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Selective excitation of metastable atomic states by femto- and attosecond laser pulses
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The possibility of achieving highly selective excitation of low metastable states of hydrogen and helium
atoms by using short laser pulses with reasonable parameters is demonstrated theoretically. Interactions of
atoms with the laser field are studied by solving the close-coupling equations without discretization. The
parameters of laser pulses are calculated using different kinds of optimization procedures. For the excitation
durations of hundreds of femtoseconds direct optimization of the parameters of one and two laser pulses with
Gaussian envelopes is used to introduce a number of simple schemes of selective excitation. To treat the case
of shorter excitation durations, optimal control theory is used and the calculated optimal fields are approxi-
mated by sequences of pulses with reasonable shapes. A way to achieve selective excitation of metastable
atomic states by using sequences of attosecond pulses is introduced.

DOI: 10.1103/PhysRevA.74.033410

I. INTRODUCTION

Nonlinear laser spectroscopy provides possibilities to cre-
ate and study selectively excited states of quantum systems
[1,2]. Development of the two-photon excitation technique
[3] made it possible to obtain small concentrations of hydro-
gen in the 2s metastable state. This was sufficient to carry
out precise optical measurements of the hyperfine structure
of the 2s state [4] and other relativistic and radiative effects
[5]. Metastable atoms and atomic ions also play an important
role in excitation and charge transfer processes, even in high-
temperature laboratory and astrophysical plasmas [6]. Small
concentrations of metastable atoms and atomic ions can sig-
nificantly affect the radiative spectra of plasmas because of
large cross sections of electronic capture to the excited states
of highly charged ions during collisions with the metastable
atoms [6]. This conclusion is based on theoretical and indi-
rect spectroscopic observations. Unfortunately, direct mea-
surements are still very difficult due to the low efficiency of
modern techniques for the production of beams of metastable
atoms [7]. The above examples demonstrate the importance
of the development of effective methods for selective
excitation of metastable atomic states.

Recent progress in laser techniques as well as in theoret-
ical understanding of multiphoton processes in atoms makes
it possible to introduce novel methods for effective selective
excitation of atomic states by using short laser pulses. A
number of approaches to control population transfer between
atomic and molecular states have been proposed so far. They
can be roughly divided into two groups according to the
basic principles. The methods from the first group exploit
some known physical mechanisms [8—18], e.g., it is possible
to introduce some reliable and solvable model equations to
estimate the parameters of the controlling laser field analyti-
cally, while the methods from the second group are based on
the idea of direct variation of the laser field to maximize the
desired output [19-23].
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The schemes from the first group ultimately rely on the
properties of 7 pulses or on adiabatic properties. The con-
trolling laser field is found as an accurate or approximate
solution of the coupled equations within rotating wave ap-
proximation. These schemes, in turn, can be classified by the
number of laser pulses involved.

Population inversion achieved by using a single 7 pulse
represents the simplest case [8,9]. The frequency of the laser
should be in resonance with the transition energy and the
control is performed by changing the pulse area. This method
can also be used to control multiphoton transitions. In that
case, the frequency of the laser pulse should be a fraction of
the transition energy so that the energy conservation rules are
satisfied. The advantages of this scheme are that it is simple
and that the intensity of the controlling laser pulse is rela-
tively small. The main disadvantages are that the efficiency
of the scheme is sensitive to the pulse area and that the
resonance conditions should be satisfied accurately,
especially in the case of multiphoton excitation.

The schemes based on adiabatic rapid passage (ARP) rely
on adiabatic properties [8,10,11]. In this case a single chirped
laser pulse is used to establish an adiabatic regime so that the
complete population transfer occurs as a result of system
evolution along the initially populated adiabatic state. The
population transfer is not sensitive to the pulse area once an
adiabatic regime is established, so the method is quite robust.
However, the pulse area must be much larger than in the
case of 7 pulses. This becomes critical if the competing
ionization or dissociation processes are significant.

Stimulated Raman adiabatic passage (STIRAP) emerged
as a very efficient method to provide almost complete popu-
lation transfer in a three-level system [12]. In its simplest
form, the scheme involves a two-photon Raman process, in
which an interaction with a first (pump) pulse links the initial
state with an intermediate state, which in turn interacts via a
second (Stokes) pulse with a final target state. An important
advantage is that almost no population is placed into the
intermediate state, and thus the process is insensitive to any
possible decay from that state. In more complicated cases the
method is used to create a maximal coherent superposition of

©2006 The American Physical Society


http://dx.doi.org/10.1103/PhysRevA.74.033410

KONDORSKIY, PRESNYAKOV, AND RALCHENKO

several states [13] and complete population transfer via sev-
eral intermediate states [14]. The analog of the STIRAP
which relies on adiabatic properties is called chirped
adiabatic passage by two-photon absorption (CAPTA) [15].

Recently an effective scheme based on the idea of peri-
odic chirping was introduced [16,17]. Within this scheme, a
sequence of chirped laser pulses or a laser with periodic
chirping is used to establish multiple crossings between
dressed initial and target levels. Effective laser control is
performed by manipulating the parameters of these crossings
and adiabatic phase differences between the two crossings
directly. In its simplest formulation the complete population
transfer can be achieved by using a single quadratically
chirped pulse. Because of interference between the crossings,
the necessary pulse area of each pulse is much smaller com-
pared to the ARP; however, the method is still quite robust.
These advantages make the method useful in the field of
wave packet control [18]. However, the area of the pulse is
still larger than in the case of control by nonchirped pulses.

The methods from the second group are based on maxi-
mization of the desired output by a step-by-step adjustment
of the controlling field. The main advantage of these methods
is that controlling field search is performed explicitly, so that
complicated systems can be controlled. These methods can
be arranged according to the measure of the controlling
parameter space.

In the simplest case, the number of controlling laser
pulses and their envelopes are fixed. Each pulse is described
by a few parameters: peak intensity, central frequency, chirp
rate, central time, and full width at half maximum (FWHM).
Control is performed by direct optimization of these param-
eters. By solving the Schrodinger equation, the final popula-
tion of the desired state can be determined as a function of
the parameters of the controlling pulses. Thus, well estab-
lished numerical procedures for maximization of this func-
tion of many variables can be used [24]. It is easy to dem-
onstrate that all the schemes discussed above can be
reproduced by direct optimization as particular cases. The
approach can be considered as an optimization with respect
to a finite set of parameters, i.e., in a multidimensional space.

To design the controlling field without any restrictions on
its shape, the optimal control theory (OCT) was developed
[19-23]. Tt is based on the idea that the controlling laser
pulse should maximize a certain functional. The basic varia-
tional procedure leads to a set of equations for the optimal
laser field, which include two Schrddinger equations to de-
scribe the dynamics starting from the initial and target state
wave functions. The optimal laser field is given by the imagi-
nary part of the correlation function of these two wave func-
tions. This system of equations of optimal control must be
solved iteratively in general. The reader can find a compre-
hensive review of OCT in Ref. [19]. The main disadvantage
of this method is that in many cases the generated optimal
field is hardly possible to realize in an experiment. The ap-
proach can be considered as optimization with respect to a
continuous set of parameters, i.e., in the functional space.

In the case of selective excitation of metastable atomic
states by laser pulses, a multiphoton interaction is the basic
mechanism of the process. Such effects as direct ionization
[25,26], resonant transitions via intermediate discrete and
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continuum states [26-30], above threshold ionization
[26,32-34], and electron rescattering by the atomic core
[35-38] are essential. An accurate treatment of all these ef-
fects requires the exact solution of the quantum equations to
describe the dynamics of the system. Unfortunately, it is im-
possible to introduce some reliable and solvable model equa-
tions to estimate the parameters of the controlling laser field
analytically. Thus, the methods of maximization of desired
output should be used.

In the present work selective excitations of the metastable
2s state of hydrogen and the singlet metastable 1525 'S state
of helium are studied using both the direct optimization of
laser parameters and the optimal control theory. To integrate
the time-dependent Schrodinger equation, the well estab-
lished close-coupling approach based on the properties of
time-dependent integral equations [28-31] is used. This ap-
proach is the most suitable for this kind of spectroscopic
calculation. As electron-atom collisions rapidly destroy
atomic metastable states, a search of the optimal laser param-
eters is performed under the requirement that not only high
final population of desired metastable state should be
achieved, but also ionization probability should be small
[4,5].

The present paper is organized as follows. In the next
section the theoretical approaches are summarized, and rela-
tions between the results of the optimal control calculations
and the recently known schemes are demonstrated. In Sec.
IIT direct optimization of the parameters of one- and two-
laser pulses with Gaussian envelope is used to introduce a
number of simple schemes for selective excitation of H(2s)
and He(1s2s 'S). In Sec. IV the optimal control theory is
used to look for other possible controlling laser fields. A
mechanism of selective excitation by using attosecond pulses
is introduced. Section V contains a summary.

II. THEORY
A. Close-coupling approach

The time-dependent Schrodinger equation for an atom in
a laser field is written as

[i%—ﬁo+F(t)d(r)}|‘P(t)>=0, (1)

where I:IO is the Hamiltonian of the unperturbed atom, d(r) is
the dipole moment, and F(7) is a laser field. Atomic units are
used throughout the paper, unless otherwise noted.

We employ the close-coupling (CC) method on the basis
of the orthogonal and normalized unperturbed atomic wave
functions of the discrete and continuum states and expand
the total wave function as

(W (1)) = >, a,(0)|ih,ye B + f b (0| Yupe PUdE,
v jz
(2)

where v and u are the indices that represent the integer quan-
tum numbers of discrete and continuum states, respectively.
The functions |¢,) and |‘/’ME> are the corresponding stationary
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state wave functions, E, are the energies of the discrete
states, E stands for the energy of the electron continuum, and
a,(t) and b (1) are unknown coefficients.

The Hermitian system of coupled equations for the coef-
ficients of the discrete and continuum states follows from
substituting the expansion Eq. (2) into the time-dependent
Schrodinger equation Eq. (1) as

da,(t)

l'—

7 F()X U, e EE,, (1)

+F()2 f U, (E)e'* b 1(NdE,  (3)

) ()30, ) a0

+F(1) 2 J U, (E,ENe"EEN p/(1dE' .
/4"’
)

The matrix elements U,,/, U, ,(E), and U,/ (E,E") are inte-
grals over r-space taken with the atomic dipole moment
operator.

The first and the second sums in Eq. (3) describe the
bound-bound and free-bound transitions, respectively. These
transitions result in a significant redistribution of the popula-
tion of discrete states. This in turn strongly affects the ion-
ization process [28-31]. The first sum in Eq. (4) describes
ionization from all the discrete states and the integral term
(free-free transitions) describes a multiphoton inverse brems-
strahlung process (within quantum mechanical consider-
ations) or rescattering processes (within quasiclassical con-
siderations). These processes play an important role in
formation of the photoelectronic spectra at high energies
[35-38]. However, since the free-free matrix elements prac-
tically do not affect the discrete state amplitudes a,(z), it is
possible to neglect them for the evaluation of a,(f). The tran-
sitions neglected in this approximation are the third-order
(bound-free-free-bound) ones. The role of the free-free tran-
sitions was carefully investigated in Refs. [29,30,32-34], and
this assumption was confirmed to work well.

The close-coupling equations Egs. (3) and (4) with the
free-free transitions neglected can be solved by discretizing
the continuum or by employing the recently developed ap-
proach based on the properties of the time-dependent integral
equations without any discretization of the continuum
[28-31]. As the nonresonant interaction between the lower
and highly excited discrete states is small, it is possible to
adjust the number of discrete states involved in expansion
Eq. (2) so that the results of the calculations do not change.
Although, strictly speaking, this procedure does not prove
the convergence of the close-coupling approach, it is still
widely used in collisional physics [6,39]. In the present study
we consider excitation and ionization of a single atomic
electron in the field of linearly polarized laser pulses.
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B. Methods of direct optimization of laser parameters

In the simplest case the controlling field is assumed to be
a sequence of laser pulses and is written as

N
F(t)= 2 F; X f(1,,t = 1)) X sin[w(t = 1) + a;(t = 1))*],
j=1

(5)

where f(7,Ar) is a fixed envelope function with FWHM
equal to 7 and centered to achieve maximum at time differ-
ence At=0. In the present study we focus on the laser pulses
(5) with a Gaussian shape:

f(T,At)=exp{—4l;2At2]. (6)

The system is controlled by changing peak amplitudes F,
frequencies wj, chirp rates aj, central times L and FWHM'’s
7; of the component pulses. By solving the Schrodinger
equation one can determine the final population of a selected
state as a function of these parameters. To find the maximum
of this function, the conjugate gradient search method [24] is
used here. The gradient of the final population of the target
state with respect to the laser parameters is calculated nu-
merically using the finite-difference approximation. The
optimization starts from some initial guess parameters.

As different laser pulse parameters have different dimen-
sions, the parameters should be put on a common ground by
using dimensionless units, or the optimizations with respect
to different types of parameters should be performed sepa-
rately. In the first case the convergence of the optimization
procedure could depend on the dimensionless units used. In-
deed, the efficiency of the selective excitation by non-
chirped pulse strongly depends on whether or not the reso-
nant conditions are achieved, so that by using common
atomic units one should find the maximum of the function
that strongly depends on one group of arguments (frequen-
cies) and only weakly on the other arguments (intensities,
durations, etc.). This example demonstrates that proper di-
mensionless units should be used to ensure reasonable con-
vergence. Moreover, the derived optimal parameters could
depend on how those units are defined.

In the present study the optimizations with respect to dif-
ferent types of parameters are performed separately so that
each step of the optimization procedure should contain a set
of optimizations with respect to the parameters for all pulses
that have the same dimension. Generally, some laser param-
eters should be linked with each other to achieve a maximum
of the desired output. If the chirping rate is zero, the optimal
intensity and duration of each pulse are related to each other
by some pulse area conservation rule. To avoid this uncer-
tainty, we assume the durations of the pulses to be equal.
After the optimal parameters of the controlling sequence of
laser pulses are found, we can adjust intensities and
durations to fit the specifics of the experimental technique.

The order of optimizations performed at each step of the
direct search affects the efficiency, convergence and resulting
controlling scheme. However, since the laser field (5) has
only five different types of parameters, the number of
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TABLE 1. Controlling schemes generated by the direct optimi-
zation method with different orders of optimizations performed at
each step.

Case  Number Order of Known
No.  of pulses optimizations particular cases
1 1 1. Intensities  pulses
2. Frequencies
2 1 1. Intensities ARP
2. Chirping rates
3 2 1. Central times Direct excitation
2. Intensities or STIRAP
3. Frequencies
4 2 1. Central times Direct excitation
2. Intensities or CAPTA
3. Chirping rates
5 Several 1. Frequencies Periodic sweeping
2. Central times of laser intensity
3. Intensities
6 Several 1. Chirping rates Periodic sweeping

2. Central times
3. Intensities

of laser frequency

possible nonequivalent orders of optimization is limited.
Table I presents the correspondence between the controlling
schemes generated by the direct optimization method with
different orders of optimizations performed at each step and
previously known schemes. Since the last schemes have been
established without bound-free transitions taken into account
the continuum states are not included in the test calculations
of Table I. The continuum states are, however, taken into
account at all other calculations, reported in the present
paper.

The durations of all the pulses are assumed to be equal
and do not change during optimization. Initial parameters
used in all the calculations are 1 GW/cm? for intensities of
all pulses, frequencies are estimated from the data for the
unperturbed atom, chirping rates are zero for all the pulses,
centers of the pulses coincide in the cases 1-4 and are
equally distant with the two-FWHM shift in cases 5 and 6.
Our calculations show that number of steps required to
achieve convergence is about one and a half the number of
laser pulses used in the scheme.

The procedure of direct optimization of laser parameters
can also be used to calculate intrinsic parameters of the
atomic system. For example, by fixing the intensity of the
laser and calculating the optimal frequency of selective ex-
citation of different target states, the dynamic Stark shifts of
these states can be easily estimated.

C. Methods of the optimal control theory

The dynamics of the atom in the laser field is described by
the time-dependent Schrodinger equation (1). The initial
state wave function |®,(¢)) is specified at time t=0. The goal
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of control is to design such an external field F(z) that the
wave packet calculated with Eq. (1) up to time =T is close
enough to the desired target state wave packet |®,(¢)). One of
the most natural and flexible approaches to design such a
field is the optimal control theory [19]. It is based on the idea
that the controlling laser pulse should maximize a certain
functional. The procedure leads to a set of equations for the
optimal laser field, which include two Schrodinger equations
to describe the dynamics starting from the initial and target
state wave packets. The optimal laser field is given by the
imaginary part of the correlation function of these two wave
packets. This system of equations of optimal control must be
solved iteratively, in general, starting from some initial guess
field.

A number of algorithms to realize this idea have been
developed [19-23]. One of the most effective is the algo-
rithm by Zhu, Botina, and Rabits [23] (ZBR algorithm),
which is developed to solve the following system of the
optimal control equations:

{ig—HO+F(t)d(r)}|¢(t)>=0’ |(0) =Dy, (7)

[ig—19’0+F(t)d(r)}|x(t)>=0, X(D)=|®). (8)

F() = 1y1m[<¢(r>|x<r>><x<r>|d<r)|¢<r)>]. 9)

Here v is a positive parameter chosen to weight the signifi-
cance of the laser energy [23]. To integrate Eq. (7) forward in
time and Eq. (8) backward in time, we employ the
close-coupling method discussed in Sec. I A.

To launch the ZBR algorithm, an initial field should be
specified. In molecular dynamics control, which is the main
area of the application for the ZBR algorithm, a zero initial
field is sufficient for most cases. However, since in the
present study initial and target states are stationary, a zero
initial field cannot be used. Instead we use a single laser
pulse of Gaussian shape as an initial field and generate dif-
ferent optimal control fields by changing its parameters. Our
calculations show that three to five iterations of the ZBR
algorithm are sufficient to achieve the convergence.

III. SELECTIVE EXCITATION OF THE METASTABLE
ATOMIC STATES BY FEMTOSECOND PULSES

In the present section selective excitations of H(2s) and
He(1s2s 'S) by one and two femtosecond laser pulses of
Gaussian shape are studied. The case of chirp pulses
[8,10,11] or periodic chirping [16,17] is not considered as the
pulse area required is larger than in the case of non-chirped
pulses. This in turn significantly increases the ionization.
However, in some cases when the ionization process is sup-
pressed, periodic chirping can be used to improve the robust-
ness of the scheme. These will be discussed in a future
publication.
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FIG. 1. Selective excitation of H(2S) by two laser pulses: (top)
final populations of 2s metastable state and ionization probability,
(middle) time shift between the “blue” and “red” pulses and (bot-
tom) intensities of the pulses given as functions of frequency of the
“blue” pulse.

A. Selective excitation of H(2s) and He(1s2s 'S) by a single
laser pulse

In the simplest case a two-photon excitation of H(2s) and
He(1s2s 'S) can be achieved by using a single laser pulse.
The process can be affected by changing only three param-
eters of the laser: frequency, duration, and intensity. To study
this case we calculate the final populations of the target
metastable states and ionization probabilities as functions of
intensity and duration of the laser pulse for two-photon ex-
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citation of hydrogen (wavelength is around 240 nm) and he-
lium (wavelength is around 120 nm). The frequency of the
laser was optimized for each pair of the arguments to com-
pensate level shifts due to the dynamic Stark effect and to
maximize the output.

For the case of selective excitation of H(2s) the maximal
values of the target state population achieved are 18-20%.
Unfortunately, the corresponding ionization probabilities are
large, 27-30%. The maximal differences between the target
state population and ionization probability are found for the
following set of parameters:

FWHM][fs] =2.25 X 10'"%[[W/cm?], (10a)

w[eV]=5.1021 eV +2.34 X 10715 X I[W/cm?],
(10b)

where [ is the pulse intensity. The target state population and
ionization probability are found to be 8.4 and 4.2%, respec-
tively, for this set of FWHM and w. Equations (10) are ob-
tained by a fit performed for the range of intensities from
1 to 20 TW/cm?,

The efficiency of the process is low because of signifi-
cance of the one-photon ionization from the target metastable
state. As the photon energy is about 5.10 to 5.14 eV (de-
pending on pulse intensity), this process populates the con-
tinuum states with low energies of about 1.7 eV, so that the
corresponding bound-free transition matrix elements are
large.

An opposing situation is observed in the case of selective
excitation of He(1s2s 'S). The best values of 65% for the
target state population and 26% for ionization probability are
found for the following parameters:

FWHM[fs]=7.12 X 10"/[[W/cm?], (11a)

w[eV]=10.3075 eV + 1.54 X 107'¢ X [[W/cm?].
(11b)

Equations (11) are obtained by a fit performed for the range
of intensities from 50 to 400 TW/cm?.

The photon energy is about two times higher than in the
case of hydrogen (10.3-10.4 eV, depending on pulse inten-
sity). The process is effective. One-photon ionization from
the target metastable state populates the continuum states
with energies of about 6.3 eV and corresponding bound-free
transition matrix elements are small, so that ionization does
not undermine the process.

B. Selective excitation of H(2S) by two laser pulses

To improve the efficiency of selective excitation of the
metastable state of hydrogen, we increase the number of con-
trolling parameters by introducing two controlling laser
pulses with different frequencies instead of a single pulse.
For simplicity, we call the pulse with lower frequency the
“red” pulse and the pulse with higher frequency the “blue”
pulse. Frequencies of the blue and the red pulses should be
linked to fit the energy difference between the ground and
the metastable states. As optimal intensity and duration of
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FIG. 2. The optimal control field generated for selective excita-
tion of the 1s2s 'S state of helium (top), its Fourier transform
(middle), and time variation of the metastable state population and
ionization probability of the controlled atom (bottom). Top and
middle: dashed line is the OCT result, solid line is the fitted se-
quence of attosecond pulses. Inset: initial guess field. Bottom: solid
line is the population of the 1s2s'S state, dashed line is the ioniza-
tion probability.

each pulse are approximately related to each other by a pulse
envelope area conservation rule, in the present study we fix
durations of the pulses to be equal.

Figure 1 presents the final population of the metastable
state and ionization probability of hydrogen as functions of
frequency of the blue pulse for different durations of the
pulses with the frequency of the red pulse, intensities, and
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central times of both pulses adjusted to maximize the
population of the metastable state.

If the frequency of the red pulse becomes lower than the
threshold of the one-photon ionization of the 2s metastable
state, the efficiency of the selective excitation grows dramati-
cally. This is caused by an abrupt decrease of ionization rate,
which makes it possible to apply more intense laser pulses
and achieve higher selective excitation without increasing
the ionization. Unfortunately, for hydrogen the one-photon
ionization threshold for the 2s state is equal to one third of
the energy difference between the 1s and 2s states, and the
simple case, when the blue pulse is produced from the single
red pulse by the second harmonic generation, is still not good
enough. Acceptable results, however, can be obtained for the
frequencies of the blue pulse slightly higher and frequencies
of the red pulse slightly lower than the threshold values. An
interesting observation comes from the analysis of the time
shift between the two optimized controlling pulses. If the
frequencies of the pulses are far from being in resonance
with some bound state, their centers coincide. However, if
the frequency of the blue pulse is close to the frequency of
3p— ls transition, the centers of the blue and the red pulses
separate. In this case the direct two-photon excitation process
transforms into STIRAP [12] (Table I, case 3). Consider
three examples in more detail.

Example 1. Final populations: 2s, 59%, continuum, 21%.
Parameters of the pulses. Freakiness: blue, 7.12786 eV, red,
3.13629 eV: Intensities: blue, 5.8 X 102 W/cm?, red, 1.2
X 10" W/cm?; FWHMs are 40 fs for both pulses; pulse cen-
ters coincide. The frequency of the red pulse is below but
close to the threshold of the one-photon ionization of the
H(2s) state. Although the frequencies are adjusted to avoid
resonances with highly excited discrete states, 7p and 8p
states are populated at the level of 9 and 3%, respectively.

Example 2. Final populations: 2s, 92%, continuum,
7%. Parameters of the pulses. Freakiness: blue, 9.09943 eV,
red, 1.09933 eV; intensities: blue, 4.8 X102 W/cm?,
red, 1.6 X102 W/cm?, FWHMs: blue, 40 fs, red, 100 fs;
pulse centers coincide. In this case durations of the pulses are
different and efficiency of the process is less sensitive to the
shifts between the pulse centers.

Example 3. Final populations: 2s, 91%, continuum, 8%.
Parameters of the pulses. Freakiness: blue, 12.0878 eV, red,
1.88656 eV: intensities: blue, 3.7 X 102 W/cm?, red, 4.0
X 101 W/cm?, FWHMs are 100 fs for both pulses; blue
pulse is delayed for 58 fs. The frequencies of the pulses are
close to be in resonance with 3p state. In this case the red
pulse comes before the blue pulse. This represents the
STIRAP process [12].

IV. SELECTIVE EXCITATION OF THE METASTABLE
ATOMIC STATES BY ATTOSECOND PULSES

In the previous sections the controlling laser field was
assumed to be composed of a few femtosecond laser pulses
with Gaussian envelopes. To study other possibilities to
achieve selective excitation we use the optimal control
theory, as described in Sec. II C. As the controlling schemes
introduced in the previous section for long durations can
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FIG. 3. Final populations of the metastable states and ionization probabilities obtained with the optimal field generated from a single
Gaussian laser pulse given as a function of the parameters of initial guess pulse. Top line: Results obtained for selective excitation of H(2s)
when the frequency of initial guess pulse is 10.2 eV. Bottom line: Results obtained for selective excitation of H(1s2s 'S) with the frequency

of initial guess pulse is 10.3 eV.

hardly be improved, we focus on the case of short excitation
times.

A typical example is shown in Fig. 2. It presents the op-
timal control field generated by the ZBR algorithm for selec-
tive excitation of 1s2s 'S state of helium (top) and the time
variation of population of the target metastable state and ion-
ization probability during the interaction (bottom). The cal-
culations are performed starting from the Gaussian pulse of
intensity 80 TW/cm?, frequency 10.3 eV and FWHM 2.5 fs
(full duration is 5 fs), which is shown in the inset of Fig. 2.
The weight parameter is taken to be y=0.1. The final popu-
lation of the target state is 77% with ionization probability
7%. The convergence is achieved in four iterations.

During optimization the laser field completely transforms
into a sequence of attosecond pulses. The main perturbations
finish after 2 fs, so the duration of active control is also
changed. Contrary to the case of controlling femtosecond
pulses, the state populations now change abruptly. Physi-
cally, the sequence of attosecond laser pulses affects the
atomic electrons as a series of pushes. Each push displaces
the electrons for a small distance so they cannot move far
from the atomic core, and this suppresses ionization.

To simplify the optimal control field obtained with the
7ZBR algorithm we approximate it by a sequence of
Gaussians

N
F()=>

J=1

A expl- Bli-1)]. (12)

VB

If the duration of each pulse is short enough, the momentum
supplied to the electrons by each attosecond pulse is given
by the pulse area A; and does not depend on . To calculate
the parameters A; and ¢; we roughly approximate the control-
ling field by sequence (12) and use the method described in
Sec. I B to optimize A; and ¢;. The resulting sequence of
attosecond pulses is presented in Fig. 2 (top) as a bold line.
The calculation is performed with the width parameter
B=0.04 (FWHM=20 as). The final population of the target
state and the ionization probability for that field are 81 and
14%, respectively.

Figure 3 presents final populations of the metastable states
and ionization probabilities obtained with the optimal fields
generated from femtosecond pulses of different intensities
and durations. Each point of the plot represents an effective
controlling sequence of attosecond pulses. One can see that
the results depend on the parameters of the initial guess pulse
in a very complicated way. The parameters for some effec-
tive controlling sequences of attosecond pulses (12) calcu-
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TABLE II. Parameters of some effective controlling sequences of attosecond pulses Eq. (12) calculated by optimal fitting of the optimal
control fields. Column 1: target atomic state. Columns 2—4: parameters of the initial gauss femtosecond pulse. Columns 5, 6: final target state
populations and ionization probabilities. Columns 7, 8: Parameters of the sequences of the attosecond pulses.

Target Wini FWHMini Iini Ij Aj
state [eV]  [fs] [W/em?*]  Purger  Pion [fs [a.u.]
H(2s) 10.2 5 1.0x 1013 0.67 0.31 0.05, 0.32, 0.76, 1.33, 1.51, -0.50, —-0.44, —0.40, —0.93, —0.44,
1.85, 2.02, 2.13, 2.36, 2.41, -0.84, -0.83, -0.93, -0.67, 0.46,
2.73 0.95
H(2s) 10.2 3.5 1.5%x 1013 0.65 0.29 0.05, 0.69, 1.15, 1.90, 2.27, 0.29, 0.47, 0.30, -0.33, —0.31,
2.78, 3.03, 3.23, 3.45, 3.50 -0.44, 0.31, -0.46, 0.61, 0.57
H(2s) 10.2 4.0 2.3%x 101 0.63 0.29 0.05, 0.40, 0.45, 0.77, 0.94, 0.44, 0.41, 0.4, 0.57, 0.41,
1.19, 1.34, 1.56, 1.86, 1.93, 0.44, 0.33, 0.26, 0.61, 0.58,
2.08, 2.30, 2.45 0.49, -0.34, -0.81
H(2s) 10.2 2.0 7.5% 1013 0.62 0.25 0.05, 0.35, 0.68, 1.03, 1.22, -0.09, -0.48, —0.34, -0.29, —-0.7,
1.30, 1.33, 2.0, 2.45 -0.23, -0.31, -0.71, -1.43
H(2s) 5.1 5.0 1.0x 102 0.70 0.20 0.05, 0.25, 0.80, 1.17, 1.50, 0.24, -0.43, -0.29, —-0.43, —0.44,
1.55, 1.64, 2.14, 2.25, 2.32, -0.44, -0.29, -0.52, -0.57, —0.59,
2.70, 2.76 0.47,0.43
H(2s) 5.1 3.5 1.0x 102 0.67 0.21 0.05, 0.28, 0.55, 0.71, 1.31, -0.2, 0.13, 0.37, —1.4, -0.57,
0.96, 1.09 0.39, 0.61
H(2s) 5.1 2.5 1.0x 10'2 0.65 0.25 0.05, 0.46, 0.87, 1.14, 1.22, 0.40, 0.33, 0.19, 0.57, 0.51,
1.42, 1.58, 1.66 0.52, -0.21, -0.81
He(1s2s ]S) 10.3 5.0 8.0x 1013 0.81 0.14 0.05, 0.16, 0.25, 0.38, 0.54, -0.71, =0.71, =0.73, 0.70, 0.71,
0.71, 0.86, 0.92, 1.06, 1.11, 0.71, -0.69, 0.74, —0.69, 0.73,
1.21, 1.45, 1.63, 1.65 0.73, -0.71, -0.77, 0.66
He(1s2s 1S) 10.3 5.0 5.0%x 1013 0.75 0.10 0.05, 0.11, 0.23, 0.57, 0.73, -0.70, -0.66, —0.61, 0.51, —0.54,
0.89, 0.95, 1.07, 1.16, 1.27, -0.6, —-0.69, 0.86, —0.71, 0.65,
1.32, 1.44, 1.48, 1.64, 1.67 -0.76, 0.66, —0.73, —-0.71, 0.69
He(1s2s ]S) 10.3 1.0 2.0X 10 0.78 0.06 0.05, 0.17, 0.24, 0.36, 0.45, -0.56, —-0.53, —0.89, —-0.59, —-0.94,
0.51, 0.63, 0.73, 0.76 0.81, -0.66, 0.70, —0.79
He(1s2s lS) 10.3 6 1.0x 1013 0.79 0.10 0.05, 0.25, 0.33, 0.41, 0.57, 1.0, 0.88, 0.43, 0.36, 0.51,

0.72, 0.78, 0.90, 0.98, 1.05,
1.15

0.66, 0.71, 0.74, 0.80, -0.78,
0.90

lated by optimal fitting of the parameters A; and ¢; are
presented in Table II.

Recently, a number of schemes to generate trains of at-
tosecond laser pulses have been proposed and realized ex-
perimentally (see Ref. [40]). The basic idea is the production
of a comb of equidistant frequencies in the spectral domain
with controlled relative phases. As a result trains of x-ray
laser pulses of attosecond duration are obtained. The shapes
and carrier frequency can be modified by eliminating certain
harmonics. Also, waveforms containing optical bursts ap-
proaching one cycle have been successfully synthesized by
superposing five phase-controlled sidebands [41]. Trains of
nonmodulated attosecond pulses could be also generated by
laser-plasma interaction in the relativistic regime (see Ref.
[42], and references therein.)

To generate a sequence of pulses close to ones shown in
Fig. 2, the spectral components with the frequencies 7.33 eV,
220=3X73¢eV, 293=4X73 eV, and 44.0=6X7.3 eV
should be synchronized. Four main harmonics taken from

equidistant spectral modes should be superposed. Thus, for
principal frequency of 7.33 eV one should take 1st, 3rd, 4th
and 6th harmonics; for principal frequency of 3.66 eV 2nd,
6th, 8th and 12th harmonics, respectively, and so on.

V. CONCLUSIONS

In the present study the controlling field search is per-
formed using a well established close-coupling approach for
solving the time-dependent Schrédinger equation, so that all
essential multiphoton effects are treated accurately. It is dem-
onstrated that optimization procedures provide an effective
technique to design laser fields for selective excitation of
metastable atomic states. Not only do they reproduce the
recently developed schemes of laser control as particular
cases but they also introduce new ones.

An efficient selective excitation of H(2s) and He(1s2s 'S)
can be achieved by using one and two femtosecond laser
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pulses. Frequencies of the pulses should be adjusted properly
to suppress single-photon ionization from the target meta-
stable state. Optimal populations of the atomic states and the
corresponding parameters of the laser pulses are calculated
as functions of preferable frequencies and durations of the
pulses. These make it possible to choose the parameters of
the controlling laser pulses that fit the capabilities of the
present experimental techniques.

A way to achieve selective excitation of metastable
atomic states by using sequences of attosecond pulses is in-
troduced. This is important because of recent progress in
production of attosecond pulses. While in the present study
the parameters of the pulses are calculated using the optimal

PHYSICAL REVIEW A 74, 033410 (2006)

control theory, the direct optimization of high harmonics can
be used to control the process in the future.
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