) = —in(2) Aa(2) [exp( 364 (2)) + exp(~i6_ ()] (1)
9 1a(2) = —in(2) Ar(2) fexplions (2)) + explio- (2))],
where
62(3) = ale) ~ R @)l £ (), (19)
K(z) = mpl'el(z)l’} (4.10)

It is well known that energy transfer is possible between ordinary and extraordinary modes if phase

matching is satisfied between optical and acoustic waves [40], i.e.,
d
Egbi(z) =0=ka(w) — k1 (w) £ K(2). (4.11)

The choice of the sign depends on the sign of ns(w) — nq(w), the difference between refractive indices
of the two optical modes. For example, when na(w) — ni(w) < 0, there exists an unique position z(w)

where the energy transfer occurs between the two optical modes, given by

K (2(w)) =~ (m () = na(w)), (4.12)

which explains that an angular frequency w is diffracted at position z of which the spatial frequency of
the acoustic wave is determined by % (ni(w) — na2(w)). In other words, the energy transfer for a certain
optical frequency occurs at a position where a proper acoustic wave is generated. The phase of each
frequency component is determined by the traveling distance to the phase matching position. Also,
the acoustic power at the phase matching position determines the amplitude of the diffracted optical

frequency component. Hence the output electric field can be written in frequency domain as
Eout(w) x Eip(w)S(aw), (4.13)

where « is the scaling factor, which satisfies @« = An(V/c). V is the speed of acoustic wave, and
An is the index difference between the ordinary and extraordinary waves. The arbitrary output pulse
is programmed by a proper acoustic wave function S(aw). After the Fourier transform, we obtain the
output electric field in time domain. The output signal in time domain is proportional to the convolution

of the input electric field and the scaled acoustic wave [36], or
Eout(t) x Ein(t) @ S(t/ ). (4.14)

In the experiment, o is about 10~7. We note that the spectral resolution of DAZZLER in wavelength
scale is 0.2 nm at 822 nm. We generate complex shape pulses, such as linearly-chirped and quadratically-

chirped pulses from the DAZZLER. The specifications are following in the next subsections.
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4.2.1 Linearly-chirped pulses

Linearly-chirped pulses are widely used in coherent control experiments. The instant frequency of a
linearly-chirped pulse is given as a linear function of time ¢. The pulse shaper provides three modes: ’dial
and polynomial’, *file’, and both’. For an output electric field is given by E,u:(w) = Ei, (w)A(w)e®)
where

Alw) = Agexp(—(w — wp)?/dwo?), (4.15)

a chirped pulse can be obtained by giving a1, as, a3, and a4 parameter in the 'polynomial’ mode. Here,
wo is the center frequency and dwy is the bandwidth of pulse shaper modulation function, S(aw). a1
is time delay. ao, as, and a4 are, respectively, the second, third, and fourth order chirps in frequency
domain. The out electric field in time-domain is obtained by Fourier transformation of Fy,t(w). For
example, a1, as, and a4 are fixed at zero and only as varies, to make a linearly chirped pulse.

We consider that the input electric field is given by E;,, (w) = Egexp(—(w—wp)?/Q?), and assume that
the bandwidth of the input electric field (20-30 nm) is much smaller than the bandwidth of modulating
signal A(w) (50-70 nm) i. e., @ < dw,. Then, the amplitude modulation A(w) can be regarded as

constant. Hence the Fourier transform of E,,;(w) is given by

™ t? . . ast?
Eout(t) = EoAo, [—t——3;exp | — — | exp | iwogt + i—————~ (4.16)
g i 160 (A + %) 8 (5 + %)

= Eyexp (—t*/7%) exp(iwot)exp(it>).

From the above equation, a set of relations are obtained:

2 a2 2a2
= = =104 /1+4-2 == 4.17
70 5w0; T 70 + 7_613 6 Té i 40%5 ( )
E EpA 2 |E ? tant
= I S — T = constant.
1 0410 7_02 i 7:2&2; 1

2(12
2 9
7o

Additionally,

IoTOZIT, 67’2 = (418)

where Iy and I are the pulse peak intensities of the unshaped pulse and of the linearly-chirped pulse,
respectively. 79 and 7 are the temporal pulse widths of the unshaped and the linearly-chirped pulses,
respectively. [ is the time-domain linear chirp parameter. In the spectrogram of a linearly chirped pulse,
2/ corresponds to the slope of frequency sweeping.

The pulse shaper has the damage threshold at 100 MW /cm?, which is significantly lower than the
laser peak power from the laser amplifier. To avoid the damage, the pulse shaper is inserted in the laser
amplifier itself, before the compressor, and the pulse is stretched to pass through the pulse shaper. This
method keeps the pulse peak intensity below the damage threshold, and requires a new calibration of
chirp rates because the pulse is stretched.

In general, the modulation and phase functions are not controlled independently in a pulse shaper.
For example, the laser power is significantly reduced at the lime of zero linear chirp, times smaller than
laser powers at non-zero input values. To keep the laser power at constant for various shaped pulses,
the ‘constant gain’ function of the pulse shaper is used, which maintains the diffraction efficiency for the

output beam nearly constant.
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Figure 4.7: Theoretical and measured pulse durations plotted as a function of linear chirp rate as.

Gaussian width is fitted by 7 = 10/1 + (2a2/78)3.

4.2.2 Quadratically-chirped pulses

In quadratically-chirped pulses, the temporal phase of pulses has t3 dependence, i.e. the frequency
sweeping has t? dependence. Quadratically-chirped pulses are realized in ‘file mode’ in the pulse-shaper
control program. First, two Nx2 spreadsheets of amplitude and phase, respectively, are prepared as a
function of wavelength. Figure 4.8 shows the examples of spectral phase and amplitude of quadratically-
chirped pulses. Then, the necessary acoustic wave is calculated by the control program and the device
loads the acoustic wave on the AOM crystal. For a quadratically-chirped pulse, the amplitude and phase
of an electric field in frequency domain can be obtained by the Fourier transform of the time-domain
electric field

Eou(t) = %Eo g()evteilmttast) 4 oo (4.19)

and A(w)exp(i®(w)) is calculated by using the following equation,
Eout(w) = Alw)exp(i®(w)) x Eip(w), (4.20)

where E;,(w) is the spectral amplitude of the input pulse, a Gaussian function of 30 nm width and
E,ut(w) is the Fourier transform of F,,:(t). The spectral information, A(w)exp(i®(w)), is programmed

into the pulse shaper, and then the cubic phase, ¢(t) = a1t + ast?, is obtained.

4.3 Fluorescence detection

Shaped pulses are focused into a vapor cell by a lens of 125 mm focal length. The focused beam
has a transverse spatial intensity profile, so the laser intensity in the interaction region is spatially non-

uniform. The PMT detects all the photons from the interaction region, and the detected fluorescence is
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the sum of fluorescence from the all atoms in the interaction region as follows

o) 2R
Phiotal :/ dr/ d=2nrpP(I(r, 2)), (4.21)
0 —ZR

where zg is the Rayleigh range of the laser beam, and p is the atomic vapor density. Considering this

intensity averaging effect, the beam intensity I(r, z) is given by

I(r,2) = I w;’(gz)exp (w;";)> , (4.22)

where the beam waist w(z) is w(z) = woy/1 + (2/2r)%. In the experiment, the beam diameter at the
focus is 50um and the Rayleigh range is 2mm. The number of Cesium atoms in this interaction region
is 4.5 x 10° in room temperature. The number of Sodium atoms in 423 K is 3.0 x 10°. The focused
spot on the vapor cell is imaged by a two-lens telescope (2-inch f=50 mm and 100 mm), installed before
the photomultiplier tube (PMT). Additionally, a band-pass spectral filter is inserted before the PMT to
block undesired fluorescence. BG13 is used as a blue-color filter, and also, a 476.5 nm bandpass filter of
10 nm bandwidth (F10-476.5, CVI), and a 590 nm band pass filter (F10-590,CVI) are used in various
experiments. An aperture of 1 mm diameter is used to block undesired fluorescence from outside of the
interaction region. The fluorescence is detected by the PMT, in which current is generated proportionally
to the number of incident photons. The PMT signal is amplified by a low-noise pre-amplifier (SR570,
Stanford research systems), which converts the current signal into a voltage signal. Then, the converted
voltage signal is digitized by the digital lock-in amplifier (SR810, Stanford research systems), with a

modulation frequency of 1 kHz.
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Chapter 5. Coherent quantum control of

two-photon absorptions in Cesium

In this chapter, we describe the experimental results of shaped-pulse excitation in atomic Cesium.
The experimental results with the cesium atom interacting with shaped laser pulses, either linearly-
chirped or quadratically-chirped, are compared with our formula obtained in chapter 3. Cesium is a
widely used atom in multi-photon absorption experiments. Its melting point is 301.59 K and the boiling
point is 944 K. In our experiments at room temperature 293K, Cesium is solid. The atomic number of
Cesium is 55 and the ground state of Cesium is the 6s state. The laser used to excited the 8s state via
two-photon absorption has the center wavelength at 822 nm and the bandwidth of 30 nm. The energy
between the intermediate state 6p and the ground state is 852 nm in wavelegnth scale. Hence, atomic
Cesium can be considered as a two-level system. The specific energy level diagram is given in Fig. 5.1.
The life-time of Cesium 8s state is about 90 ns, which is much longer than the atom-pulse interaction

time. The vapor-pressure of vapor cell at solid phase is given as [45]:

3999
logyo Py = 2.881 +4.711 — =, (5.1)

wherethe vapor pressure P, is in Torr and the temperature T is in K. At the room temperature 293 K,
the vapor pressure is 8.78 x 10~7 Torr. The corresponding number density calculated by P/kgT, is

2.89 x 10'6/m3. The mean free path is a function of temperature T and pressure P:

kT

N AT (5:2)

where d is the diameter of the gas particles. The van der Waals radius of Cesium is 343 pm, the mean
free path in the room temperature is 16.5 m, and the most probable speed is 191.4 m/s at 293 K. Thus,
the collisional coherence time is obtained as 86 ms. Therefore, the collision does not break the coherence
within the pulse-atom interaction time scale in a few tens of femtoseconds.. The ground 6s state and
the excited 8s state are coupled to the intermediate states with angular momentum quantum number
I > 0, which are far off resonance. Table. 5.1 shows transition dipole moments and transition energies
for Cesium used in the calculation.

The couplings to the intermediate states with ¢ > 1 are neglected because the ground and excited
states are of £ = 0 angular momentum. From the selection rules, £; — ¢; = +1, the ground 6s;,, and
excited 85/, states are only coupled with the p states. By Eq. (3.28), the calculated dynamic Stark
shifts are given in Table 5.1.

5.1 Two-photon excitation induced by linearly-chirped pulses

For a simple picture of the strong-field two-photon absorption, we consider control experiments
with shaped laser pulses. Figure 5.2 depicts the schematics of experiments, with (a) a transform-limited
pulse, (b) a positively-chirped pulse, (c) a negatively-chirped pulse, and (d) a red-detuned pulse. The
corresponding energy diagrams of Cesium are shifted temporally by the laser fields, as illustrated in the

time and frequency plane. The spectrograms of the IR laser pulses are drawn in red and their two photon
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Figure 5.1: Energy level of Cesium for two-photon absorption [46]

transition dipole moment energy DSS
(x1072°Cm)  (x10% rad/s) (Trad/s)

651/2 — 6p1 /2 2.70 2.11 65.21
6s1/2 — 6p3/2 3.81 2.21 296.05
6s1/2 — Tp1/2 0.17 4.10 -0.03
65172 — Tps/2 0.35 4.10 -0.15
65172 — 8p1/2 0.05 4.85 0.00
6s1/2 — 8p3/2 0.13 4.86 -0.02
8s1/2 — 6p1/2 -0.62 -2.48 3.59
8512 — 6p3 2 -0.88 -2.38 15.11
8s1/2 — Tp1/2 -5.57 -0.49 -10.28
8s1/2 — Tp3/2 -8.43 -0.49 -23.54
8s1/2 — 8p1/2 10.66 0.26 19.31
8s1/2 — 8p3/2 14.72 0.27 38.27
8s1/2 — 9Ip1/2 1.05 0.62 0.48
8s1/2 — Ip3/2 1.79 0.63 1.41
8s1/2 — 10p1/2 0.38 0.83 0.09
8s1/2 — 10p3/2 0.70 0.83 0.30

Table 5.1: Dipole moments and transition energies of atomic Cesium. The dynamic Stark shifts (DSS)
are calculated for the laser intensity at 1 x 10'® W/m?. The line-strengths are from NIST atomic
database [46].
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Figure 5.2: Schematics of strong-field two-photon excitation of ground-state atomic cesium with various
shaped laser pulses. The spectrogram of the laser pulses and of their two-photon spectrogram are depicted
in red and blue, respectively. The magenta arrows indicate the excitation paths for the strong interaction

cases, while the yellow arrows do for the weak interaction cases.
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Figure 5.3: (a) Measured 7p-6s fluorescence signal induced by two-photon absorption in atomic cesium
is plotted in color (red is the biggest) as a function of linear chirp rate as and scaled TL(Transform-
Limited) peak intensity Ip/I.. The equi-signal levels are traced by contour lines which are reconstructed
by a model calculation with best fit parameters. The typical behaviors of the signals are shown in the

strong- and weak-field regimes in (b) and (c), respectively. Note that I. = 0.25 x 101 W /cm?2.

spectrograms are in blue. Figure 5.2(a) shows the case when an unshaped pulse (transform-limited pulse)
strongly interacts with atoms. The dynamic Stark effect causes the two-photon excitation temporally
off-resonant from the two photon energy of the laser field. As a result, the most photons at the peak of
the laser pulse do not induce atomic excitation. The excitation is expected to happen not at the peak
of the pulse, but more in both the head and tail of the temporal profile of the pulse. On the other
hand, in Fig. 5.2(b) and 5.2(c), the laser pulses have positive and negative frequency chirps, but of the
same pulse energies as in Fig. 5.2(a). These pulses shift the atomic energy levels less than Fig. 5.2(a)
and, thereby, the atom-field resonant conditions for the two-photon absorption are better maintained. In
particular, the Stark-shift energy levels can resonantly cross the spectro-temporal field densities in the
two-photon spectrograms (drawn in blue). We expect, therefore, to achieve stronger atomic excitations
by both positively- and negatively-chirped pulses, than by a transform-limited pulse in Fig. 5.2(a). We
note that the atomic excitation is expected to occur earlier in time than the peak of the pulse for the
positively-chirped pulse as in Fig. 5.2(b), and later for the negatively-chirped pulse in Fig. 5.2(c). The
Stark shift can be pre-compensated by a frequency-detuning of the laser pulse as illustrated in Fig. 5.2(d).
Then, the atom-field resonant condition is satisfied at the peak of the pulse, and the pre-detuned pulse

excites more than a pulse of zero detuning.
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To estimate the magnitude of the two-photon absorption, we calculate the pulse area 6

2

104]% = '/OO dt%Q(t)exp(ia(t))

2

)

[e%e} 1 t
= ‘/ thch(t)exp {i(—/ 6Cg(t')dt'+At+5t2)]

where the pulse envelope g(t) is given as a Gaussian function, exp(—t2/72). Q. and 6. are the amplitudes
of two-photon Rabi frequency and dynamics shift, respectively, which are proportional to pulse intensity.

The Stark shift S(t) induces phase accumulation given by

/t S(t’)dt’N/tSTécg(t’)dt’ ?557 1+ erf(t/7)], (5.4)

—oo -7

where erf(z) is an error function, defined as

erf(z) = % /OI exp (—t%) dt (5.5)

2n—+1

2 «— (="
R erEskd
To simplify the integral in Eq. (5.3), we truncate O(t3/73) terms, which is valid for Gaussian pulses.

After the truncation, the pulse area is calculated as

fe%e] 2
0¢]% = d lQ (L
|6¢]° = t2 c€Xp . exp

= (T

i(Ar — 5,:7); +iBr <;>2)1 ‘2 (5.6)

2

/ dXexp [-X? +iAX +iBX?]

2 T A?
- exp[——
2 Vv g P\ 21+B2))
where A = (A —6.)7 and B = 372 = 2a2/75.
|6¢|? is given as a product of two competing functions of linear chirp rate az = 0: the first term
(Qe7/2)?m/V/1 4 B? decreases as a function of |ag|, and the second term exp (—A?/(2(1 + B?))) is an

increasing function of |az|. We first consider A is zero. Then, unless the dynamic Stark shift is sufficiently

small, or if the laser intensity is strong enough, 6y has double maxima, symmetrically located around

as = 0. In this case, the pulse area is given as

Q.1 1
02 = A T 5.7
| f| 7T( 2 ) \/H—BQ ( )

In comparison, the experimental result is shown in Fig. 5.3. The fluorescence measured as a function
of linear chirp rate at various scaled intensity (Ip/1.), of laser pulse, is presented in Fig. 5.3 (a). It shows
that a single peak is transformed to the double peaks with growing pulse intensities. The experimental
fluorescence is well fitted with Eq. (5.6). To estimate the onset intensity between the weak and strong

fields, we approximate Eq. (5.6) around the zero chirp rate,

Q.1

0717 = m(Z)? 14+ 5(4% - 1)32] exp (_A;) . (5.8)

The term of O(B*) can be neglected because B is very small. A = 1 is the boundary between the single
and double peaks. The onset intensity, the pulse peak intensity at the boundary, is given by
1

lo= . (5.9)
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where = —50.4 Trad/s at the Iy = 1 x 10"'W/em?2. The onset intensity is calculated as I. = 0.25 x
101*W/em?. Over the onset intensity, double peaks appear as shown in Fig. 5.3 (b), while below, a single
peak as in Fig. 5.3 (c).

The time-evolution of the excited state in various chirp rates is given in Fig. 5.4. For I/I. = 4, the
Schrédinger equation is solved numerically, and shows that, for the maximal two-photon excitation, a
pulse with zero chirp rate, or the transform-limited pulse, is not an optimal solution.

Figure 5.5 compares the measured fluorescence and calculation, both given as a function of linear
chirp rate at various pulse intensities. The numerical simulation is obtained by solving the Schrodinger
equation. Figures 5.5 (a) and (b) are results in the weak-field regime (level shifts are negligible) and
(c)-(f) are in the strong-field regime.

In this section, we found out that a transform-limited pulse is not optimal for strong-field two-
photon absorption. Because a transform-limited pulse induces the highest dynamic Stark shift, it causes
the largest off-resonance. Hence the two-photon excitation is reduced. The experimental results show a

good agreement with the theoretical prediction.

5.2 Two-Photon excitation induced by frequency-detuned pulses

The two-photon excitation by frequency-detuned pulses is also described by Eq. (5.6), where the
parameter A contains the detuning term A and the dynamic Stark shift §.. If A is nonzero, the pulse
area has double peaks as verified experimentally in Fig. 5.6. At a proper detuning A = J., A goes to
zero. Then, a single peak is recovered. Figure 5.6 (a) shows the calculated two-photon absorption of
Cesium at the pulse intensity I = 1.431.. Around the maximum point (0,d.) (i.e., A =0, B =0) in the
chirp rate-detuning space, the equi-signal line in Fig. 5.6 follows the equation of a looped curve (a heart
shape) given as

1 1 1
C = 5X2 — §5CTX2Y + 5Y2, (5.10)

where C is a constant, X = 2as/73, and Y = (A — §.)79. In the weak field regime, the level shift J. goes
to nearly zero. Then the looped curve becomes the circle centered at the origin. If the pulse intensity is
enough to induce the sufficiently large dynamic Stark shift, the circle is distorted and becomes a heart
shape centered (0, d.). Around ., the single peak is recovered and the maximum fluorescence is obtained
at zero chirp rate even in the strong field regime. Because the overall dynamic Stark shift is negative in
Cesium, the detuning to compensate the level shift is also negative. When the linear chirp rate as is
fixed at zero, Eq. (5.6) is simplified as

1
2

107> = W(%QCT)QeXp ( (0c — A)QTOQ) . (5.11)

The detunings A to compensate the level shifts d. are 2.8 nm, 4.3 nm, and 6.2 nm for Iy = 0.511., 0.771,
and 1.031., respectively. Note that d. and €. are proportional to the pulse peak intensity. As shown in
Fig. 5.8, the detuning for compensation of the dynamic Stark shift is proportional to Iy, showing good
agreement with Eq. (5.11).

5.3 Two-photon excitation induced by quadratically-chirped pulses

In the previous section, we have considered the two-photon excitation with linearly-chirped pulses

and detuned pulses. We found out that linearly-chirped pulses with a certain linear chirp rate leads to
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Figure 5.4: Calculated time evolution of the excited population by solving the Schrodinger equation when
linearly chirped pulses are applied. (a) Experimental fluorescence and calculation; (b) Time evolution of
Cesium 6s and 8s states at zero chirp rate. (c) At linear chirp rate of az = —8000fs2. (d) az = 8000 fs.
(e) az = —20000fs% (f) az = 20000fs. The pulse intensity is fixed at Iy/I. = 4, and the center-
wavelength A = 818
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Figure 5.5: Fluorescence as a function of linear chirp rate at various pulse intensities. The solid-black

line in the experimental data represents the pulse area calculation. The center-wavelength A is 822 nm
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Figure 5.6: (a) Calculated 7p-6s fluorescence signals of atomic cesium in color (white is the biggest),
plotted as a function of linear chirp rate and detuning. The transform-limited intensity is Iy = 1.431..

(b) Measured 7p-6s fluorescence as a function of chirp rate

and enhancement of the two-photon absorption above the result with zero chirp rate. In this section, we
consider quadratically-chirped pulses. In particular, quadratically-chirped pulses maintain the resonance
condition in a longer period of time than what was possible by linearly-chirped pulses. An electric field

which has a temporal cubic phase is given by

1 L
E(t) = iEm/g(t)e“’teW(t) +cc., (5.12)

where ¢(t) = ait + ast® and g(t) = exp(—t?/7%). To estimation the probability of the two-photon

excitation, we calculate the square of the pulse area (excitation probability in perturbative regime):

2

P.= 0% = '/_O; dt%ch(t)exp [i( /t 5Cg(t’)dt'+At+2q§(t))} , (5.13)

— 00

where J. is the amplitude of the level shift, and €. is the amplitude of the two-photon Rabi frequency,
respectively, -50.4 Trad/s (effective level shift) and -14 Trad/s (effective two-photon Rabi frequency) at
In = 1.0 x 101"W/cm?. We keep the terms of an order of (¢/7)3. Then, the pulse area can be written as

P. = |0 (5.14)
1 e [ 16, 5\1/7
= - thch exp |i | 20(t) + (A =)t + §§t
| t 5 i
= ‘/ thch_(t/T)QeXp i(=0cT + AT 4+ 2a17)— + 4 (2@37‘3 + ;)T) (—) )] ‘
e T T

2

)

= (Q.7/2)? ’/ exp [—2® + inz + i¢x?] da
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Figure 5.7: Comparison between the result of the numerically solved Schrodigner equation and the

experimental data with the pulse-area calculation at Ip/I. = 1.43.
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Figure 5.8: Measured 7p-6s fluorescence signals in symbols as a function of detuning at various fixed

peak intensities, compared with numerical fits in lines using Eq. (5.11).

where © = t/7, n = (—0. + A+ 2a1)7, and £ = (2a37? + 6./3) 7. Both Eq. (5.14) and Eq. (5.13) show a
good agreement with the experimental data.

The phase matching condition for the two-photon absorption is given by

20(t) = (—A + 6. )t — %%t? (5.15)
This phase matching condition is consistent with the conditions of n = 0 and £ = 0 which maximize
P,. For the laser detuning A = 0, the first and third order terms of the dynamic Stark shift can
be compensated by the conditions of a; = §./2 and azt?> = —6./6. Figure 5.9 shows the probability
of strong-field two-photon excitation from Eq. (5.14). The point O in Fig. 5.9(a) corresponds to the
unshaped transform-limited pulse, and O, corresponds to the optimal pulse shape(n = & = 0). The
spectro-temporal shape at O, can be illustrated as in Fig. 5.9(¢). The control parameter a; in 1 and
as in & denote the frequency offset(detuning) and the frequency curvature in a spectrogram. Therefore,
the change of  along the path OA in Fig. 5.9(a) is the frequency detuning as illustrated in Fig. 5.9(c).
Also, the change of ¢ along AB is the frequency curvature control as shown in Fig. 5.9(d).

The verification of the control schemes illustrated in Fig. 5.9 is carried out by measuring the 7p-6s
fluorescence as a function of a; and az7?. Fig. 5.11 (a) shows the line shapes of the signal, measured
for three different laser intensities, as a function of a; at ag = 0 and the linear chirp rate as = 0. Also
the fluorescence is measured as a function of ag at a3 = 0. As shown in Fig. 5.11(b), the line shape is
symmetric at a low intensity (the lowest red line) but becomes gradually asymmetric at higher intensities
(the black (middle) and blue (upper) lines). As the peak intensity increases, the overlap between the
shifted energy level and the laser spectral distribution gradually decreases. As a result, the two-photon
excitation(TPE) in Cesium at zero-frequency offset is better achieved by a negative cubic phase term.
This seems counterintuitive because the curvature of the laser spectral distribution is opposite that of

the shifted energy level. However, as illustrated in the top panel of Fig. 5.11(b), the pulse at E’ with
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Figure 5.9: (a) Strong-field two-photon excitation probability, P.(n,), calculated as a function of di-
mensionless variables: the frequency detuning n and the spectral curvature £. (b) The two-photon
spectrogram (blue) of the unshaped pulse at the point O(-0.7 + AT, d.7/3) where A and 6. represent
the static and dynamic level shifts, respectively. The dynamic level shift is drawn in black. (c) Control
of frequency detuning along OA. (d) The spectral curvature control along AB. (e) The two-photon
spectrogram of the optimally shaped pulse at the point O,(0,0).
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Figure 5.10: Fluorescence 2D maps measured at laser peak intensities, Ipear/lo = 0.06, 0.14, 0.17 and
0.21, as a function of ‘a;” and ‘a37?®’ parameters. Iy = 1.0 x 101W/em?. Contour lines are calculated

using Eq. (5.14).
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Figure 5.11: Strong-field two-photon excitation of cesium studied at three different laser intensities,
Iveak/Io = 0.21 (blue), 0.14 (black), 0.10 (red). The theoretical lines from Eq. (5.14) are compared
with 7Py /5-6S; /5 fluorescence signal measured (a) as a function of frequency offset ‘a;” at zero frequency
curvature ag = 0; and (b) as a function of frequency curvature ’ag’ at zero frequency offset a;=0.
Ip = 1.0 x 10" W/em?.

a negative cubic phase makes a better overlap with the detuned energy level than the pulse at E with
a positive cubic phase. Therefore, the TPE rate in Cesium at zero-frequency offset is higher with a
negative quadratic frequency chirp (cubic phase). The numerical calculation in Fig. 5.12 also shows a
good agreement.

Figure 5.13 (a) shows the fluorescence as a function of detuning a; at various fixed curvature az. At
as = 0, the maximum fluorescence is obtained at the negative a; because ¢, is negative in Cesium. Note
that the optimal point for I = 1.7x 1019 W/cm? is located at a; = —4.28 Trad/s and a37? = 1.43 Trad/s.
The curvature control experiments shown in Fig. 5.13(b) are along the horizontal lines in Fig. 5.9(a).
The measured signals are of more complex line shapes: Near the optimal detuning at al = 0 [black line
(with open squares)], as the curvature as increases, the signal gradually grows and rapidly increases near
az = 0 (near O,). For a more (less) detuned case with the positive (negative) al in the blue (with open
circles) [red (with open triangles)] line, the signal rapidly decreases (increases) near ag = 0. Finally, from

Eq. (5.14), the intensity invariant forms of excitation probability can be calculated as a function of each
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Figure 5.13: Pulse-shape dependence of two-photon excitation in cesium: The excitation is measured (a)
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)

Trad/s (red), respectively; and (b) as a function of frequency offset ‘a;’ at fixed frequency curvatures
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maintained at Ipeax = 1.7 X 10 W /cm?.
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single parameter 1 and &,

Po(1,0)/(Qe/2)? = v/7e T/ (5.16)
+/9)2 — = vk ok LBk +1/2)
P0O/@ur /2 = 3 (VG

They are drawn in Fig. 5.14 overlaid with the measured data points from Fig. 5.11. We note that
the overall probabilities of strong-field two-photon transition P./I?/7% follow the theoretically obtained
intensity invariant forms from Eq. (5.14). But this invariant form breaks in non-perturbative regime due

to higher oder transition which makes the higher order dependence I™ in the excited population.

5.4 Further optimization of the phase-matching condition

One can further improve the approximate condition Eq. (5.15) by determining conditions that allow
one to recover the population transfer that would be obtained without Stark shifts. To that end, we
determine the population transfer to the excited state at the end of the process, from the numerical
integration of the Schrodinger equation, for various (strong or not) peak-field amplitudes and Stark
shifts by using a phase of the form ¢(t) = a1t + ast3. Here, we do not consider the spatial averaging.
We first make the analysis by using the two-state model. Figure 5.15 shows two typical contour plots
of the deviation from the population transfer to the excited state achieved without Stark shifts, with
a pulse area of (a) m and (b) /2, which correspond to a population transfer without Stark shifts of 1
and 0.5, respectively. We obtain (by taking A = 0) the approximate optimal function that allows one to
accurately recover the population transfer without Stark shifts:

43
2¢(t) = 6. <0.89t — 0.125) (5.17)
This has been obtained for a field intensity not larger than the one that leads to a complete population

transfer in the absence of Stark shifts.

— 54 —



0707508 08509 095 | 1.05 .1
2a/8 2a /o
c 1" ¢

Figure 5.15: Contour plot (in the logarithmic scale to base 10) at the end of the pulse of the deviation
from the population transfer in the absence of Stark shifts as a function of the dimensionless quantities
2a1/6. and 2a372 /6. for A =0, (a)7Q. = /7 and (b) 7Q. = /7/2. They correspond to complete and

half population transfers, respectively, in the absence of Stark shifts.

The demonstration of the exact optimal values of the linear and cubic terms in Eq. (5.17) is found
to be beyond the scope of the accuracy of the present experiments. However, it is remarkable that
this optimized function is a simple linear function of the peak Stark shift and, thus, of the peak-field
amplitude, as anticipated in the preceding analysis. The value obtained for the linear term is close to the
one determined with the truncated expansion Eq. (5.15). We have checked that the perturbation theory
Eq. (5.13) gives a good approximation for the population transfer until the transfer of approximately 0.15
(error of 5%), which corresponds to a pulse area approximately of 0.257 (consistent with the estimated
error of the perturbative expansion). Despite this limitation, we have obtained the interesting result
that the line shapes can be approximately well described, up to a scaling factor (which depends on the
intensity and the Stark shifts and that has to be determined with the numerical simulation), by the

perturbation theory, even for stronger-field intensities.

5.5 Beyond two-level approximation

In previous section, we considered the two-photon transition in Cesium between the state 65/, and
8S1/2. In this section, by introducing a four-level model for the strong-field transition between 6s-8s
states, we verify the validity of the two-level approximation.

The mean frequency v of the laser (corresponding to the laser frequency of the Fourier transform
pulse, i.e. before its shaping) is exactly two-photon resonant: v = weg/2. The level scheme of Cesium
is shown in Fig. 5.1. A single photon allows the ionization of the atom from the 8s excited state but
the ionization rate I'. is smaller than the two-photon Rabi frequency €, [T/ = 6.44 x 10=2 [28].
It means that only a negligible portion of the excited population is depleted by ionization. Because
two intermediate states 6P/, (state gl) and 6P3/, (state g2) are close to a single photon resonance,
we consider a four-level approximation. The one-photon detunings are Agl = —4.47 x 107 3a.u. and
A22 = —1.94 x 107 3a.u.. At the pulse intensity of 0.1 x 101 /cm?, we get for the single-photon Rabi

frequencies Q41 = 2.4 x 10 3a.u. < |Ay1| and Q40 = 3.38 x 10~ 3a.u. ~ |Ay2|. Because orders of the one-
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photon Rabi frequencies are same to those of the detuning, the intermediate states can be populated.
Thus the two-level approximation is insufficient to describe Cesium 6s-8s transitions. The four-level

Hamiltonian can be expressed as:

Hy(t) = (5.18)
Sg(t) Qg1(t)/2 Qga(t)/2 Qge(t)/2
Qu(t)/2 Ay —d(t) + Sp(t) 0 Qe1/2
Qga(t)/2 0 Agy — ¢(t) + Sya(t) Qea/2
Que(t) Qe1(t)/2 Qe2(1)/2 —2¢(t) + So(t) — ile(t)/2

However, we check numerically that two-level approximation is still a good approximation for peak
intensities up to Ip = 0.1 x 10''W/cm?, due to the additional Stark shift Sy that allows state g2 to
be sufficiently shifted from the resonance. The optimal condition in four-state approximation can be

obtained by using numerical calculation at Iy = 0.47 x 10'W /cm?,
0.10
2¢(t) = 6. (0.75t - 7#’) : (5.19)

We get a population transfer of 99 %, and the rest is ionized. We obtain numerically that the coefficients
after the spatial averaging saturates to a; ~ —4.5 Trad/s and a37? ~ 0.5 Trad/s for fields intensities

beyond 0.2 x 10**W/em? in consistency with the experimental results.
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Chapter 6. Coherent quantum control of

multi-photon absorptions in Sodium

Energy ladder climbing systems are one of popular examples which are investigated by linear chirp
pulses [48, 49, 50]. In this chapter, we describe coherent control of 241 multi-photon absorption in a
Sodium 3s-4s-7p ladder system. ’2+1’ means that the system consists of a two-photon transition and a
one-photon transition [51]. We measure shaped-pulse multi-photon absorption in Sodium 3s-4s-7p ladder
system, and compare the result with the calculation. when a linearly chirped pulse is used.

The vapor pressure of the Sodium cell in solid phase is given by [45]

5603
log; P, = 2.881 +5.298 — —-=, (6.1)

where the temperature T is in K and the vapor pressure P, in Torr. The melting point of Sodium is
371 K. At the room temperature 293 K, the vapor pressure is 1.14 x 10~!! Torr. The corresponding
atom density is calculated as 3.76 x 101*/m3. The density of Sodium is much lower than that of Cesium
at the room temperature. Thus the fluorescence signal of Sodium is about 10° times smaller than that
of Cesium. In the experiment, the temperature of the vapor cell is maintained at 423 K, and the atom
density is 1.92 x 1017 /m3. The atomic number of Sodium is 11, and the ground state is 3s state. After
absorbing two photons of 777 nm wavelength, Sodium atoms are excited to the 4s state. The lifetime of
4s state is 38 ns. The specific energy level diagram is given in Fig. 6.1. In Sodium, an ultrafast pulse
of center-wavelength 777 nm induces the 3s-4s non-resonant TPA process and, simultaneously, the 4s-7p
one-photon transition as well. The excited population of 7p state decays radiatively to the 3p state
through the 6d or 7s state. The resonant energy of 7s-3p (6d-3p) transition is 474.8 nm (466.5 nm)
in wavelength scale. The excited 4s-state atoms decay to the 3s state through the 3p state, generating
590 nm photons. The fluorescence is measured through either 476.5 nm or 590 nm bandpass filters,
to estimate the 7p and 4s excited populations, respectively. The dynamic Stark shift of 3s state is
determined by couplings with p states. The 3s state is shifted by -32.8 Trad/s at 1.0 x 10'* W/cm?,
and the shift of 4s state is 28.9 Trad/s at 1.0 x 10! W/cm?. Thus the total shift of the two-photon
transition is positive, 61.7 Trad/s. The 7p state is also shifted by 8.7 Trad/s due to the Ponderomotive
shift. The two-photon Rabi coupling is -25.0 Trad/s and the Rabi coupling between 4s and 7p states is
5.5 Trad/s. Because the Rabi frequency of TPA is larger than that of the 4s-7p transition, the atoms

are mainly excited to the 4s state.

6.1 Control of Sodium |7p)-state excitation

Figure 6.2 shows the dressed-state picture of the given 2+1 photon absorption processes in a sodium
three-state model system. First, we consider the transition paths from |3s) to | f) = |7p) state. There are
three possible paths indicated with in Fig. 6.2(a). For a positively-chirped pulse, the photon frequency
increases as a function of time, and, therefore, the |3s) — |7p) transition is possible along the path (IIT),
which is a direct transition path from |3s) to |7p), not passing by the |4s) state. On the other hand, for a

negatively-chirped pulse, the photon frequency decreases, and two paths are available: a sequential path
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Figure 6.1: Energy levels and transitions of atomic sodium. [46]

transition dipole moment energy DSS
(x1072°Cm)  (x10' rad/s) (Trad/s)

3512 — 3p1/2 2.11 3.20 -11.15
3512 — 3p3)2 2.99 3.20 -22.21
3512 — 4p1/2 0.19 5.71 -0.03
3512 — 4p3)2 0.27 5.71 -0.05
3512 — 5p1/2 0.07 4.85 0.00
3512 — 5p3 /2 0.09 4.86 -0.01
45175 — 3p1 o 2.15 -1.66 8.21
41 /5 — 3ps o 2.15 -1.65 8.22
4s1/9 — 4p1)2 5.03 0.85 14.18
4512 — 4p3 2 7.11 0.85 28.39
4s1/2 — 5p1/2 0.56 1.75 0.67
45172 — 5p3/2 0.80 1.75 1.36
45172 — 6p1)o 0.23 2.17 0.33
45172 — 6p3)o 0.32 2.17 0.67
4s1/2 — Tp1y2 0.13 2.41 -
4s1/2 — Tps/2 0.18 2.41 -
4s1/2 — 8p1y2 0.09 2.56 -0.10
4s1/2 — 8p3)2 0.12 2.56 -0.21

Table 6.1: Dipole moments and transition energies of atomic Sodium. The dynamic Stark shifts (DSS) are
calculated for the laser intensity at 1x 10*W/m?. The line strengths are from NIST atomic database [46].
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Figure 6.2: (a) The dressed-state picture for a 241 photon absorption processes in a sodium three-state
model system. Three arrows indicate possible transition paths from |g) to |r), when a negatively-
chirped pulse interacts. (b) Schematic illustrations of dynamically-Stark-shifted resonant frequencies of
|3s) — |4s) and |4s) — |7p) transitions (dashed lines) of sodium atoms, overlaid with two-photon (blue)
and one-photon (red) time-frequency spectrograms for the negatively-chirp pulse of a; = —5000 fs2. (c)
The similar illustration for a positively-chirped pulse with as = 5000 fs2. The spectrograms are vertically

shifted to match the corresponding transitions.

(I) and a direct path (II). It is expected, considering the fact that the path (III) is an inefficient excitation,
that the |7p) atoms are better created by a negatively-chirped pulse than by a positively-chirped one.

This asymmetric excitation to |7p) state, obtained as a function of the chirp parameter, can be
schematically understood in time-frequency picture as well. Figures 6.2(b) and (c) show one-photon
(red) and two-photon (blue) spectrograms of chirped laser pulses plotted in a two-dimensional space
of time and frequency. They are overlaid with the resonant frequency shifts of |4s)-|7p) and |3s)-|4s)
transitions (dashed lines). In Fig. 6.2(b), the |3s)-|4s) transition occurs first and the [4s)-|7p) later, so a
sequential excitation along the |3s) — |4s) — |Tp) path is satisfied. On the other hand, for a positively-
chirped pulse case shown in Fig. 6.2(c), because the |3s)-|4s) resonance frequency is up-shifted during the
optical interaction, the two-photon spectrum overlaps with the resonance line after the temporal center
of the pulse, and as a result, the |3s)-|4s) and |4s)-|7p) transitions occur in time-reversal sequence,
causing the sequential excitation not possible. Therefore, sequential excitation is not possible for a
positively-chirped pulse, and only non-sequential excitations, e.g. along path (III) in Fig. 6.2(a), are
possible.

In the following section, we use the theoretical model to calculate the sequential and non-sequential

excitations to |7p) state, and verify the results with corresponding experiments.

6.2 Calculation of the sequential and direct |7p) excitations

The probability amplitude of the |7p) state is obtained in Eq. (3.55). In order to calculate the tran-
sition probability amplitudes for the sequential and direct excitation paths, we separate Eq. (3.55) into

two parts: the resonant and non-resonant parts. In the perturbative interaction regime, the probability
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amplitudes corresponding to these two parts can be written, respectively, as [47]:

Afres = ITE(wre + 5fe)/ AwE(w)E(Weg + 0eg — w), (6.2)
o0 E [e ]

Gf nonres = p/ dw& / dw/E(w/)E(ng + (ng — W — w’), (63)
oo W —Wfe—0fe J oo

where g is the Cauchy principal value. The subscripts 'res’ and 'nonres’ denote the resonant and non-
resonant excitations, and d., and (df. are the maximum amplitudes of the total level shifts of the
|3s) — |4s) and |7p) — |4s) transitions, respectively, which are calculated at the temporal peak of a
transform-limited pulse. F(w) is the Fourier transform of the electric field profile, a spectrally chirped

gaussian pulse, given by
1
E(w) = V7E,T, exp <Z(w —V)*T2 +iag(w — Z/)Q) , (6.4)

where T, is the gaussian width of a transform-limited pulse and a9 is the linear chirp parameter in the
spectral domain.

The resonant |3s) — |7p) excitation is obtained by substituting Eq. (6.4) into Eq. (6.2) as

273 Gon)  95(v) ;
s = E3 _ p p T2 % i(0+m)/2 )
ag res T, (v)exp [ ( 2 + 3 (T + 2iaz) | e , (6.5)
where tanf = —2as/T?, the two-photon detuning is defined as daph(V) = weg + g — 2v, and the
one-photon detuning d1pn(v) = wyse + 0. — v. Alternatively Eq. (6.5) can be written as
273 On(v) 362 ; ;
Uoes =\ T,T, e l_ ( 3p1h2 + 55 | (T + 2iag) | 102, (6.6)

where three-photon detuning is defined as dspn(v) = wypy + d¢g — 3v, and 5 is the structure factor,
0s =wfe+ 05 — (Wrg + 074)/3 that is v independent.

The transition probability for the resonant excitation to |7p) is the absolute square of Eq. (6.6). The
result is a symmetric function of chirp ag, and does not explain the prediction in Sec. 6.1 saying that the
sequential excitation should be an asymmetric function of the chirp. However, there is indeed another
sequential path in the non-resonant excitation path in Eq. (6.3). While the resonant excitation (af yes)
contributes only to the sequential transition path (|3s) — |4s) — |7p)), the non-resonant part (af nonres)

contributes to both the sequential and direct paths, i. e.,

__seq seq direct
af = a’f,res + a’f,nonres + Qf nonres> (67)
where a{L. = as res because there is no resonant non-sequential transitions.
,

direct
r,nonres’

For the calculation of the non-resonant direct excitation a we consider Eq. (6.3) near the
three-photon resonant condition, i.e., w &~ (wysy + d74)/3. Then, the denominator of the integrand in

Eq. (6.3) can be treated as a constant, and it is simple to show that
. 41 62 .
direct 3 3ph 12 . i0
A monres = — = E°(V)exp [—(TO + 2w2)] e, (6.8)
omes V38T, T, 12

Lastly, for the calculation of a$°l we consider the small frequency range around the pole, i.e.

r,nonres?

WA wre + dre, in Eq. (6.3). Equation (6.3) is written as

2 52 )
Ofonres = T; E3(v) exp [i—’;(Tf + 2iaz)] e/
olp
> _dw 3 Wrg + Org ? 2 .
- - — T, +2 6.9
8 p/oo(“)_(*‘)fe_(sfeexp 8<w 3 ( O+ Za2) ’ ( )
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and, by neglecting the term of the order of O(w — wy. + §¢¢)?, the non-resonant sequential excitation is

given by
e 273 0on(v) 362 _ .
a’f,gonres = ToTp E3(V) exp l (% + ? (To2 + 2“12) 61(9+F)/2Sgn(a255)
= a?,e:éssgn(G‘QaS)v (610)

where the sign function, defined by sgn(x)=+1 (-1) for x > 0 (z < 0), is due to the contour integral
given as a function of the sign of §saz. The result is valid in the range of chirp in |as|/T? > 1. In the

experiment, T, is 37 fs and the approximation |az|/T? > 1 is valid for |ag| > 1369 fs?. In Sodium, d,=

seq

fres =0 for as > 0. Therefore, the net sequential excitation path

-8.3 Trad/s, and, as a result, aj’ ..+
to |7p), in Eq. (6.7), vanishes for a positively-chirped pulse by canceling the resonant and non-resonant

contributions with each other.

6.3 Verification of shaped-pulse |7p)-state excitation

The sodium |7p) excitation was experimentally tested as a function of the chirp rate as. Figure 6.3
shows the calculation of the net transition probability (in solid line) of |3s) — |7p) given in Eq. (6.7),
the components of which are obtained in Eq. (6.6), Eq. (6.8), and Eq. (6.10), as a function of linear
chirp rate. The laser (transform-limit) peak intensity was kept at I = 3.0 x 1011 W/cm?, and the chirp
rate az was varied in the range [-1.0, 1.0]x 10 fs2. As predicted in the schematic picture in Sec. 6.1, the
excitation is significantly enhanced by negatively chirped pulses, and the reason is because the sequential
excitation path along |3s) — |4s) — |7p) is zero for positively chirped pulses. The direct transition from
|3s) —|7p) which is a symmetric function found in Eq. (6.8) is about 10 times smaller than the sequential
one for the tested laser peak intensity. For comparison, the sequential and direct excitation probabilities
are plotted in dashed and dot-dash lines, respectively. For the numerical calculation, the dynamic Stark
shift of |3s) state is S, = —32.8(/I,) Trad/s, determined by couplings with |p) states, where I, is the
reference laser intensity, I, = 1.0 x 10 W/cm?. The shift of |4s) state is S. = 28.9(1/1,) Trad/s at
the same intensity. Thus, the net frequency shift of the two-photon transition is positive. The |7p) state
is shifted by couplings with not only |s) and |d) states but also continuum states. It is known that
the presence of continuum increases the energy of the excited state by the ponderomotive energy given
by S.(t) = e2E?(t)/4mv?, where v depicts the laser frequency and m is electron mass. As a result,
the |7p) state is up-shifted S, = 8.7(I/1,) Trad/s, so the net frequency shift of |4s)-|7p) transition is
negative S,. = —20.2(I/I,) Trad/s. Also, because the laser beam has a spatial intensity distribution
of a gaussian shape, the total excitation probability was calculated as the sum of local excitations, i.e.,
Piotal = [y P(I(r))d®r.

The excitation probability calculated as a function of as and laser peak intensity I is compared with
the experimentally tested results in Fig. 6.4. The |7p) excited atoms are measured, by monitoring the
|7s) —|3p) fluorescence, as a function of laser (transform-limited) peak intensity and chirp parameter (asz).
The laser peak intensity I was changed from zero to I = 6.0 x 10 W/cm?, and as was varied in the
range of [-1.0, 1.0]x10* fs?. The net transition probability which is caused as the sum of sequential and
direct transitions calculated in Fig. 6.4(a) shows an excellent agreement with the experimental results in
Fig. 6.4(b).
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Figure 6.3: Three-photon sodium excitation to |7p) state with a chirped optical pulse. The curves
show the calculation of total (solid line), sequential (blue dashed line), and direct (green dot-dash line)

transitions. The experimental measurements are shown in circles. The inset shows the sequential and
direct transition paths from [3s) to |7p).

(a) Calculation (3s-7p) (b) Experiment
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Figure 6.4: (a) Theoretical and (b) experimental results of chirped-pulse three-photon excitation prob-
ability of sodium atoms as a function of linear chirp rate and laser peak intensity. For the relative

measurement of |7p) sodium atoms, the |7s) — |3p) fluorescence signal was recoded.
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6.4 Chirped-pulse excitation of |4s)-state atoms

In this section, we consider the excitation of |4s) atoms. It is clear from Eq. (3.61) that the dominant
excitation to |4s)-state is the direct two-photon absorption from |3s)-state. The presence of the |7p) state
affects this excitation in terms of the third order Dyson series, and the new excitation path is a four-
photon sequential excitation along |3s) — |4s) — |7p) — |4s). Therefore the excitation probability

amplitude of |4s) atoms is given by
A, = Adivect 4 gseq (6.11)
where the direct two-photon transition Adirect is

. < Qt ;
A(ehrect — 71/ dt%eile(t), (612)

and the sequential two-photon transition a$°
oo t "
Ased — z/ dtQL(t)e*iQﬂt) / dt/QL(t/)eiQﬂt') / dt”we’@l(t”). (6.13)
e 2 - 2 - 2

Figure 6.5 shows the calculation and experiment of the excitation probability of |4s)-state atoms,
obtained as a function of linear chirp rate. We apply the Fourier transform method ,which is used
Adirect

€

to obtain the 7p probability, to . The probability amplitude of the excitation along the direct

direct 2m o 5§ph(y) 2 - i(0+m)/2
ag =/ =—=FE(v)exp | ————(T; + 2iaz)| e , (6.14)
T,T, 8

which is the dominant contribution to the net excitation, and the sequential transition via 7p state

transition path is

is negligible. We note that the factor 3_; feittig) (AB*(wjq — v)) is omitted. Therefore, the excitation
probability is given by

Pe ~ |azlirect|2 o

1 A 6.15
VitB [_2(1+32)}’ (6:15)

where A = o, (V)T and B = 2ay/73. The net excitation probability shows a symmetric function of
linear chirp rate, and nearly vanishes at zero chirp. The dynamic Stark shift of |3s)-|4s) transition causes
the off-resonance condition to the two-photon excitation. As the dynamic Stark shift, which is stored in
the parameter A, increases, the term exp (—A?/(2(1 + B?))) becomes important, and the net probability
makes a local minima at zero chirp rate.

The |4s) excited atoms are measured, by monitoring the |3p) — |3s) fluorescence, as a function of
laser (transform-limited) peak intensity and chirp parameter (a2). The transition probability calculated

in Fig. 6.6(a) are compared with the experimental results in Fig. 6.6(b), showing an excellent agreement.
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Figure 6.5: Sodium excitation to |4s) state with a chirped optical pulse. The curves show the calculation
of total (solid line), sequential (blue dashed line), and direct (green dot-dash line) transitions. The curve
of the sequential transition is magnified by 1000 times. The experimental measurements are shown in

circles. The sequential and direct transition paths from |3s) to |4s) are shown in the inset.
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Figure 6.6: (a) Theoretical and (b) experimental results of chirped-pulse two-photon excitation prob-
ability of sodium atoms as a function of linear chirp rate and laser peak intensity. For the relative

measurement of |4s) sodium atoms, the |3p) — |3s) fluorescence signal was recoded.
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Chapter 7. Conclusion

In modern laser optics, light controlled in its spectral and temporal shape is used not only as a tool
for observation but as a tool for controlling quantum objects and light-induced phenomena. In recent
decades, the concept of coherent control has been combined with ultrafast lasers. Coherent control with
ultrafast lights has been applied to selective chemical processes, multi-photon microscopy, spectroscopy,
and the optimization of nonlinear light-matter interaction. In particular, ultrafast coherent control of
multi-photon absorption has been widely studied in conjunction with quantum interference engineering.

In this thesis, we have devised a new coherent control method for a multi-photon excitation of Alkali
atoms in the strong-field interaction regime. The energy levels change in the strong-field regime and, for
example, the dynamic Stark energy level shift prevents the enhancement of multi-photon absorptions by
a transform-limited pulse. In the newly developed analytical coherent control, laser pulses are shaped
as a polynomial sum of frequency and/or time in an acousto-optic programmable dispersive filter. For
the given light-matter interactions, the model Hamiltonians developed in the strong-field regime are
analytically studied and the derived excitation probability formulas given as analytical solutions are
compared with the experimental results.

We have demonstrated in experiments with atomic Cesium the analytical coherent control of the two-
photon absorption in a dynamically shifted energy level structure. By solving the two-photon two-level
model Hamiltonian, the transition probability of the two-photon broadband excitation has been obtained
as a function of pulse shape parameters, frequency detuning, and laser intensity. We have found that
transform-limited pulses are not optimal in the strong-field regime, and certain linearly chirped pulses
with a lower peak intensity enhance the given non-linear process. Experiments carried out in the strong-
field regime of two-photon absorption reveal that the analytically obtained offset and curvature of a
laser spectrum compensate the effect of both static and dynamic energy shifts of the given light-atom
interaction.

In addition, we have applied the analytical coherent control method to the 2+1 multi-photon energy
ladder system of atomic Sodium. In experiments with atomic Sodium, we have coherently controlled the
interference among sequential and non-sequential excitation paths from the ground 3s state to the 7p
state in the strong-field regime. Both analytic formula and experimental results show that a negatively
chirped pulse enhances the 7p population because the sequential path is opened by a negatively chirped
pulse.

Our final goal is the demonstration of quantum logic gates and quantum algorithm by using coherent
quantum control in a classical fields - atom system. Electronic states are used as qubits and controlled by
coherent quantum control method. We expect that the suitable pulse shape enables operations of certain
quantum algorithm and quantum gate. For example, Glover’s search algorithm was demonstrated in
the Rydberg atom by impulse terahertz pulses [52]. Also the idea that the sequence of chirped pulses
perform a series of quantum logic gates was proposed [53]. To demonstrate quantum logic and quantum
algorithms in real atomic systems, there are various obstacles. One of the obstacles is unwanted phase
due to level shifts and power broadening. For a more accurate pulse design, the level shifts have to
be considered. We experimentally demonstrated coherent control method to maintain the resonance

condition by chirped pulses in the presence of level shifts. We expect that our studies give the possibility
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to obtain pulse shapes for more reliable operation of quantum logic gates.
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Chapter 8. Appendix A: adiabatic passage

Generally, the coherent control involves the requirement of the complex pulse shape. The adiabatic
passages use the simple pulse shape such as a linearly chirped pulse. The popular example of the adiabatic
passage, STIRAP(Stimulated Raman Adiabatic Passage) needs the coherent two laser beams that delay
between two pulses are controlled. The controlled coherent two laser beams creates the coherence between
states and the STIRAP makes it possible to transfer the population utilizing the coherence between states.
In this aspect, we contain the adiabatic passages to coherent control. Typically, the adiabatic passages

has been represented using the dressed state picture.

8.1 Introduction of adiabatic passage

The first laser-induced adiabatic rapid passage was demonstrated in 1974 with a monochromatic
microsecond laser and a sweeped dc Stark field [54]. The adiabatic passage enables to transfer the
population to the desired state completely. It is based on keeping the time-dependent state at the

instant eigenstate of the system. Assume that the time-dependent Hamiltonian is written as:

CA() Q@)

h
“2am aw N

where the Rabi frequency €(t) is given as Q(t) = —fieg - E(t) and the detuning A(¢) is the difference
between the transition frequency wy,. and the laser frequency wp, A = wy. — wg. The eigenstates of the

system is represented as:

|+ > = cosf|1 > +sinf|2 > (8.2)
|- > = —sind|1 > +cosd|2 > (8.3)

here the mixing angle 6 depends on the Rabi frequency and the detuning:

_ 2@

We transform the Hamiltonian to the adiabatic one using the adiabatic basis:

Ay 260
—2i0 A

h

Had:_[

5 (8.5)

The eigenvalue of the system A\i is written as Ay = +v/A2+ Q2. To keep the adiabaticity, the off-
diagonal terms have to be negligible relative to the diagonal terms. Thus the following adiabatic condition
are induced as:

A — A >> 2 ‘9‘ (8.6)

After some calculation, we obtain the adiabatic condition as
‘AQ - QA‘ << 2(AZ 4 Q)32 (8.7)

When the adiabatic condition is satisfied, the perfect population transfer is possible. Initially, before
the electric field (t — —o0), the Rabi frequency satisfies that Q(t) ~ 0 and the detuning A(¢) has the
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finite positive value. Thus the mixing angle goes to 0. After interaction with the electric field(t — o),
the Rabi frequency goes to 0 again and the detuning has the negative value. Therefore the mixing angle
becomes /2. The system in the |1 > (or |2 >) state evolves into the |2 > (or |1 >) state. For this, a

linearly chirped pulse is required and also the sufficient fluence of the laser required.

8.2 Stimulated Raman Adiabatic Passage

Many studies have demonstrated adiabatic passages. The one of typical examples is stimulated
Raman adiabatic passage (STIRAP). This scheme was demonstrated in 1988 [55]. For STIRAP, two
colored laser pulses are applied to the A-type three level system. There has been two types for realization
of two pulses: spatially partially overlapped two CW laser beams and a laser pulse sequence [56]. If the
adiabatic condition are satisfied, the complete population transfer are possible. The Hamiltonian for the
simplest implementation of STIRAP, which describes the couplings of the three levels by two coherent

electric field, is represented as

Q, 24, Q, (8.8)
0 Q 2(8,-A,)

The Rabi frequencies {2, and €2 determine the coupling strength between the states. The detuning of
pump beam relative to the the transition between |1 > and |2 > can be written AA, = (Ey — E7) — hwp.
The detuning of the Stokes beam A is given as hA, = (Ey — E3) — hws. The Hamiltonian describes
the three level system that the |1 > and |2 > states are coupled with each other and the |2 > and |3 >
states coupled but the |1 > and |3 > state are not. For simplicity, A, = 0 and A, = 0. Eigenstates of

the system are linear combinations of diabatic state |1 >, |2 > ,and |3 >:

lat > = sinfsing|1 > +cosg|2 > +cosfsing|3 > (8.9)
la® > = cosf|1 > —sinf|3 > (8.10)
|a™ > = sinfcosg|l > —sing|2 > +cosfcosp|3 > (8.11)

(8.12)

W heI‘e the miXing angle 9 iS deﬁned by
t 9 - _£ . 1

s
Intuitively, it might be expected to require a sequence of the population transfers |1 >— |2 > and
|2 >— |3 > to populate the |3 > state. But there are loss of the population when the |2 > state is lossy
due to the radiative decay to other states. To prevent loss of the population, the coherence between the
|2 > and |3 > states are generated by the Stoke pulse at first. After then, the pump pulse make the
coupling between the |1 > state and the prepared coherence. Because the |2 > state is never populated,

the population can be transferred from the |1 > to |3 > state perfectly.
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Summary

Analytical coherent controls of Alkali atoms in strong field regime

¢

0,
Ir
=

ANE L o] &3] FF TG HF AHE TE7F Y3t HFoE olriAl f;}
olf g Mde At FA Aol 2t FET} Silberberg®] ©]FA F4 A ik
AT ol & o3 F FAol thst B2 AFEo] EFANA AEE AT T; ok
of o3t A o] gl 27 WEkA ok, oket AV 99 mE Wﬂ—t«
Gl 275 5 AF7 ol FH AL Atk o] A= FHF EFIF BT, 3
o EAY] 2 A5 AES Falletetl, 53] 54 283 A thEA 5 4%
Fukg WstE Adste] 54 23 235 BASE

1‘
2

N _p dlo i
il

ofr
rx
N

h.

oLx mx

)
P
re
=t
e
T
>
l:ln&‘i'i&
=2
>
fr ol
&m&l
dl>
2oy
e
N
mjz
FO-)
SLL
ol 2,
Ko
@)
o T
g
_o‘m[ﬂl
oo o
S oo
-
mgﬁ
INTEY)
N r
jg%g
W&Hno:irimﬁ
% oy %
— x N o N

5Y

ol

R
EEO}&ZJ?&F&)&O}&F]O&

N
H
;
»
ofo
o
>
o
)
x
g
z
o
2
>
_{
E
rlr
off
»
2
k3
A
%)
3.‘1
i
14
Fr

ol Fzof
ﬂ@ﬂﬂﬁﬁé%%ﬂﬂ%?@ﬂ%ﬂw%~%%¢E%4ﬂ*§ﬂﬁﬂ 54 3

>

i, 2 ol oo

32 4y 4
oL

K

% g o
)
i
offt
o
£
B
aV)
o
i)
>
=
=
o
=
@
S
5
E
-
le)
o,
ho}
=3
wn
&
N
N
\I
_[YU
o}
R
9,
=2
_>_
rr
)
ol .
_,>i

A Zo| A1, oA ]7]7} wo Aqaa A ;1/\/]
W, EAoE nn. o o delA-a 4
~2 o) gate] ZRAA A% oBA T4
t}. uhx g}

=

N

N

O

29,

o

filo

gk

N RS

o

32

v

pan)

i

_&
Z

::I‘
o,
filo
n}
o~
R
>,
w
4
EQ
o

Y

°
o

o 2ol of Y [»

ey

S

=
28e FANIE AT A €
Q 3]

_[> o

o7 AFY 241 thEA F4 AA o A
3] 2F9 3s-Tp A 2 B AH RS
BT, 5 ARl Y3 oA PR vE
o 7p A7IE AN AP E A
Al Al FA} =] ACIESY T8 74

_[lj
:;
ﬂ _LL; O}IJ.,

do
o
> o
ot
)
il
o
fy ©
o
l-fO
Ke)
e X2 e o
N o oE 1o o }01'

] IE

i)
filo
2
fo
>
S
Jm 5
o
)
rlr
2
ot
i)
ofo

N
-~
ol

~

]

£ 2 o o I ofn X o o
2 4y
-+ n4n fo

=
mlo |

-

e —

o

M
o 3

=z
gtk Sele o) AT s

o S Mz mx ML X oo o N i ofd o
oX

A offt ox AL o By
to
Mo WS 1o N 2 >

3

i)
et
2
v
ofd
2
o
4
:44
oX
i
Pl
tlo
2
2
e
1)
i)

~
D)

— 69 —



[1]
2]

References

A. H. Zewalil, ”Laser selective chemistry—is it possible?,” Phys. Today 33, 27 (1980).

N. Bloembergen and A. H. Zewail, ”Energy redistribution in isolated molecules and the question
of mode-selective laser chemistry revisited,” J. Phys. Chem. 88, 5459 (1984); T. Elsaesser and W.
Keiser, ”Vibrational and vibronic relaxation of large polyatomic molecules in liquids,” Annu. Rev.
Phys. Chem. 42, 83 (1991); D. J. Nesbitt and R. W. Field, ”Vibrational Energy Flow in Highly
Excited Molecules: Role of Intramolecular Vibrational Redistribution,” J. Phys. Chem. 100, 12735
(1996); M. Gruebele and R. Bigwood, ”Molecular vibrational energy flow: beyond the Golden Rule,”
Int. Rev. Phys. Chem. 17, 91 (1998); V. Wong and M. Gruebele, ”How Does Vibrational Energy
Flow Fill the Molecular State Space?,” J. Phys. Chem. A 103, 10083 (1999).

P. Brummer and M. Shapiro, ”Coherence chemistry: controlling chemical reactions with lasers,”
Acc. Chem. Res. 22, 407 (1989); P. Brummer and M. Shaprio, ”Control of unimolecular reactions
using coherent light,” Chem. Phys. Lett. 126, 541 (1986); C. Asaro, P. Brumer, and M. Shaprio,
”Polarization control of branching ratios in photodissociation,” Phys. Rev. Lett. 60, 1634 (1988).

D. J. Tannor, R. Kosloff, and S. A. Rice, ”Coherent pulse sequence induced control of selectivity of
reactions: Exact quantum mechanical calculations,” J. Chem. Phys. 85, 5805 (1986); D. J. Tanner
and S. A. Rice, ”Control of selectivity of chemical reaction via control of wavepacket evolution,” J.
Chem. Phys. 83, 5013-5018 (1985).

R. S. Judson and H. Rabitz, ” Teaching lasers to control molecules,” Phys. Rev. Lett. 68, 1500-1503
(1992).

A. M. Weiner, ”Femtosecond pulse shaping using spatial light modulators,” Rev. Sci. Instrum. 71,
1929-1960 (2000).

A. Assion, T. Baumert, M. Bergt, T. Brixner, B. Kiefer, V. Seyfried, M. Strehle, and G. Gerber,
”Control of Chemical Reactions by Feedback-Optimized Phase-Shaped Femtosecond Laser Pulses,”
Science 282, 919 (1998).

D. Meshulach and Y. Silberberg, ” Coherent quantum control of two-photon transitions by a fem-
tosecond laser pulse,” Nature 396, 239-242 (1998).

T. Hournung, R. Meier, D. Zeidler, K.-L. Kompa, D. Proch, and M. Motzkus, “Optimal control of
one- and two-photon transitions with shaped femtosecond pulses and feedback,” Appl. Phys. B 71,
277 (2000).

Z. Zheng and A. M. Weiner, ” Coherent control of second harmonic generation using spectrally phase
coded femtosecond waveforms,” Chem. Phys. 267, 161 (2001).

D. Meshulach and Y. Silberberg, ” Coherent Quantum Control of Multiphoton Transitions by Shaped
Ultrashort Optical Pulse,” Phys. Rev. A. 60, 1287 (1999).

- 70 —



[12]

[18]

[19]

[20]

[27]

Z. Amitay, A. Gandman, L. Chuntonov, and L. Rybak, ”Multichannel Selective Femtosecond Co-
herent Control Based on Symmetry Properties,” Phys. Rev. Lett. 100, 193002 (2008).

N. Dudovich, B. Dayan, S. M. Gallagher Faeder, and Y. Silberberg, ” Transform-limited pulses are
not optimal for resonant multiphoton transitions,” Phys. Rev. Lett. 86, 47-50 (2001).

N. Dudovich, D. Oron, and Y. Silberberg, ”Quantum Control of the Angular Momentum Distribu-
tion in Multiphoton Absorption Processes,” Phys. Rev. Lett. 92, 103003 (2004).

N. Dudovich, D. Oron, and Y. Silberberg, “Single-pulse Coherently Controlled Nonlinear Raman
Spectroscopy and Microscopy,” Nature 418, 512 (2002).

J. P. Ogilvie, D. Débarre, X. Solinas, J. Martin, E. Beaurepaire and M. Joffre, ”Use of coherent
control for selective two-photon fluorescence microscopy in live organisms,” Opt. express 14, 759-766
(2006).

M. C. Stowe, A. Pe’er, and J. Ye, ” Control of Four-Level Quantum Coherence via Discrete Spectral
Shaping of an Optical Frequency Comb,” Phys. Rev. Lett. 100, 203001 (2008).

T. C. Weinacht, J. Ahn, and P. H. Bucksbaum, ” Controlling the shape of a quantum wavefunction,”
Nature 397, 233-235 (1999).

V. Blanchet, C. Nicole, M.-A. Bouchene, and B. Girard, ”"Temporal Coherent Control in Two-
Photon Transitions: From Optical Interferences to Quantum Interferences,” Phys. Rev. Lett. 78,
2717 (1997).

M. A. Bouchene, V. Blanchet, C. Nicole, N. Melikechi, B. Girard, H. Ruppe, S. Rutz, E. Scheriber,
L. Worste, ” Temporal coherent control induced by wave packet interferences in one and two photon
atomic transitions,” Eur. Phys. J. D 2, 131 (1998).

B. Chatel, J. Degert, S. Stock, and B. Girard, ” Competition between sequential and direct paths in
a two-photon transition,” Phys. Rev. A 68, 041402(R) (2003).

N. Dudovich, T. Polack, A. Pe’er, and Y. Silberberg, ”Simple Route to Strong-Field Coherent
Control,” Phys. Rev. Lett. 94, 083002 (2005).

C. Trallero-Herrero, J. L. Cohen, and T. Weinacht, ”Strong-Field Atomic Phase Matching,”
Phys. Rev. Lett. 96, 063603 (2006).

H. Suchowski, A. Natan, B. D. Bruner, and Y. Silberberg, ”Spatio-temporal coherent control of
atomic systems: weak to strong field transition and breaking of symmetry in 2D maps,” J. Phys.
B:At. Mol. Opt. Phys. 41, 074008 (2008).

E. A. Shapiro, V. Milner, C. Menzel-Jones, M. Shapiro, ”Piecewise Adiabatic Passage with a Series
of Femtosecond Pulses,” Phys. Rev. Lett. 99, 033002 (2007).

M. Wollenhaupt, A. Préakelt, C. Sarpe-Tudoran, D. Liese, and T. Baumert, ”Quantum control by
selective population of dressed states using intense chirped femtosecond laser pulses,” Appl. Phys.
B 82, 183-188 (2006).

S. Lee, J. Lim, and J. Ahn, ”Strong-field two-photon absorption in atomic cesium: an analytical
control approach,” Opt. Express 17, 7648 (2009).

- 71 —



[28]

[29]

S.Lee, J. Lim, J. Ahn, V. Hakobyan, and S. Guerin, ”Strong-field two-photon transition by phase
shaping,” Phys. Rev. A 82, 023408 (2010).

S. Lee, J. Lim, C. Y. Park, and J. Ahn, ”Strong-field coherent control of 241 photon process in

atomic sodium,” (in preparation)

C. Chen, Y. Y. Yin, D. S. Elliott, ”Interference between optical transitions,” Phys. Rev. Lett. 64,
507 (1990)

A. Monmayrant, B. Chatel, and B. Girard, "Quantum State Measurement Using Coherent Tran-
sients,” Phys. Rev. Lett. 96, 103002 (2006).

C. N. Borca, T. Zhang, X. Li, and S. T. Cundiff, ”Optical two-dimensional Fourier transform
spectroscopy of semiconductors,”, Chem. Phys. Lett. 416, 311 (2005).

C. J. Bardeen, V. V. Yakolev, K.R Wilson, S. D. Carpenter, P. M. Weber, W. S. Warren, ”Feedback
quantum control of molecular electronic population transfer,” Chem. Phys. Lett. 280, 151 (1997).

C. W. Hillegas, J. X. Tull, D. Goswami, D. Strickland, and W. S. Warren, ” Femtosecond laser pulse
shaping by use of microsecond radio-frequency pulses,” Opt. Lett. 19 737 (1994).

E. Zeek, K. Magninnis, S. Backus, U. Russek, M. Murnane, G. Mourou, H. Kapteyn, and G. Vdovin,
”Pulse compression by use of deformable mirrors,” Opt. Lett. 24, 493 (1999).

F. Verluise, V. Laude, Z. Cheng, Ch. Spielmann, and P. Tournois, ” Amplitude and phase control of
ultrashort pulses by use of an acousto-optic programmable dispersive filter: pulse compression and
shaping,” Opt. Lett. 25, 575 (2000).

F. Verluise, V. Laude, J.-P. Huignard, P. Tournois, and A. Migus, ” Arbitrary dispersion control of
ultrashort optical pulses with acoustic waves,” J. Opt. Soc. Am. B 17, 138 (2000).

P. Meystre and M. SargentIIl, Elements of Quantum Optics, 3rd ed. (Springer-Verlag, Berlin, 1991).
B. H. Bransden and C. J. Joachin, Physics of Atoms and Molecules (Pearson Education, 2003)

A. Yariv and P. Yeh, Optical Waves in Crystals (Wiley, New York, 1984).

H. Friederich, Theoretical Atomic Physics (Springer, Berlin, 1994).

C. Trallero-Herrero, D. Cardoza, and T. C. Weinahct, ” Coherent control of strong field multiphoton
absorption in the presence of dynamic Stark shifts,” Phys. Rev. A 71, 013423 (2005).

R. Trebino, Frequency-Resolved Optical Gating: The Measurement of Ultrashort Laser Pulses
(Kluwer Acamedic,2002).

L. Mandel and E. Wolf, Optical coherence and Quantum optics, (Cambridge University Press, 1995).
D. A. Steck, Alkali D Line Data, http://steck.us/alkalidata/

D. E. Keller, A. E. Kramida, J. R. Fuhr, L. Podobedova, and W. L. WIese,
in NIST atomic Spectra database, NIST Standard Reference Database Version 4,
http://physics.nist.gov/PhysRefData/ASD/

- 72 —



[47]

[48]

[49]

[50]

[51]

C. Trallero-Herrero and T. C. Weinahct, ” Transition from weak- to strong-field coherent control,”
Phys. Rev. A 75, 063401 (2007).

D. J. Maas, C. W. Rella, P. Antoine, E. S. Toma, and L. D. Noordam, ”Population transfer via
adiabatic passage in the rubidium quantum ladder system,” Phys. Rev. A 59, 1374 (1999).

B. Broers, H. B. van Linden vn den Heuvell, and L. D. Noordam, ” Efficient population transfer in
a three-level ladder system by frequency-swept ultrashort laser pulses,” Phys. Rev. Lett. 69, 2062
(1992).

P. Balling, D. J. Maas, and L. D. Noordam, ”Interference in climbing a quantum ladder system with
frequency-chirped laser pulses,” Phys. Rev. A 50, 4276 (1994).

S. D. Clow, C. Trallero-Herrero, T. Bergeman, and T. Weinacht, ”Strong Field Multiphoton Inver-
sion of a Three-Level System Using Shaped Ultrafast Laser Pulses,” Phys. Rev. Lett. 100, 233603
(2008).

J. Ahn, T. Weinahct, and P. H. Bucksbaum, ”Information Storage and Retrieval through Quantum
Phase,” Science 287, 463 (2000).

D. Goswami, ” Laser Phase Modulation Approaches towards Ensemble Quantum Computing,” Phys.
Rev. Lett. 88, 177901 (2002).

M. M. T. Loy, ”Observation of Population Inversion by Optical Adiabatic Rapid Passage,” Phys.
Rev. Lett. 32, 814 (1974).

U. Gaubatz, P. Rudecki, M Becker, S. Schiemann, M. Kiilz, and K. Bergmann, ” Population switching
between vibrational levels in molecular beams,” Chem. Phys. Lett. 149 463 (1988).

K. Bergmann, H. Theuer, and B. W.Shore, ” Coherent population transfer among quantum states
of atoms and molecules,” Rev. Mod. Phys. 70, 1003 (1998).

- 73 —



Acknowledgement

o] =%°] }e717A

gzt 283

o
=
651

o

B An

Np

(3

el

"

AU Th v

l

o
=

FolA nvke

}3], g4, o

B SANA AR A

Holz HEy

— 74 —



o

MoA g

1998
2001

2005.

2006
2007
2008

o] Y A
E: o4 7%
A :o1982d 49 11¢Y
3} 2
b | |
.3.-2001. 2. AgHstuFsty
.3.-2005. 2. KAIST £& 83 (B.S.)
3. - Sy KAIST 2|8t} A 89bAp B3 474
2 9
. 3.- 2006.12 KAIST E8 83} dutEes 20
. 3.-2007.12 KAIST 2] 8ta} 9z} st 2w
. 3.-2008. 6 KAIST E8 83} dutEes 21
33 8%

Sangkyung Lee, Inchan Hwang, and Jaewook Ahn, ”Efficient manipulations of molecular vibra-

tions by shaped laser pulses for implementing quantum gates,” KPS 2006 Spring, Jp2-005, 2006.

Sangkyung Lee and Jaewook Ahn, ”Implementation of Deutsch algorithm with polarization-

momentum entangled two-photon states,” KPS 2006 Fall, Ip2-014, 2006.

Sangkyung Lee, Sanghyuk An, Koji Nagata, and Jaewook Ahn, ”Elaboration of Linear-optical Im-
plementattions of Quantum Algorithms with Single and Double-photon entangled states,” CLEO/PR
2007 , TuH3-5, Seoul, Aug 26-31, 2007.

Sangkyung Lee, Kang Hee Lee, Jaewook Ahn, and Chang Yong Park, ”Saturated Absorption
Line-shape Analysis Of Rubidium D2 Lines,” KPS 2008 Spring, J-08, Daejeon, April 17-18, 2008.

Sangkyung Lee, Jongseok Lim, and Jaewook Ahn, ”Coherent-control Spectroscopy of Alkali
Atoms,” KPS 2008 Fall, Jp-015, Gwangju, October 23-24, 2008.

Sangkyung Lee, Jongseok Lim, and Jaewook Ahn, ” Analytic Control of Strong-Field Two-Photon
Absorption in Atomic Cesium Using Spectrally Shaped Laser Pulses,” KPS 2009 Spring, Jp-IV-009,
Daejeon, April 23-24, 2009.

Sangkyung Lee, Jongseok Lim, and Jaewook Ahn, ” Ultrafast Quantum Control for Optimal Non-
linear Absorption,” KPS 2009 Fall, J-10, Changwon Exhibition Convention Center, 10/21 23.

Sangkyung Lee, Jongseok Lim, Vahe Hakobyan, Stephane Guerin, Jaewook Ahn, “Intensity In-
variance of Strong-Field Two-Photon Absorption,” CLEO/QELS 2010, San Jose, QtuE6, May 16-21,
2010.

— 75—



Sangkyung Lee, Jongseok Lim, and Jaewook Ahn, ”Strong-Field Quantum Control of 2+1 Photon
Process In Atomic Sodium ,” KPS2010 Fall, Oct 21-23, 2010.

A7 A

Sangkyung Lee, Kanghee Lee, and Jaewook Ahn, ”Reversed Peaks of Saturated Absorption Spec-
tra of Atomic Rubidium,” Japanese Journal of Applied Physics 48, 032301 (March 2009).

Koji Nagata, Sangkyung Lee, and Jaewook Ahn, ”Nonlocality improves Deutsch algorithm,”
International Journal of Quantum Information 7(3), 604-614 (April 2009).

Sangkyung Lee, Jongseok Lim, and Jaewook Ahn, ”Strong-field two-photon absorption in atomic

cesium: an analytical control approach,” Optics Express 17(9), 7648 (April 2009).

Kyeong-Jin Jang, Han-gyeol Lee, Sangkyung Lee, Jaewook Ahn, Jai Seok Ahn, Namjung Hur,
and Sang-Wook Cheong, ”Strong spin-lattice coupling in multiferroic hexagonal manganite YMnO3
probed by ultrafast optical spectroscopy,” Applied Physics Letter 97, 031914 (July 2010).

Sangkyung Lee, Jongseok Lim, Jaewook Ahn, Vahe Hakobyan, and Stephane Guerin, ” Optimiza-
tion and control of strong-field two-level two-photon transition by phase shaping,” Physical Review
A 82, 023408 (August 2010).

Jongseok Lim, Han-gyeol Lee, Sangkyung Lee, and Jaewook Ahn, ” Quantum control of two-photon

intra-L shell transitions,” submitted.

Sangkyung Lee, Jongseok Lim, Chang Young Park, and Jaewook Ahn, ”Strong-field coherent

control of 241 photon process in atomic sodium,” (in preparation).

Jongseok Lim, Jae-uk Kim, Sangkyung Lee, and Jaewook Ahn, ”Coherent Control in 2D Fourier
Transform Optical Spectroscopy of Alkali Atoms,” (in preparation).

— 76 —



