THEORY OF CHEMICAL REACTION
DYNAMICS

Edited by:

ANTONIO LAGANA

Department of Chemistry
University of Perugia
Perugia, Italy

and

GYORGY LENDVAY

Institute of Chemistry
Chemical Research Center
Budapest, Hungary

Kluwer Academic/Plenum Publishers
New York/Boston/Dordrecht/London/Moscow



PREFACE

Theoretical treatment of the dynamics of chemical reactions has undergone a
spectacular development during the last few years, prompted by the progress in
experiments. Beam production, spectroscopic detection using high resolution,
polarized lasers allowing energy and angular momentum selection, etc. have ad-
vanced so much that the experiments now offer detailed scattering information
for theory to explain and rationalize. At the same time advances in comput-
ing and networking technologies for heteregeneous and grid environments are
giving new possibilities for theoretical studies of chemical reactivity. As a con-
sequence, by now calculation of atom+diatom reactions has become routine,
accurate methods have been developed to describe reactions in tetraatomic sys-
tems, non-adiabatic reactions are being studied in simultaneous experimental
and theoretical efforts, and statistical theories of unimolecular reaction dynam-
ics are applied to systems that were a mystery a few years ago.

The increased interest in the field is testified by an intense activity of con-
ferences, schools and collaborative networks. The NATO scientific division
has traditionally contributed to this field through supporting workshops and
schools. Along this line we organized the NATO Advanced Research Work-
shop on the Theory of the Dynamics of Chemical Reactions in Batathvaf,
Hungary in June, 2003. The workshop has given a snapshot of the current
status of research in reaction dynamics. At the meeting 36 papers were given,
with enlightening discussions. Accurate time-dependent and time-independent
methods of quantum scattering, treatment of non-adiabatic processes, studies
of associative and inelastic collisions, calculation of potential surfaces received
increased attention.

This book summarizes the proceedings of the Workshop, and is dedicated to
Professor E.E. Nikitin on the occasion of his 70th birthday. The authors of 21
papers of the meeting agreed to make a written contribution aimed at giving a
review of their recent work instead of just summarizing the brand new results,
with the hope of providing researchers in the field with a useful reference.

We thank all the authors for their helpful collaboration. The grant from the
NATO Science Program, without which the meeting could not have been or-
ganized, is gratefully acknowledged, as well as support from the Hungarian
Ministry of Education. We thank DrAkos Bencsura, Erika Bene and Tasn
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Veértesi for their participation in organizing the meeting. The efficient help of
Dr. Andrea Hamza in editing the book is highly appreciated.

Antonio Laga Gyorgy Lendvay
Department of Chemistry, Institute of Chemistry,
University of Perugia, Italy Hungarian Academy of Sciences

Budapest, Hungary
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MANIPULATION OF ATOMS AND MOLECULES WITH LASER
RADIATION AND EXTERNAL FIELDS

MARCIS AUZINSH
Department of Physics, University of Latvia, 19 Rainis boulevard,
Riga, LV-1586, Latvia, mauzins@latnet.lv

Abstract. The paper provides analysis of a process, when a laser radiation ab-
sorption of a specific polarization creates a specific spatial distribution of molecular
bonds and angular momenta of small molecules. It is discussed how an external
fields — electric or magnetic — can influence this distribution. Some practical ex-
amples involving optical polarization of molecules in magnetic and electric fields
are presented. !

1. Introduction

Laser radiation has proved to be an efficient tool to control the shape of wave
functions. The ability to control the shape of a quantum state may lead to methods
for bond-selective chemistry and novel quantum technologies such as quantum
computing. The classical coherence of laser light has been used to guide quantum
systems into desired target states through interfering pathways. These experiments
allow to control properties of the target state such as light absorption, fluorescence,
angular momentum or molecular bond spatial orientation etc.

Probably coherent effects in atomic excitation with light were studied first by
Wilhelm Hanle. The very first publication about the effect, which is now called
Hanle effect, appeared in Zeitschrift fir Physik as early as in 1924 [1]. In the
paper it was shown that the resonance fluorescence of Hg excited with linear
polarized light is depolarized by an external magnetic field. That publication does

T have a privilege to know Prof. Evgueni Nikitin for many years. For the first time
as a young student I met him at a conference in the former Soviet Union at which
optical polarization of atoms and molecules was discussed. Later on our ways crossed
several times and I had an opportunity to work with Prof. Nikitin on several projects
and to admire his scientific intuition, deep knowledge and skills in application of advanced
mathematical techniques to solve problems in physics elegantly. I feel very delighted and
honored to dedicate this paper to Prof. Evgueni Nikitin on the occasion of his seventieth
birthday.
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not provide solely the measurements of this depolarization. It also shows that the
plane of polarization of the fluorescence is rotated by the external magnetic field.
To analyze this effect W. Hanle used a model of decaying linear oscillators that
precess in the magnetic field with an angular velocity depending on the magnetic
field strength. In this first paper the quantum theoretical importance of the effect
was already discussed.

During the following years, efforts to provide a consistent interpretation of the
effect played an important role in the development of quantum theory. The essence
of Hanle effect, as we understand it today, is the creation of low frequency coher-
ences between magnetic Zeeman sublevels of an atomic state and the destruction
of these coherences by lifting of the magnetic sublevel degeneracy by an applied
external magnetic field. These Zeeman coherences are associated with spatial po-
larization (orientation or alignment) of angular momenta of atoms or molecules.
To this day Hanle effect still is an effective tool to study atomic [2] and molecular
structure [3].

If the optical field that excites atoms or molecules is strong enough, it can
create Zeeman coherences not only in the excited state of atoms or molecules, but
also in the ground state. In a slightly different context this effect for the first time
was studied as an optical pumping of atomic states.

As early as in 1949 Kastler [4] draws attention to the remarkable properties of
the interaction of resonance light with atoms. Kastler points out that the absorp-
tion and scattering of resonance light could lead to large population imbalances
along with atomic excited state also in atomic ground state. Ground state optical
pumping soon was observed experimentally by Brossel, Kastler and Winter [5] and
by Hawkins and Dicke [6].

In the absence of the external fields, the effect of optical pumping can easily
be analyzed without using the concept of atomic coherences, but if one is will-
ing to consider the influence of the external fields on optically pumped atoms or
molecules then the idea about Zeeman coherences in the ground state of atoms or
molecules becomes vital. In this case, we are speaking about creation of dark states
or coherent population trapping. This effect was first directly observed in 1976 in
the interaction of sodium atoms with a laser field [7]. In the case of coherent popu-
lation trapping the destructive quantum interference between different excitation
pathways causes the trapping of population in a coherent superposition of ground
state sublevels. Once established, such a superposition (a dark state) [8] is immune
against further radiative interaction. As a result, a fluorescence from an ensemble
of atoms decreases, while the intensity of the transmitted light increases. An ex-
ternal magnetic field B applied perpendicularly to the light polarization vector E
destroys the coherence between ground state sublevels and restores the absorption
and fluorescence of the ensemble of atoms.

To describe all phenomena related to the creation and evolution of coherences
created in an ensemble of atoms or molecules, one can deal with probability am-
plitudes for different quantum states involved in the process of light — matter



LASER MANIPULATION OF ATOMS AND MOLECULES 449

interaction. Nevertheless, it is a rather complicated business to follow all the am-
plitudes and, what is most important, all the phase relations between the states
involved in the process. It is much more convenient to describe an ensemble of par-
ticles by means of quantum density matrix. The application of quantum density
matrix for the description of atomic processes was pioneered by U. Fano (see, for
example [9]). Currently this approach is recognized as very fruitful and is used in
various contexts. In a standard form the interaction of laser radiation with gaseous
atoms or molecules is described by means of the Liouville or optical Bloch equation
for the quantum density matrix [8]. In the case of optical Bloch equations the use
of monochromatic, intense optical field is assumed.

At the same time very often the real optical field interacting with atoms has
rather broad spectral profile, width of which is broader or comparable with the
inhomogeneous width of the atomic transition. In this case, a broad spectral line
approximation for quantum density matrix approach has proved to be very reward-
ing. This approximation was introduced in the 1960s by C. Cohen-Tannoudji for
excitation of atoms with ordinary light sources [10]. This was an era before lasers.
Later on it was adjusted for application for excitation of atoms with multimode
lasers [11] and for excitation of molecules in the case of large angular momentum
states [3, 12].

It is demonstrated in different occasions that the quantum density matrix so-
lutions for atomic or molecular states can be connected to a form of created wave
function and spatial distribution of atomic angular momentum [13, 14]. This ap-
proach proved to be especially fruitful in the case of molecules. For example, for
diatomic molecules that typically possess states with very large angular momen-
tum quantum numbers J o 100, the spatial orientation of this angular momentum
with respect to a chosen direction of quantization axis varies almost continuously.
As a result, the transition from the quantum density matrix solution to the spatial
distribution of angular momentum and molecular axes seems to allow to have a
very clear insight into the processes taking place during the interaction of molec-
ular ensemble with the optical fields [3, 15]. This method allows one to prepare
molecules in a desired state of their orientation in a laboratory frame as well.
It also allows one to study different stereoscopic or spatial effects of molecular
interactions and interaction of molecule with the laser radiation.

2. Angular momentum polarization by laser radiation

2.1. VECTOR MODEL

The main purpose of this vector model treatment of light absorption in molecules is
to provide a simple visual model for the absorption of light by diatomic molecules
in which the geometrical implications of light polarization and molecular spatial
orientation may be made appearent.

Let us start with the following picture of laser light interacting with diatomic
molecule. We have a rotating diatomic molecule with a large total angular momen-
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tum J. It is largely created by molecular rotation, which contributes an angular
momentum N as a main part of J. Additionally, it is created also from an elec-
tronic angular momentum L, and, more precisely, from its projection A on an
internuclear axis of the molecule. Due to the axial symmetry of the internal fields
in the molecule this is a quantity, which is conserved in a molecular frame (see
Fig. 1).

Figure 1. The main angular momentum components in a diatomic molecule.

If we ask a simple question — what is changing, if such a molecule absorbs
radiation in an electronic transition? The answer is obvious. Light can change an
electron motion in the molecule and it means that electronic angular momentum
in molecule and along with it the projection of this angular momentum on inter-
nuclear axis will be changed. In molecular spectroscopy one can distinguish two
different types of transitions between electronic states of diatomic molecule. One
is a perpendicular transition in which A is changed by +1 and another one is a
parallel transition when A remains constant. For example ¥ «— ¥ or II +— II
are parallel molecular transitions, but ¥ <— II is a perpendicular transition. The
notation of the transition as being parallel or perpendicular is coming from the
vector model and an analysis of the behavior of transition dipole momentum dur-
ing the transition in this model. For the parallel transition this dipole moment
oscillates along the internuclear axis, while in the case of perpendicular transition
it rotates in a plane perpendicular to the internuclear axis. It is obvious, how this
behavior of the transition dipole moment is coming into existence. If, for example,
we have a ¥ — II absorption, then as a part of the transition probability we will
need to calculate a dipole transition matrix element

(J'A =1]|d|J"A =0), (1)

where d denotes transition dipole operator and J' and J” denote the angular mo-
mentum quantum numbers of an excited and ground state respectively. As we see,
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during this transition projection of an angular momentum .J on the internuclear
axis is increased by 1. This can be provided only by the dipole moment compo-
nent d;lol which in an angular momentum vector model can be associated with
a rotation of the transition dipole momentum in a counterclockwise direction in
a plane perpendicular to the quantization axis with a frequency w [13], in this
particular case — internuclear axis (see Fig. 2 a). In a similar way the behavior of
the transition dipole momentum of molecule during the parallel type of transition,

for example ¥ «+— X transition

J

a

Figure 2. Perpendicular (a) and parallel (b) type of molecular transition.

(J'A=0[d|J"A = 0) (2)

in a straightforward way can be associated with an oscillation with a frequency
w of a transition dipole momentum along the internuclear axis (see Fig. 2 b).
Unfortunately, this picture alone is not sufficient to understand what will be the
spatial distribution of molecular axes or angular momentum of molecules after the
molecules absorb the polarized light with a fixed polarization in the laboratory
frame. The transition dipole, which follow its own motion with frequency w, si-
multaneously rotates together with the molecule with a frequency €. In order to
understand what will be the angular momentum or molecular axis spatial distri-
bution in the laboratory frame when a molecule absorbs polarized light, one needs
to decompose the composite motion of the transition dipole momentum into com-
ponents fixed in the laboratory frame. Most suitable for this purpose are the cyclic
components of the vector. The unit vectors of this reference frame can be written
as [3, 16, 17]

e = —1/V(ex +iey), (3)

eO = €z ) (4)
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e1 = 1/V2(ex —iey). (5)

These vectors can easily represent the linear oscillations along the z axis (eg) and a
circular motion in the clockwise (e_1), as well as counterclockwise (e41) direction
in the zy plane [13]. In these coordinates a transition, which corresponds to the
transition angular momenta component in a laboratory frame d*!, increases the
total angular momentum J of the molecule by 1. This is a so-called R type of the
molecular transition and it is associated with the rotation of transition dipole mo-
mentum in a system of coordinates which is fixed to the total angular momentum
of molecule in a counterclockwise direction — in a direction that coincides with
a direction of the molecular rotation. The transition dipole momentum rotation
frequency in this case is w+ . The transition, which corresponds to the transition
dipole momenta d~! component, decreases the angular momentum of the molecule
by 1. This is a so-called P type of molecular transition and it is associated with
the rotation of the transition dipole momentum in a clockwise direction — in a
direction which is opposite to the direction of molecular rotation. The transition
dipole momentum rotation frequency in this case is w — 2. As far as there is a
transition dipole momentum component in the plane perpendicular to the total
angular momentum of the molecule for both cases of molecular transition — parallel
as well as perpendicular — both transition types (P and R) exist for both parallel
and perpendicular molecular transition [3, 18]. Additionally, for the perpendicular
type of molecular transition there is a component of transition dipole momentum
in a direction perpendicular to the molecular axis. This component of transition
dipole can be associated with linear oscillations along the total angular momentum
of the molecule. Frequency of these oscillations is w. This is a so-called @ type of
the molecular transition [3, 18]. All three types of molecular transition are shown
in Fig. 3.

Figure 3. Spatial orientation of transition dipole moment for P , @ and R types of
molecular transitions.
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This vector model of the transition dipole moment behavior provides a very
simple and straightforward way to analyze the kind of spatial distribution of angu-
lar momenta or molecular axis that will be created by the absorption of the light
of a definite polarization. For example, let us assume that we have light polarized
along the z axis and the frequency of the light is equal to the frequency at which
the transition dipole oscillates — w. This light is absorbed by the molecules under-
going () type transition (transition dipole moment parallel to angular moment). As
far as the classical probability to absorb light by a linear dipole is proportional to
cos? §, where angle 6 is an angle between transition dipole moment and an electric
vector of the light (see Fig. 4a), it is obvious that in this vector model the spatial
distribution p. (8, ¢) of the angular momentum of molecules will be represented
by the dumb bell shape probability density function pe(6,p) ~ cos?8, (see Fig.
5a).

Let us now consider the absorption of circularly polarized light. We will describe
the handedness of the light in accordance with the definition accepted in optics
[19]. It means that if we are looking at the light beam, which is approaching us,
and in this beam the electric field vector E rotates from left to right (clockwise
direction) then we will call this light a right-polarized light, but if the electric
field vector rotates from right to left (counterclockwise direction) then we will
call this light a left-polarized light. Now, for example, a left-polarized light is
propagating along the z axis. Its frequency coincides with the frequency w — )
of the P type transition in a particular molecule (see Fig. 4b). According to the
figure, if the angular momentum of the molecule is in the positive direction of the
z axis, then the transition dipole momentum and the electric field vector of the
light rotate in the opposite direction and the molecule is not able to absorb the
light. On the contrary, if the angular momentum of the molecules is pointed in the
negative direction of the z axis, then the transition dipole moment of the molecule
and the light electric field rotate in the same direction with the same angular
frequency. This means that such a molecule can absorb the light efficiently. If we
are putting the analysis we performed in quantitative terms, then it means that
the probability of the molecule to absorb left-hand circularly polarized light that
travels in positive direction of z axis in case of P type of molecular transition is
proportional to p. (6, ) ~ (1 — cos#)?/4, see, Fig. 5b.

Such type of analysis in each particular case of light polarization and type of
molecular transition allows to obtain a simple and comprehensive picture, which
shows, what kind of angular momentum distribution we can expect if the ensemble
of molecules absorbs the light with a specific polarization.

2.2. LIOUVILLE (OPTICAL BLOCH) EQUATIONS

Of course, a vector model described above has strong limitations. It can be ap-
plied only in the case of large angular momentum quantum number values. To
have a precise quantum mechanical description of light interaction with atoms and
molecules, one should use a quantum mechanical description. Usage of monochro-
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a

b

Figure 4. a — absorption of lineal polarized light by a @ type of molecular transition
and b — of the left hand circular polarized light by a P type of molecular transition.

matic, intense and continuously tunable radiation sources permits a very precise
control of atomic and molecular states. To describe this interaction for intense
laser radiation, one can use an optical Bloch equation [8, 20]

0 = [H, p(t)] + Tp(t), (6)

where p(t) is a density matrix describing population of the levels and coherences
created in a system. H is a Hamilton operator, which describes atom or molecule
and its interaction with the laser radiation. Finally, I' is the relaxation matrix,
which phenomenologically describes all the relaxation processes in a system. Usu-
ally this system of equations is solved in the rotating wave approximation, which
eliminates fast oscillations with a frequency of the order of optical transition fre-
quency for the density matrix elements.

For example, in the simplest possible case of two non-degenerated level system
interacting with laser radiation, we have the following Liouville equations

i

pii = D1 —Tipin +T21p22 + 2(/)12 — p21)Q, (7)
’ Ty 4Ty 4T i

P2 = — (7 —iA+ %) p12 + §(p11 — p22)Q, (8)
) )

P2 = — (FQ + F21) P22 — 5(012 - PZl)Q: (9)

where I's; is a spontaneous emission rate from level 2 to level 1 and I'; is an
additional loss rate from level i, i = 1,2. Excitation is parameterized by a Rabi
frequency Q = d12€/h, where d;2 is a dipole operator matrix element between
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Figure 5. a — angular momentum alignment (angular momentum spatial distribution
probability density) created by an absorption of linear polarized light on a @ type of
molecular transition and b — angular momentum orientation created by a left-hand
polarized light on a P type of molecular transition.

states 1 and 2 and &£ is an electric field strength of the laser radiation. Parameter
A describes a detuning of the laser frequency from the exact resonance, v is equal
to the laser radiation spectral line-width, p;;, = pj;. These equations represent the
excitation processes of a two level system with an accuracy which is adequate for
most experiments that study collision dynamics or chemical reactions. Even more,
molecular systems are often open systems. This means that excited molecules
usually decay to very many molecular states and there is a very small chance for a
molecule in a spontaneous process to return to the initial level. Consequently, we
are arriving at a situation when I's; = 0 and even in case of degenerated molecular
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states the problem very often can be treated as a set of many independent two
level systems. Each system of equations describes an independent pairs of levels
from the degenerated two level transition.

This system in many cases can be simplified further. For example, if we have
a broad spectral line excitation with a not very intense laser radiation, we have a
situation for an open transition when > I';, Q2. In practical cases this condition is
often fulfilled at excitation with cw lasers operating in a multimode regime. If the
homogeneous width of spectral transition usually is in the range of 10 MHz, then
the laser radiation spectral width broader than 100 MHz usually can be considered
as a broad line excitation. In this case we can use a procedure known as adiabatic
elimination. It means that we are assuming that optical coherence p;5 decays much
faster than the populations of the levels p;;,7 = 1,2. Then we can find stationary
solution for off-diagonal elements for the density matrix and afterwards find a rate
equations for populations in this limit. For the two level system we will have

(27 + Ty + Ty + Ty)0?
@y + D1+ Do+ Top)2 + 4827 T
(27 + Ty + Ty + Ty )02
(27 + Ty + T3 + D)2 + 402722
(27 + Ty + Ty + [y )02
(27 + 01 + Ty +Tgy)? +4A2711
(27 4+ Ty + Ty + Ty )02
(27 +T1 + Ty + Ta1)? + 442722

P11 'y —Tipin +T21p22 —

(10)

p2 = — (T2 +T91)pan+

(11)

In these equations that are valid for broad spectral line excitation (large 7) and
arbitrary values for all other parameters, one can easily see a simple rate equations
if we assume that absorption rate is expressed as

F o (2’)/ + Fl + F2 + F21)Q2
pump = (2’)/ + Fl + FQ + F21)2 + 4A2 ’

(12)

If we are interested in a stationary solution of Egs. (10 and 11), then balance
equations that can be obtained from Eqs. (10 and 11) setting right-hand-side
of equations equal to zero are valid for any values of parameters and the broad
spectral line assumption is not necessary any more. It means that very often for
two level system Liouville equations can be replaced with a simple rate equations.

Situation becomes much more complicated if we have a two-step excitation.
For example, the first laser excites transition 1 — 2 and the second laser further
excites transition 2 — 3. In this case for nondegenerated three level system we will
have the following Liouville equations:

For the diagonal elements or the populations of three levels we have

7
't —=Tip11 +Ta1pa2 + T31p33 + 3 (p12 — p21) D2, (13)
—(C2 4+ Ta1)paz + T3ap33 —

P11

P22
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i
2

. )
pzz = —(Ts+ 31 +Ts2) p3s — 3 (p23 — p32) Q3. (15)

)
(p12 — p21) Qa2 + 5 (p23 — p32) Qag, (14)

The density matrix equations for the single-photon coherences are

. . I R
P12 = — <7 — A + %) p12 +
) )
3 (p11 — p22) Q12 + 5 P13 3, (16)
) . [o1 + T2+ T3y +T'32 +1'3
P23 = — |7 —ilAx3+ 5 P23 —
) 7
3 p1382 + 3 (p22 — p33) Q23, (17)

while the equation for the two-photon coherence is
. 1, .
Pz = —5 (=iAy3 + g1 4+ T32 +T1413) pr13 —

) )
5 P23 + 5 p128223. (18)

In these equations all the notations are similar to the notations used for the two
level system.

The procedure of adiabatic elimination in this case leads to rather complicated
equations for diagonal elements of the density matrix, which in a general case
can not be reduced to simple rate equations for populations. To examine the
essential characteristics of the equations for populations we shall make a number
of simplifying assumptions. First, let us consider an exact resonance

Ay = 0. (19)

Next, we neglect all spontaneous emission between states 1,2 and 3. (Such terms
are essential when one deals with a closed system, but can often be neglected
for such an open system as most of molecules.) We assume that the remaining
relaxation rates, to other levels, are all equal:

Iy =0, r,=r. (20)
Finally, we take the two Rabi frequencies to be equal,
0 =0 (21)

With these assumptions we have the following rate equations for populations in
an assumption of broad spectral line excitation

B LQ%(p11 — pa2) Q*(p11 — p33)
A(y+I)+02 4y +D)20(y + 1) + Q2]

pi = I(l—pn) (22)
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TQ%(p11i — paz) | TQ(p33 — poo)

) = -T 2
P22 P2t RO T + 2 T A (y+ 1) + 02 (23)
LQ?(pss — pa2) Q*(p11 — ps3)
) = —Tp33— . 24
pas P38 T (v + )+ Q2 " 4(y + D)[20(y + 1) + 2] (24)
from where one and two photon absorption rates can be defined as
0°r
r = ——— —— 25
Q4
Fpump(2) = (26)

4(y+D)20(y+T) + Q2]

If, as before, we are interested only in the steady state solution (steady state
populations) for three levels, then the obtained equations are valid for arbitrary
values of all the parameters and the assumption of broad spectral line (large ) is
not needed.

In these equations we can clearly see the two photon transition probabilities
that directly connect levels 1 and 3 and are proportional to the fourth power of
Rabi frequency. These equations in the limit of weak excitation (small Q) lead to
the ”phenomenological” rate equations, which do not take into account two photon
transitions

Q%(p11 — pa2)

) = I'(1l- — , 27
P11 ( P11) 2(7 i F) ( )
R 0? (Pn - P22) 92(1)33 - 922)

= -T , 28
P22 P22t T T 20y + 1) (28)

Q?(p33 — p22)

) = I - 29
P33 P33 2(7 n I‘) ( )

We see that, taking into account assumptions made with respect to the relaxation
rates and other parameters, we basically have arrived at the same absorption rate
that we had for a two level system, compare to Eq. (12). It is interesting to note
the ratio between two-photon transition rate and one-photon transition rate. This
ratio is
Lpump(2) _
Cpump(1) — 40(y +T)’

which means that the transition rate for two photon transitions is negligible for
weak excitation, but can play a dominant role for strong laser radiation and cannot
be neglected.

To illustrate the method described above, let us consider now one particular
example (see Fig. 6). The diatomic molecule, for example Nas, is excited in two
steps by two weak linear polarized lasers, which are at an exact resonance (A = 0)
— first one with the first molecular transition, but the second one with the second
molecular transition. In the first case lasers are polarized parallel to each other.

(30)
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Angular momenta of the molecular states involved in the transition are J" =7 —
J; =8 — J5 = 9. As a result we have molecular axis distribution in the second
excited state as depicted in the Fig. 6a. The z axis in this figure is directed along
the direction of polarization of both lasers. As we see, molecular axes are very
strongly aligned along the direction of quantization axis (direction of polarization
of a laser beams).

On the contrary, if we have lasers polarized in perpendicular directions to each
other, we point the z-axis in the direction of polarization of second laser and
consider molecular transitions in a sequence J" =7 — J| =8 — J} = 8, then we
have molecular axes distribution in the second excited state as shown in Fig. 6b.
Now molecular axes are very strongly aligned in the plane that is perpendicular
to the axis of quantization. This example demonstrates, how efficiently we can
manipulate the molecular axes distribution just by varying angular momentum of
the states excited by laser beams and mutual polarization of lasers.
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Figure 6. The probability distribution of molecular axes for two step laser excitation of
diatomic molecules. For case a we have angular momentum quantum number sequence
7-8-9 in molecular transitions, but for case b we have 7-8-8 sequence. Mutual laser polar-
ization for both cases is shown in the figure.

3. Rate equations for degenerate levels

Let us analyze further to what consequences assumption of spectrally broad laser
excitation leads. We shall assume that we have degenerate ground and excited
state of optical transition. For example, it can be an optical transition between two
molecular states that consists of a large number of degenerate magnetic (Zeeman)
sublevels. It means that this large width of laser line will prevent the formation of
the optical coherences between pairs of magnetic sublevels, in which one sublevel
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belongs to the ground sate and another to the excited state — optical coherences.
At the same time there is no reason why, with the spectrally broad radiation,
coherences between pairs of magnetic sublevels for which both sublevels belong
either to the ground or to the excited state could not be created. To analyze these
Zeeman coherences, the density matrix equations for degenerated two level system
for a broad spectral line excitation can be used [3, 12]

P = Tp > (M E*d M) (M| E*d |M})" onr,nry —
Mg M},

r .
(G +iws) Do (M| B M) (MY B My)" o, =

M! M,
T .
(71) —iws) > (M!|E*d|M,) (M/|B*d |M,)"* fos ppr —
M! M,
Cfaonar —iwne, m far, (31)
; r, .
PM M, = _(71) + iws) Z <Mg| E*d |M.) <M;’| E*d |M€>*(10M;'M; -
M, M.
T .
2 tas) X (MY E M) 0| B’ g +
M, M.
Ly Z (M,| E*d |M.) <M;| E*d|M!)* fvom: = vom,my —
MM
iwm, My oMMy + Z F%:%ZfMeMé + Ao,y (32)
MM

where by fa, ar and o, My, are denoted the density matrices of an excited and
ground state level respectively. The first term on the right-hand side of Eq.(31)
describes the absorption of light at the rate I',. The transition matrix elements of
the form (M.| E*d |M,) account for the conservation of angular momentum during
photon absorption with E being the light polarization vector. The second and the
third terms describe the stimulated emission of the light and the dynamic Stark
shift wg. The fourth term characterizes the relaxation of the density matrix fas, M
with a rate constant I'. Finally, the fifth term describes the Zeeman splitting of
the magnetic sublevels M, and M by a value of war, vrr = (En, — Enr,, )/

The first and the second terms on the right-hand side of Eq.(32) describe a
light absorption and the dynamic Stark shift, the third term — the stimulated
light emission, the fourth term — the relaxation processes in the ground state,
the fifth term — the Zeeman interaction, the sixth term — the repopulation by
spontaneous transitions at a rate F%y%ﬁ, and the seventh term — the relaxation
of the density matrix of the ground state atoms interacting with the gas in a cell,
not influenced by the radiation.
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The matrix element of electric dipole transition (M. |E*d |M,) is expanded as
[3, 16, 17]

(ML E*d |M,) = ST (EY* (M.]d"|M,), (33)
q
where the superscript ¢ denotes the cyclic components of the respective vectors.
The matrix element at the right-hand side of equation (33) are further expanded,
applying the Wigner—Eckart theorem, as [3, 16, 17]

1
V2F, +1

where (J ||d|| J;) is the reduced matrix element. Under conditions of stationary
excitation the system of equations (31) and (32) becomes a system of linear equa-
tions for the ground and excited state density matrix elements. The coefficients
of this system are calculated using angular momentum algebra and the formulas
presented above. For further details see, for example [3].

Solution of this equation allows to calculate spatial distribution and its evolu-
tion in time for angular part of probability density, which in case of atoms means
angular distribution of valence electron but in case of diatomic molecules — the
spatial distribution of molecular axis. This is an important information, if the
stereo effects for different interactions are under the study. Hence, for example, if
we know the density matrix of the excited state of diatomic molecule, then the
molecular axes distribution can simply be calculated as [15]

paw(ea(p) = Z fMleyJMl(ea(p)Ysz(ea@)- (35)
My M»>

(M| d" |M,) = Ceatorg (Fe ldl| Fy), (34)

g

If one is interested in a spatial distribution of angular momentum created by laser
radiation, then there is a method how to make a transition from quantum den-
sity matrix to the continuous angular momentum spatial distribution probability
density. As it is shown in [21], a classical probability density pq (6, ¢) for angular
momentum spatial distribution can be connected to the density matrix elements
favrne - At the J — oo limit these elements can be considered as coefficients of the
Fourier expansion of a classical probability density pe; (6, )

oo

ps(0,0) = Z e fursmg; cost) =

E=—00

2M
2J+1°

(36)

The last equation is not restricted to the case when we have a coherent superposi-
tion of two M states belonging to the same J. If they belong to different J states,
all we need to do is replace J with (J; 4+ J3)/2. The inverse of (36) can be written
as

1 .
fuvg m-5 = 5 /6_““’ pet (0,) dip - (37)
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In practice, we almost always have the situation when for those far4 g m—g that
differ from zero, values of € are small in comparison to the interval of all allowed M
values. For most cases of practical interest it makes the calculation of (36) rather
simple.

4. Influence of external fields

The action of the external fields like electric or magnetic can be taken into account
in a very general way. External fields, as a rule, lift the degeneracy of different
magnetic sublevels of the angular momentum state. It means that in the external
field magnetic sublevels are split and cause appearance of the nonzero Zeeman
frequencies war, ;. = (Enr, — Ear,, ) /1. For different molecules in different (electric
or magnetic) fields pattern of magnetic sublevel splitting can be very different.
It means that Zeeman frequencies wyy, p; can have different dependence on M.,
M| for different cases. The simplest case is the linear Zeeman effect, when in the
magnetic field each magnetic sublevel obtains additional energy, which is directly
proportional to the magnetic field strength and magnetic quantum number. The
coefficient of proportionality is the Bohr magneton pp multiplied by the Lande
factor g

EM :g,LLBBM. (38)

As a result, Zeeman frequencies are simply war,pr = gupBAM/h, where
AM = M — M'. In terms of the vector model described above, this means that
the linear Zeeman effect causes precession of the angular momentum probability
distribution around the magnetic field with Larmor frequency wpqrmor = gusB/h.
Shape of probability density during this precession is preserved [15]. However, in
many cases Zeeman effect deviates from a simple linear behavior and then the influ-
ence of the external field on the polarization of molecules created by the laser field
can be a sensitive probe of this nonlinearity of Zeeman effect. As it was shown,
for example, for Te, in [22] and [23], the nonlinearity of the Zeeman effect can
cause a symmetry breaking of the angular momentum spatial distribution, which
exhibits itself as an appearance of the orientation of angular momentum in the
initially aligned ensemble and appearance of the circularly polarized laser induced
fluorescence after linear polarized laser excitation, as a consequence. Observation
of such type of effects allows to study the reasons for nonlinearity of the Zeeman
effect and to determine such molecular constants as the rate of magnetic predisso-
ciation and state mixing matrix elements in external fields. In this particular case
a rather strong circularity (up to 5%) was observed at a magnetic field strength
of 0.4 T (see Fig. 7)

In the case of an electric field, situation can be even more peculiar. In most
cases Stark effect in molecules is in principle nonlinear (quadratic) over the elec-
tric field strength £ and magnetic quantum number M. This allows to exploit this
intrinsic nonlinearity and to manipulate angular momentum spatial distribution of
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Figure 7. Circular polarization rate created by an alignment to orientation conversion in
laser excited fluorescence of the Tez molecule due to magnetic intramolecular interactions
and magnetic predissociation.

alignment

orientation

Figure 8. The angular momentum probability distribution of diatomic molecule in
absence of an electric field — case a and when electric field is applied along the z axis
— case b.

molecules. Let us consider one example. In Fig. 8 angular momenta spatial distri-
bution are shown for two cases. In case a we have initially aligned molecules. This
alignment is created by a linerly polarized laser radiation in @ type of molecular
transition. Laser is polarized in yz plane at an angle /4 with respect to z axis.
Molecules are aligned along the laser polarization vector. If now an electric field is
applied along z axis angular momenta distribution is changed in such a way that
more angular momenta are pointed in the negative direction of z axis than in the
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positive direction. As a result, we have transverse (perpendicular to the axis of
quantization) orientation of angular momenta of molecules. For more details, see
[15].

This alignment to orientation conversion can be exploited for practical pur-
poses. In molecular beams alignment of angular momentum of molecules due to
collisions during the beam formation usually occurs almost automatically [24]. If we
apply an electric field in the direction of /4 to the beam direction, this alignment
can be efficiently converted into orientation. Choosing appropriate region length
along the beam direction in which field is applied and field strength one can orient
molecules in a selected rotational state and even for a selected isotopomer of the
molecule. For details, see [25].

When speaking about nonlinear Zeeman or Stark effects in molecules as well as
in atoms, we should keep in mind that usually these nonlinearities are caused by
mixing in the external field of the different molecular states — be that rotational
states of the molecules or other close lying states like, for example, Lambda doublet
components in the IT states of the diatomic molecules. This state mixing does
not only cause nonlinear magnetic sublevel splitting but also modifies state wave
functions between which light causes transitions. It means that the matrix elements
of a type (M| E*d |M,) do not describe any more transition probabilities between
states with well defined angular momentum J but between states the wave function
of which, in general case, can be represented as

IXMy) = s |TiMy) . (39)
Ji

As it was shown in [26], this leads to the substantial modification of the tran-
sition probabilities between molecular states and it can happen that transitions
that are strictly forbidden in absence of the external field, in presence of the field
become to be allowed and exhibit high probability.

5. Conclusions

In this paper it was very briefly demonstrated that the laser radiation in combi-
nation with external fields can be a powerful tool to prepare molecules in specific
quantum state that can be characterized with a well pronounced spatial anisotropy
of molecular axes (chemical bonds) and angular momentum. These states in past
have been exploited in studies of molecular properties including dynamics of chem-
ical reactions, but it seems that full capacity of this method still needs to be
explored.
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