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Abstract

The theoretical foundations of atom dynamics in laser fields are reviewed in relation with applications to
laser spectroscopy, control of atomic motion, atom traps and frequency standards. We present an ab initio
approach to the description of internal and translational dynamics of multilevel atoms in laser fields based
on the equations for the atomic density matrix. Semiclassical density matrix equations are reviewed and
applied to the description of properties of atomic populations and coherences for a classically moving atom.
Quantum-kinetic equations for the atomic density matrix are reviewed for the multilevel interaction schemes.
The procedure of reduction of the quantum-kinetic equations to the Fokker—Planck quasiclassical kinetic
equation for the atomic distribution function is described. Quasiclassical kinetic equations are applied to the
multilevel atomic schemes to describe the translational atomic dynamics. Basic types of the dipole radiation
forces on atoms are considered for realistic cases of multilevel dipole interaction schemes. The applications
of the theory of atomic dynamics in laser fields to the laser cooling, magneto-optical and optical dipole traps,
and optical lattices are discussed. (©) 2002 Published by Elsevier Science B.V.

PACS: 32.80.Pj; 42.50.Vk

Keywords: Atomic excitation; Atomic motion; Laser fields; Multilevel atoms; Dipole forces

Contents

L INtrodUCHION . . ..ot e e e e 67

2. Semiclassical atomic denSIty MATIIX . .. ...ttt ettt et e et et e et e e e 68
2.1. Dynamic equations for @ MmOtONIESS AtOM . ... ...\ttt ittt ettt et e e et e e 68
2.2. Dynamic equations for @ MOVINE AtOM. . .. ... .. utu ittt ettt e e e 70

* Corresponding author.
E-mail address: minogin@space.ru (V. Minogin).

0370-1573/02/$ - see front matter (©) 2002 Published by Elsevier Science B.V.
PII: S0370-1573(02)00016-9



66 S. Chang, V. Minogin! Physics Reports 365 (2002) 65143
2.2.1. Galileo transformation . . ... ....... ittt et e e e 70
2.2.2. Rotating wave approXimation . .. ... ... ... ... enten et ettt et 71
2.2.3. Dipole interaction matrix €lemMENts .. ... .......iuttnttt ettt 72
2.3. Spontaneous relaxation terms and complete semiclassical equations............ ... 73
2.3.1. Quantized vacuum field. .. ... ..o i e 73
2.3.2. TWO-eVEL @tOM . ..o .ot e 74
2330 MUltilevel atom . ... ..o ettt e e 78
3. DIpole 1adiation fOTCES . ...\ttt ettt e e e e e e e e e e 81
3.1. Dipole force on @ MOVING QTOMI. . ...\ttt ettt ettt ettt e et et et et e et et et e 81
311, General @qUAtION . . ..o ettt ettt et e e e e e e e e e 81
3.1.2. Dissipative and reactive (gradient) fOrCes . ........ouiintintii i e 82
3.2. Two-level atom in a laser Deami. ... .. .. .ottt 83
3.2.1. Atomic populations and CONETENCES . ... ... ...ttt e e 83
3.2.2. Radiation pressure force and gradient force.............oouiiiiiiiii 84
3.2.3. 0Optical POtential . .. ...t 86
3.3. Multilevel atoms in 6" — ¢~ field configuration..................oiiiiiiiiiiiii e 87
331 (T43)-1eVel AtOM. ..ttt ettt e et et e e e e e e e e e e e 89
3.3.2. (B43)-leVel @tOm. . ..ottt e e 90
3.3.3. (BHS5)-level atom. . ... 91
334, (543)-1eVel AtOM. ..ttt e e e 95
3.4. Multilevel atoms in linLlin field configuration ......... ... ... i 96
3401, (BH3)-level atom. . ... e 97
342, (B45)-1eVel AtOM. ..\ttt e e e 99
4. Quantum-Kinetic @qUALIONS. ... ... ...ttt ettt et et e e e 104
4.1. Coordinate TEPIESEILALION . .« .t vttt ettt et ettt e et e et e et e et et e et et e e e e e e 105
4.2, WiGNET TEPTESEIEALION . . . o\ttt et ettt et et ettt et et et e et et et e et et et e e e et e 107
4.2.1. DYNAMIC TOITNS .« .o ettt ettt et et e et et et e e e et e e e e e et e e e e et e 108
4.2.2. Spontaneous dECAY TETINS . . ... vttt ettt ettt et et e ettt et e e e e 109
5. Quasiclassical KinetiC ©qQUAtIONS . . .. ...\ttt ettt ettt et et e et et et et e e e 110
5.1. Transition to quasiclassical deSCIiPtion . ... ... .....uiu ittt e 110
5.2. Fokker—Planck equation for two-level atom ....... ... ... . i 113
5.3. Fokker—Planck equations for multilevel atoms in 6" — ¢~ field configuration............................ 114
531 (T43)-1eVel @tOm. ..ottt e e e e e e e 114
5.3.2. (B43)-level atOm. . ...t e 115
5330 (B5)-1evel atom. .. ... e 115
534, (543)-1evel atom. . ..ottt e 117
5.4. Multilevel atoms in linLlin field configuration ....... ... ... ... i 117
SA.0. (B43)-1evel @tOm. .. ..o e 117
542, (B45)-1eVel @tOM. . .ottt e 118
6. Laser COOING OF @IOMS . . . ..ottt ettt et et e e e e e et e e e e e e e e 120
6.1, DOPPIEr COOLIME . . .ottt ettt ettt e et et e e e e e e et e e e et et et e e e e 121
6.2. SUD-DOPPIEr COOLINEG . . ..ottt ettt e e et et e e e e e e 122
6.2.1. 6" — ¢ laser field CONfIGUIAtiON. ... ... ..\ttt 122
6.2.2. lin L lin laser field configuration . ..............c..oiuiniir it 126
7. Magneto-OptiCal traD . . . ...ttt ettt et e e e e e 127
7.1. Quantum-KinetiC €qUALIONS . ... ...ttt sttt ettt e et e e e e e e e e e e 128
7.2. Dipole radiation fOTCE . ... ... .tt ittt e e e e e 130
7.3. Double-structure potential Well .. .. ... ... .o .o 131
8. Optical dIPOle traPS . . ..ottt ettt e e e e e e 133
8.1. Single-beam optical dipole trap. .. .. ..ttt ettt e e 133
8.2. Single-beam dipole trap with superimposed laser COOlNG .. .........ovutineiiiiii i 135

8.2.1. Quantum-Kinetic eqUAatiONS ... ... ...ttt ittt ettt e 136



S. Chang, V. Minogin! Physics Reports 365 (2002) 65—143 67

8.2.2. Quasiclassical deSCTIPHON . ... ...ttt ettt e e et e e e e 136
8.2.3. DIpole gradient fOrCe . . ... u .ttt e e e 137
8.2.4. Optical potential depth and Kinetic energy ............ouuuiiriinii i aenaens 138
8.2.5. Conditions for stable trapPing. ... ... ....ouuon ettt e e 140
9. COMNCIUSION « . . ettt ettt et ettt e e e e e e e e e 141
ACKNOWICAZEIMENLS . . . .ottt ettt et et e e e et et e e e e e e e 141
RETOTONCES . . o oot 141

1. Introduction

The purpose of this review is to describe the density matrix approach to atomic motion in laser
fields, present theoretical fundamentals of translational dynamics of atoms in laser fields, and outline
the applications of theoretical approaches to laser control of atomic motion, including laser cooling
of atoms and atom traps. For the past decades both internal and translational dynamics of atoms in
laser fields have been investigated for many specific dipole interaction schemes and under different
conditions. Extensive theoretical and experimental studies of atomic dynamics resulted in the devel-
opment of the effective techniques to control both the internal and translational atomic states. Among
such techniques one can mention optical pumping, velocity-selective excitation of atoms, coherent
population trapping and methods of cooling and trapping atoms, deflection, reflection and splitting
atomic beams, and guiding atoms in laser fields. It can nowadays be said that the development of
the above methods resulted in the creation of foundations of atom manipulation with laser light
and atom optics (Letokhov and Chebotayev, 1977; Demtroder, 1996; Minogin and Letokhov, 1987;
Kazantsev et al., 1990; Arimondo et al., 1992; Berman, 1997; Grimm et al., 1999; Metcalf and van
der Straten, 1999; Balykin et al., 2000).

From a general physical point of view both the internal and translational dynamics of an atom
in a laser field can be attributed to one of the two basic types according to the relation between
the contributions of the induced and spontaneous transitions. At short interaction time 7j,; compared
with the spontaneous decay times, iy <Tsp, spontaneous transitions cannot play a noticeable role
in atomic dynamics. In this relatively simple pure quantum-mechanical case the atomic dynamics
is mostly a coherent one, well defined by the time evolution of the initial atom state and initial
shape of the atom wavepacket. This case is of basic importance for the coherent atom control by
pulsed laser fields and for atom optics. Quite a different and most complicated case occurs when
the interaction time is of the order of or exceeds the characteristic relaxation times defined by the
spontaneous decays, Tiny X Tsp. In this most frequently investigated case atomic transitions induced
by a laser field are interrupted by a stochastic process of spontancous photon emission. As a result,
spontaneous decays lead to a relaxation of the internal atom states to the quasi-stationary states while
the quantum-statistical fluctuations in atomic momentum cause the atomic wave packet to perform
a stochastic motion and drift in the momentum space. This latter case of quantum-statistical atom
dynamics is of importance for applications related with spectroscopic studies of atoms and control
of atomic motion by continuous laser fields.

In this paper we concentrate on the quantum-statistical atom dynamics paying basic attention to the
excitation processes and dynamics for multilevel interaction schemes. While internal and translational
dynamics of a two-level atom is relatively simple, the dynamics of multilevel atoms exhibits many
new features specific of multilevel interaction schemes.
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Among studies of the problems of translational dynamics of multilevel atoms in the laser fields
the most important is the quantum-statistical approach based on the quantum-kinetic equations for
the atomic density matrix. This general approach can be applied to any specific dipole interaction
scheme between an atom and the laser field. Depending on the level of simplification this approach
can give a simple description of the internal atomic states in the framework of the semiclassical
approach, or describe the time evolution of the internal and translational atomic state in terms of
quasiclassical approach, and finally give the most complete description of atomic dynamics in terms
of a fully quantum-kinetic approach.

This paper aims at the review of basic physical principles of atomic dynamics with applications
to basic schemes of laser cooling and trapping of multilevel atoms. We discuss atomic dynamics for
practically important laser field configurations and the multilevel dipole interaction schemes relevant
to the experiments in the field. The review considers three basic levels of the theoretical description
of atomic dynamics in laser fields. First, a relatively simple semiclassical approach is used for
describing the internal atomic dynamics and dipole radiation forces on atoms. This approach treats
atoms as classically moving systems possessing quantized internal states (Sections 2 and 3). The
most general quantum-statistical description in terms of the quantum-kinetic equations for the atomic
density matrix is given in Section 4. The quasiclassical level of description is discussed first in
general in Section 5 and is applied later in Sections 6—8 for description of laser cooling of atoms
and atomic motion in the atom traps.

2. Semiclassical atomic density matrix

In many conventional situations the dipole interaction of an atom with a laser field can be treated
assuming that the atomic center of mass moves classically. This assumption is always justified if
the change in atomic momentum caused by the photon recoil associated with the absorption or
emission of the laser field photons and emission of the vacuum field photons may be considered
unimportant under the conditions of a specific problem. In such a case the only effect of the dipole
interaction of the atom with a laser field is an excitation of a classically moving atom at the internal
transitions. In this case the internal atomic dynamics is described by the semiclassical atomic density
matrix which parametrically depends on the classical coordinates of the atomic center of mass. In
this section we introduce the concept of the semiclassical atomic density matrix and describe the
specific forms of the density matrix equations for the multilevel interaction schemes. The material
presented below represents a particular case of application of a general quantum-statistical concept
of the density matrix to a case of the electric dipole interaction of an atom with the electromagnetic
field (Neumann, 1955; Fano, 1957; Haar, 1961; Landau and Lifshitz, 1977; Blum, 1981).

2.1. Dynamic equations for a motionless atom

We first recall the basic notions on the atomic density matrix for a case when a motionless atom
interacts with a laser field at short times compared with the spontaneous decay times, Tin; < Tsp. In this
case the dynamics of the internal atomic states is completely described by the Schrodinger equation
with the atomic wave function ¥ = ¥(&,¢) which depends on the set of coordinates £ =¢,&,,..., &,
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used for the description of the internal atomic motion, i.e. the motion of the electrons and nuclei in
the atom. The atomic wave function is assumed to be normalized “per a single atom”.

Under the dipole interaction of a motionless atom with a classical laser field E = E(r,?) the
Hamiltonian H includes a proper atomic Hamiltonian H, = H,(&) which depends on the internal
atomic coordinates &, and the dipole interaction operator V' = —d - E,

H=H,+V=H,—d -E, (1)

where d = d(&) is the operator of the electric dipole moment of the atom or simply the electric
dipole operator. Proper atomic Hamiltonian is assumed to possess the atomic energy eigenvalues E,
and eigenfunctions ¥,(&,¢),

V(8 1) = P (E)e N,
Hawn(é) - En‘//n(é) 5 (2)

describing the stationary states of the atom in the absence of the dipole perturbation V. The atomic
eigenfunctions (&) are assumed to satisfy the orthonormalization conditions,

/ U EWE) PE= S . 3)

Note that we use a simplified notation for the differential taken over the internal coordinates, d3é=
d3ép...d%¢,.

The decomposition of the atomic wave function over the time-dependent eigenfunctions of a proper
atomic Hamiltonian

V(D= a(&), (4)

gives the decomposition of the atomic density matrix considered as a function of atomic coordinates
& and & as

P&, 1) = PEDY(E.D) =Y punhm( N (E)e = Ei (5)

where the atomic density matrix elements defined with respect to the time-dependent eigenfunctions
are

Pmn = An@, . (6)
The atomic density matrix function satisfies the equation of motion

G %

if = P(&, g.0)=(H(&) - H (&) 1), (7)

where it is assumed that the Hamiltonian H (&) acts on coordinates & and the Hamiltonian H (&)
acts on coordinates &, and the equations of motion for the atomic density matrix elements are

., 0
ih 5 P = Em: Vin(8)pm1 — zn: PinVai(t) . (8)
In the above interaction representation

Vi) = / I E DV (E)PAE ) DPE = Vel )
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are the matrix elements of the dipole interaction operator defined with respect to the time-
dependent eigenfunctions and wy; = (E; — E;)/h. The quantities

Vi = / VEEW (EWN(E) P = —dy - E (10)

are the matrix elements of the interaction operator taken with respect to the time-independent eigen-
functions and

dy — / VEEEWI(E) &3¢ (11)

are the matrix elements of the atomic dipole moment.
Decomposition of the atomic wave function over the time-independent eigenfunctions (&) of a
proper atomic Hamiltonian,

W(E D= a(&) (12)
gives the decomposition of the atomic density matrix function as
PEE D= Pruthm(EW(E) . (13)

In the same interaction representation, the density matrix elements defined with respect to the
time-independent eigenfunctions, p,,, = dn.d,, are related to the density matrix elements defined
with respect to the time-dependent eigenfunctions, as

_iwmn[

ﬁmn = Pmn®

The equations of motion for the density matrix elements p,,,,

L 0 N - -
in 5 P = (Ex — E1py + Z VinPmi — Zpkn Vat > (14)

m n

differ from Egs. (8) by the additional energy terms.

2.2. Dynamic equations for a moving atom

2.2.1. Galileo transformation

The structure of the semiclassical density matrix equations for a classically moving atom can
always be found by a transformation from the atom rest frame to the laboratory frame. As before
we neglect here the spontaneous relaxation and consider only the dynamic terms in the semiclassical
density matrix.

Assume that the atomic center of mass has coordinates r,¢ in the laboratory frame and coordinates
r',¢ in the atom rest frame. For simplicity, the two reference frames may be considered to coincide
at the initial instant of time ¢t =¢ = 0. At any arbitrary instant of time the coordinates of the atom
in the two reference frames are connected by the Galileo transformation,

r=r +vt, t=t,

where v =dr/d¢ is the velocity of the atom in the laboratory frame.
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In Egs. (8) and (14) the time derivative is considered to be taken in the atom frame, i.e. as 0/0¢.
Changing the variables from r’ and ¢ to r and ¢ according to the inverse Galileo transformation,

=r—vt, {=t,

one can express the time derivative in the atom frame through the derivatives in the laboratory
frame,

0 00  oro 0 0

T T a o
The last equation represents a general result. The density matrix equations for a moving atom include
not the partial but the total (or convective) time derivative

d © 0
a - aVar (1s)
The total time derivative describes the evolution of the atomic density matrix both in time and space.
The transformation to the laboratory frame thus shows that for a classically moving atom the
density matrix equations differ from Egs. (8) and (14) by a meaning of the time derivative only.

For a moving atom the equations for the elements of the density matrix p are

L d io, i,

i = _zm: (o - E)e" " oy + zn: Prn(dyr - E)e' (16)
and for the elements of the density matrix p are

L od o ~ ~ ~

i P = Ex = ENpyy = Y (i - BNy + Y (s - E) (17)

In the above equations the density matrix elements are functions of a space coordinate and time
and parametrically depend on the atomic velocity, px = pu(T,V,1), Py = Py(r,v,2). The laser field
is considered as taken at the position of the atom, E = E(r, 7).

2.2.2. Rotating wave approximation
When a multilevel atom interacts with the laser field composed of monochromatic waves, say,
plane travelling waves,

E= Z (Eaei(kar—(oat) + Ea*e—i(kar—wat)) , (18)

near resonant to the atomic transitions with frequencies w,,, = (E,, — E,)/h > 0, the “fast” terms
oscillating at frequencies w, + w,, ~ 2w, (twice the optical frequencies w,) can be neglected
compared with the “slow” terms oscillating at different frequencies |, — wu,| <@, (see, e.g., Allen
and Eberly, 1975). In this rotating wave approximation (RWA) the dynamic terms in the density
matrix equations include only slowly varying terms. Eq. (16) defining the density matrix p can be
written in RWA as

. d a kgt —1(wg— g )t a ik r—i(wa—wp )t
ih < pr = —azmj (A - E)ppuic o (- EY)prge 1

a,n

- Z (dkm . R )pmlefikar+i(wa7wmk)t + Z (dnl g )pknefikar-ﬁ—i(wafw/n)t ) (19)

a,m a,n
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In the above form of writing it is assumed that the equations include the terms with positive atomic
transition frequencies only. The first sum is assumed to include the terms with frequencies wy, =
(Ey — E,)/h > 0, the second sum with frequencies w,; > 0, the third sum with frequencies w,,; > 0,
and the fourth sum with frequencies w;, > 0. The quantities J,,, = @, — w,,, entering Egs. (19) have
accordingly the meaning of the detunings of the laser field frequencies w, with respect to the atomic
transition frequencies ®,,, > 0.

2.2.3. Dipole interaction matrix elements
For an arbitrarily polarized laser field (18) the dipole interaction terms can be evaluated by
decomposing the dipole moment d and the field amplitudes E*, E** over the spherical unit vectors

1
e =e, er= :F\ﬁ (e L iey) . (20)

With the definition for the spherical vector components dy, d+ and Ejj, E4 identical to that for the
spherical unit vectors (20) the decompositions are

d=doey —d_e. —d e_,
E‘=Eje) — E%e, — Efe_ .
This gives for the scalar product
d-E'=diEf —d_E{ —d E" ,
and for the matrix elements of the dipole interaction terms
dy - E* = (k|d|l) - E* = (k|do|l)E§ — (k|d_|[)E} — (k|d,|l)EZ . 21)

The matrix elements (d,)u = (k|d,|l), ¢ = 0,£1, of the dipole moment spherical components can
usually be expressed through the reduced dipole matrix element (k||d||/). In typical dipole interaction
schemes the atomic states are described by the angular momentum states |k) = |ojm). In such cases
the dependence of the dipole matrix elements on the magnetic quantum numbers can be found with
the use of the Wigner—Eckart theorem (see, e.g., Edmonds, 1974; Zare, 1988)

./ .
. . R A . .
(o j'm’|d yojm) = (—1)/ ( ) ) (o j'l|d]|eef) (22)

-m q m

where (oj'||d||oj) is the reduced dipole matrix element.

In applications related to the control of atomic motion by the laser fields of basic interest are
the dipole interaction schemes which include the hyperfine structure states |aFM), where o = nLSJI
denotes the quantum numbers of the fine structure states. For such schemes the dipole matrix elements
can be evaluated as

U

F
(A F'M|dj|oFM) = (= 1) =M ( M) (o F'||d||oF) (23)

M’
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where the reduced matrix element for the hyperfine structure transition is expressed through the
reduced matrix element (o/||d||«) for the fine structure transition,

J F' I
<oc’F’Hd|ocF>=<—1)””F“¢(2F+1)(2F'+1){ . 1}<o<’||d||oc>. (24)

The values of the 3 —j and 6 — j symbols entering Egs. (22)—(24) can be found for specific atomic
schemes in Edmonds (1974), Sobelman (1979) and Zare (1988).

2.3. Spontaneous relaxation terms and complete semiclassical equations

The spontaneous relaxation terms in the equations for the semiclassical density matrix follow from
the consideration of the dipole interaction of the atom with a vacuum electromagnetic field treated
as a quantized photon field. The basic lines of derivation are explicitly shown below for the simplest
case of a two-level atom. The relaxation terms for the multilevel atomic schemes are given below
for a sufficiently general and practically most important case of the hyperfine structure states.

2.3.1. Quantized vacuum field

We first recall the field quantization procedure needed for the consideration below (Heitler, 1944;
Berestetskii et al., 1971; Louisell, 1973; Loudon, 1983). The quantization procedure treats a free
vacuum field as a stationary system of quantum-mechanical harmonic oscillators described by the
Hamiltonian Hy,

Hy =) hoaaf +1/2), (25)

where the annihilation a; and creation a; operators satisfy the commutation relations

[a;,ay]=[a),a]1=0, [asa,]=0.

and index A=(Kk,i) specifies a particular field oscillator with wave vector k and polarization i =1, 2,
and w; = kc.

Each stationary state of a set of harmonic oscillators is described by the wave function @=®,,, ;...
which is a product of the stationary wave functions ¢,, of the field oscillators,

d)nlnzm... — H (Pn;, 5 (26)

where n; is the number of photons of a type A=(k,7) in a vacuum field. The partial wave functions
¢n, = |n;) satisfy the usual orthonormalization conditions

<(Pn,:|</)nu> = <n,1|nu> =0jy - (27)
The action of the annihilation and creation operators on the field oscillator wave function ¢,, =|n;)

is defined by the expressions which follow from the equations for the matrix elements of the harmonic
oscillator

a;|ny) = /nln; — 1),
ailn)y =+/n;+1ln; + 1), (28)

aya;ln;) =nln;) ,
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where the last expression jointly with orthonormalization condition (27) define the number of photons
n, in the mode A = (k,i) of a vacuum field,

(Puyioms.. a5 1| Ppyons.) = (nila;as|n;) = (ny|nylny) =ny . (29)
The energy of a quantized vacuum field according to the above equations is

Ey = (Puynans.. | Hy| Brmomy..) = > heoy(ni +3) . (30)

The consideration of the vacuum field variables as operators makes both the vector potential and
the electric and magnetic fields to become operators as well. In terms of the annihilation and creation
operators the operator of the vector potential A and the operators of the electric field E and magnetic
field B are

A=) (Aa;+Ajd),
E= (Ea; +Ed), (31)
B=> (B, +Bja)),

where A, F;, and B, are the vector potential, electric and magnetic field of a “single photon”,

ok
A;L:C n eielkr ,
\[CL);L
2nh .
E =iy e (32)
2nh
B, = ic V” [k x e;]e"
),

and e, (A=(k,7)) is a unit vector defining the polarization of a plane travelling wave with the wave
vector k, and V is the quantization volume. The above relations fully define a vacuum field as a
quantum-mechanical system.

2.3.2. Two-level atom

To maintain formal similarity with the quantum-mechanical description of the vacuum field and
a two-level atom one can introduce the atomic lowering b and rising b* operators defined by the
equations

blg) =0, ble)=1g), bTlg)=le), b'le)=0. (33)
With these definitions the Hamiltonian for a motionless two-level atom can be written as
H, = hawob™b . (34)

In accordance with Egs. (33) the eigenvalues of the atomic Hamiltonian H, are defined here assuming
the ground state to have zero energy,

Ey = <g|Ha|g> =0, E,= <e‘Ha’e> =Thawy . (35)
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The matrix elements of the dipole moment operator d for a two-level atom can be chosen to be real,

(gld|g) = (eldle) =0, (eld|g) = (gld]e) =d . (36)
The last equations being compared with Eqs. (33) show that the atomic dipole moment operator is
represented in terms of the atomic operators b and b™ as

d=d(b+5b"). (37)

With the above definitions the dipole interaction operator ¥ responsible for the interaction of a
two-level atom with the vacuum field can be written in RWA as

V=—d-) (Eb*a;+Eba)), (38)

where the summation includes all the modes of the vacuum field. The matrix elements of the RWA
interaction operator other than zero are only for the one-photon absorption or emission processes,

Veg;nz,nﬂrl = <ea”2“7‘ga”i + 1) =—d-Ev/n+1,

Vge;nﬁl,nz = <g> n; + 1“7’67 I’l;~> =—d- [Ej v+ 1.
Considering the Schrodinger equation with the Hamiltonian that includes the vacuum field Hamil-
tonian, proper atomic Hamiltonian and the dipole interaction operator,
H =Y "hoaal + 1) +hop™d—d- > (Eb*a; + Ebal) (40)

one can derive a set of equations for the probability amplitudes ¢ ,, which describe the joint states
of a two-level atom and the vacuum field. To do so, the total wave function for an “atom-+vacuum
field” system is to be decomposed over the eigenfunctions of a two-level atom and the vacuum field,

W => cin e W] on e (41)
ki A

(39)

It is to be noted here that the probability amplitudes c;,, depend on all the occupation numbers
n,. Using for shortness a single index n, in Eq. (41) we assume here that the quantity n; describes
the manifold of the quantum occupation numbers, n, = {n,} = {ny,ny,...,n,...}, where n; is the
number of photons in the vacuum mode 1, n, is the number of photons in the vacuum mode 2,...,
and n; is number of photons in the vacuum mode A. It is to be also kept in mind that the atomic
eigenfunctions ; satisfy the eigenvalue equations

Ha‘//n = Enlpn
with eigenvalues (35), and the vacuum field eigenfunctions satisfy the equations
Hy,, =E; @, E,=ho(n,+13).

Substituting the decomposition (41) into the Schrodinger equation with Hamiltonian (40) one can
get a set of equations for the probability amplitudes ¢, ,, and ¢, ,, :

1 .
.. —id4,t
iCen, =5 Zd- [E;V\/me gt s
A
. 1 id;
ICgn;+1 = _% Zd ’ [Ej\/memttce,m >
A

(42)
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where 4, = w; — wy is the detuning of the vacuum mode frequency w; with respect to the atomic
transition frequency .

An infinite set of equations (42) describes the quantized states of a closed system “atom-vacuum
field”. Taking the products of the probability amplitudes according to Eq. (6) one can introduce the
density matrix for the “atom+vacuum field” system defined by the density matrix elements

*
Piktning = Chon;Cin,, - (43)

The density matrix with elements py,,,,, describes both the state of the atom (indices &, /) and the
states of the vacuum field (indices n; and n,). Taking a trace over the vacuum field occupation
numbers one can introduce the semiclassical atomic density matrix py;:

*
Pee = E Cen;Con; >
A
_ *
Peg = Cen;Const1 » (44)
A

_ *
Pgg = E :C{l,m+1cy,nz+l >

A

which satisfies the usual Hermiticity condition, pge = p;,.

Note now that the density matrix elements (43) should in general be averaged over an infinite
number of vacuum modes (of which each includes an infinite number of photon states). The aver-
aging procedure can be considerably simplified if one follows the Weisskopf—~Wigner theory of the
spontaneous emission which states that an explicit form of the relaxation terms does not depend
on the specific state of a vacuum field (Weisskopf and Wigner, 1930; Agarwal, 1974). According
to this important idea one can choose the simplest state of the vacuum field corresponding to zero
occupation numbers for all the vacuum modes. A two-level atom can accordingly be considered as
initially occupying the excited state |e).

One may thus assume that at the initial instant of time ¢ = ¢; the “atom+vacuum field” system
occupies a single state |e,0) with the probability amplitude c,¢(#;) = 1, and all the other initial
probability amplitudes are equal to zero. In particular, the initial probability amplitudes for the states
|g,1;) into which the atom could emit a photon are also equal to zero, ¢, ,(#;) = 0. Under this
simplest choice of the initial conditions the equations for the probability amplitudes describing the
interaction of the atom with a vacuum field are:

i .
. —id4;t
Ce,0 = % E d-Ee ' Cg.1; »
A
1 .
. _ * 14t
cg,l;, = ﬁ d- [E;'e Ce0 - (45)

Here the first equation describes the spontaneous decay of the atom into all the modes of the vacuum
field. The second equation describes an excitation of a partial vacuum mode due to the spontaneous
decay. The probability amplitudes entering Eqs. (45) define the semiclassical atomic density matrix
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elements as

*
Pee = Ce,OCe,o 5

_ * *
Peg = E ce,ch,lz = Ce,0 § cg,l;_ >
A A
_ *
Pgg = Cg.1,Cq,1, -

2

The above relations can now be used to find the relaxation terms in the equations for the semiclassical
atomic density matrix. Taking the formal solution of the second equation in (45),

(46)

: t
i g
E A h A ti
and substituting it into the first equation (45) one gets
. 1 L —
€0 =73 > ld-Ef /t e De, o()dr (47)
yi i

The sum taken in the last equation over all vacuum modes can be replaced by an integral over the
wave vectors k. Taking into account the fact that a single vacuum mode occupies in the wave vector
space a “volume”

(Ak)’ = (@2n/L)’ = (2n)'/V,

where V = L3, one can rewrite the above replacement as

A%
%}%@m3/&k

Next, one can make a transition to the integral over the frequencies w = kc and the wave vector

directions (do =sin0d0de),
A% v A%
d*k k*dkd :/ *dwdo .
@W/ Haw/ °T @rey O
Note next that according to the energy conservation law the frequencies of the emitted photons are
to be very close to the atomic transition frequency, w ~ @y, while the probability amplitudes ¢, o(¢')

are the slowly varying functions of the frequency w. Under the last assumptions the integral over
the frequencies is reduced to a well-known formula

/ei(w—wo)(f/_f) dw =27o(t — t/) .

The integration over time reduces the integral in Eq. (47) to the final integral over the solid angle.
Assuming that the direction of the quantization axis Oz is defined by the direction of the vector [,
one can write the scalar product in Eq. (47) as d - E; = |d||E;|cos 0 and get for the final integral
[ cos? Odo = 4n/3. This reduces Eq. (47) to

ée,() = —YCe,0 » (48)
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where y is half of the spontaneous decay rate,
Ald2eq
27 =We = 3hc3

Taking the time derivative of the first equation in (46) and making use of Eq. (48) one finally gets
the equation describing the spontaneous decay of the upper-state density matrix element,

(49)

0
= Pee = —2)Pee 50
5P P (50)

Taking the time derivative of the second equation in (46) and noting that the second term of the
derivative decays to zero according to the first equation in (45) one gets the equation describing the
spontancous decay of the off-diagonal density matrix element,

0
3 Pea = "VPeq - 1)

For the rate of change of the ground-state density matrix element p,, one can get by the above
method the equation

0
Py Pgg =27 Pec - (52)

The validity of the last equation can also be seen from Eq. (50) and the normalization condition for
the semiclassical atomic density matrix elements, pyy + pee = 1.

The above spontancous relaxation terms being added to the dynamic terms completely define the
semiclassical density matrix equations for both motionless and moving two-level atoms since the
relaxation terms are invariant under the Galileo transformations. Complete semiclassical equations
for the atomic density matrix describing the interaction of a classically moving two-level atom with
a classical light field E can be finally written by collecting together the dynamic and stochastic
terms (50)—(52). For the basic case of interaction of a two-level atom with a monochromatic plane
travelling laser wave,

E = 1 Eo(e/® " 4 e7ikr=0Dy = E cos(kr — ), (53)
the RWA equations are

—i(kr—ét))

d . I
& Pee = IQ(pgeel(kr o PegC - Z'ypee 5

d , s
— Peg =1Q(pgg — Pee)e ) = 9pey (54)

dt
d . —i(kr—d1) i(kr—or)
dr Pgg = 182(pege — Pyge€ )+ 29Pee

where the Rabi frequency is defined as @ =d - E/2A and 0 = w — @, is the detuning of the laser
wave frequency with respect to the atomic transition frequency.

2.3.3. Multilevel atom
The spontaneous relaxation terms (I'p)y = (k| 'p(r,p,?)|/) coming from the dipole interaction of
a multilevel atom with a vacuum field can be found by the same Weisskopf—~Wigner procedure
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Fig. 1. Multilevel atomic energy scheme consisting of the ground-state magnetic sublevels |o,FyM,) and the excited-state
magnetic sublevels |a.F.M.).

considered above for a two-level atom. By adding these terms to the dynamic terms one can obtain
a complete equation for the semiclassical atomic density matrix,

in % pr = Dynamic Terms + ifi(k|I'p|l) . (55)
Below we specify the spontaneous relaxation terms for the dipole interaction schemes which
include the hyperfine structure states |aFM), where o = nLSJI denotes all the quantum numbers of
the fine structure atomic states. For such schemes the ground-state magnetic sublevels are denoted
as |a,FyM,) and the excited-state magnetic sublevels as |a.F.M.) (Fig. 1). With these notations the
spontaneous relaxation terms entering the semiclassical equations (55) for the atomic density matrix
elements pg = Py, 00 5,M, = (%l aMy|plonFpMp) can be shown to be (Happer, 1972; Ducloy, 1973;
Cohen-Tannoudji, 1977; Omont, 1977; Rautian and Shalagin, 1991):

(e Foy Me, | Tplote, Fe, Me,) = —(Vaey Foy T Yooy ey )(otey Fe Me, |plote, Fe, Me, )
(0 FoeMe| I plogFyMy) = =Yy, 5, (deFeMe|plagFgM,) |
(0g, F g My, | T'plog, Fg, My,)

= Z (FLIIFGZMGIMGZ ‘A’FelFezMelM€2)<a€2FezMez‘p’acﬁFe]Me]) 5
O(L‘l’aL‘z’Fel sFezaMel Mez
<O‘9E0M;|Fp|°‘gFqu> = Z (FgMgMg;‘A’FeMeMe/xo‘e‘FeMé|p|°‘eFeMe> ) (56)
OeFeMeM]

where the coefficients (F,, Fy,M, M,,|A|F. F,,M. M,,) symbolically including the Einstein coefficient
A define the joint relaxation of two magnetic substates. These coefficients can be expressed through
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the Clebsch—Gordan coefficients (F(,MgM;]A|FeMeMe’) according to the equations:
(Fquszqquz |A|F€1F62M€1M€2)

= (VﬁelFelﬂgngl + yanFez,anggz) Z (FglMgl lq‘Fe]Mel )(ququch‘FezMez) >
g=0,£1
(FyMyM,|AIFMM)) = 295 5,5, Y (FgMy1q|FeM])(FyMylq|FeM,) . (57)
q=0,%1
The right-hand sides of the above equations can also be expressed through the 3 — j symbols by
making use of standard relations between the Clebsch—Gordan coefficients and the 3 — j symbols,

F, 1 F,
(FyMylg|FM,) = (— 1) My /2F, 41 ( g ) '

My, q —M,

Note that in the above formulas the magnetic quantum numbers satisfy the selection rules following
from the properties of the Clebsch—Gordan coefficients,

Me1 - Mez :Mgl - M.qz >

58
M, — My =M, — M, . (%)

The partial spontaneous decay rate from the excited state |o.F,) to the ground state |o,F,) is

4 (ol d 2 F) P 59)
3 (2F, + D

where (0.F,||d||a,F,) is a reduced dipole matrix element for a hyperfine structure transition. The
total spontaneous decay rate from the hyperfine structure state |« F,) to all the hyperfine states |o,F,)
belonging to the ground state is

2, = Wep(F) =2 b, - (60)
agFy

zydeFea“ng = WSP(FE - F‘/) =

The reduced dipole matrix element (o F.||d||oyF,;) can also be expressed through the reduced dipole
matrix element (a,||d||a,) for the fine structure transition defined by the quantum numbers o = nLSJI
(see, e.g. Edmonds, 1974; Sobelman, 1979). This gives an expression for the spontaneous decay rate
between two hyperfine structure states as

Jo Fo 1

2
We(o, — o)

ZMEF?,@,EL, = Wsp(Fe - Fg) =2J. + 1)(2Fg +1) {

4 (e z) e,
3 (2J.+ D3

where Wg,(oy — o) is the spontaneous decay rate at the fine structure transition |o,) — |o;y) and J,
is the quantum number of the atomic momentum for the excited fine structure state |o).

It is worth noting that the spontaneous relaxation terms entering the semiclassical density matrix
equations are the same in both forms of the density matrix, i.e. the terms (k|I'p|/) differ from terms
(k|T'p|l) by the notations for the density matrix only. This is obvious since the interaction of the
atom with a vacuum field cannot depend on the form of description of the atomic states.

Wep(atg — o)
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Finally, for a moving multilevel atom the complete semiclassical equations for the atomic density
matrix elements py; in RWA include the dynamic terms entering Egs. (19) and the spontaneous
decay terms (56),

d o o

i1 it == (A BNy er 0 3 (- B ppeiter e (61)
o Z (dkm . Ee* )pmlefikar—ﬁ—i(w,,fwmk)t + Z (dnl . E )pknefik,,r—o—i((uafwm)t
k(K| Tpll) . (62)

In the above RWA equations the convention used in Eqs. (19) is adopted, all four sums are assumed
to include the terms with positive atomic frequencies only, w,, = (E, — E;)/h > 0. Similar equa-
tions written for the density matrix elements j,; include additional energy terms (£; — E;)p,,; as in
Egs. (17).

3. Dipole radiation forces
3.1. Dipole force on a moving atom

3.1.1. General equation

In the framework of the semiclassical description of atomic dynamics when the photon recoil is
neglected the laser field cannot directly influence the translational motion of the atom. The field
however induces the atomic dipole moment. The interaction of the induced dipole moment with the
gradient of the laser field produces according to classical electrodynamics the force on the atom
usually called the dipole radiation force.

For a classically moving atom, the induced atomic dipole moment (d) is defined by a usual
quantum-statistical mean value,

(d) = Tr(pd) , (63)

where p is the semiclassical atomic density matrix. The atom classically moving in a laser field
can thus be considered as a classical point-like particle possessing a dipole moment (d). The dipole
interaction energy of the atom with a laser field is defined by a mean value

U={V)=-d)-E, (64)

where the induced dipole moment and the field are assumed to be taken at the position of the atom
center of mass, (d) = (d)(r,v,t), E=E(r,¢), since a classically moving particle has to be considered
to have well-defined coordinate r and velocity v. According to a classical meaning of Eq. (64) the
dipole radiation force on the atom is determined by an expression formally identical to the classical
expression for the force on a particle possessing the electric dipole moment (Letokhov and Minogin,
1981; Stenholm, 1986; Minogin and Letokhov, 1987; Cohen-Tannoudji et al., 1992)

F=-VU=V(d)-E)=) (d)VE, (65)

where index i=x, y,z defines the rectangular vector components of the induced atomic dipole moment
and a classical laser field.
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Note that when applying formula (65) to any specific dipole interaction scheme one has to take
into account two important circumstances. First, the induced dipole moment (d) entering Eq. (65)
is to be considered as a constant quantity not to be differentiated on coordinate. Second, since the
semiclassical atomic density matrix p defining the induced dipole moment (d) is usually considered
in a rotating wave approximation (RWA), the right-hand side of Eq. (65) is also to be calculated
in RWA. The formula (65) generally defines the dipole radiation force on the atom as a function
of atom position r and velocity v. The position dependence of the force generally originates from
the position dependence of the field, E = E(r,¢), and the position dependence of the atomic density
matrix p. The velocity dependence of the force comes from the dependence of the atomic density
matrix on the velocity.

It is also worth noting that the dipole radiation force, as any other force, is a classical concept.
Due to this reason the application of the basic formula (65) to a case of the dipole interaction of a
quantized atom with a classical laser field is related to the restrictions under which the atom can be
considered as a classically moving particle possessing a well-defined induced dipole moment. For
any dipole interaction scheme two basic physical circumstances limit the use of formula (65). First,
in order for the mean value of the dipole moment (d) to well characterize the induced atomic dipole
moment, the quantum fluctuations of the atomic dipole moment should be small compared with its
mean value. Second, in order for the translational motion of the atom to be considered as a classical
one, the quantum fluctuations of atomic momentum should be small compared to the mean value of
the atomic momentum.

For a simplest model of a two-level atom with allowed dipole transition both the above condi-
tions are satisfied when the time of the dipole interaction between the atom and a laser field, Ty,
considerably exceeds the spontaneous decay time Tgp:

Tint > Tsp - (66)

Under condition (66) the spontaneous relaxation leads to a fast relaxation of the internal atomic
state to the quasistationary state possessing small fluctuations in the atomic dipole moment. Si-
multaneously, the quantum fluctuations in atomic momentum become small since at the interaction
times (66) the atom scatters a large number of photons. For more complicated multilevel interaction
schemes the conditions of a classical motion should be especially investigated for a given scheme.
In particular, when the laser field excites the atom from the ground-state sublevels, the ground-state
coherence may have a relaxation time that is of the same order as or even much longer than the
interaction time between the atom and the field. In such a case the fluctuations of the induced atomic
dipole moment can be of the order of the mean value of the atomic dipole moment, and the concept
of the force cannot become valid.

3.1.2. Dissipative and reactive (gradient) forces

In typical experimental situations the laser field consists of a number of laser beams. Such a field
generally has two characteristic spatial scales. One scale is defined by the wavelength A = 2n/k
of the laser beams. The second larger scale, /> A, is defined by the radii of the laser beams. In
such a general case the dipole radiation force can be represented as consisting of two parts, the
force associated with the gradient of the phases of the laser beams and the force associated with
the gradient of the laser beam amplitudes. The decomposition of the dipole radiation force over
the above two parts directly follows from general equation (65). In case of field (18) composed



S. Chang, V. Minogin! Physics Reports 365 (2002) 65—143 83

of laser beams, E¢ = E“(r), the gradient in Eq. (65) acts on both the phases k,r and amplitudes
E“(r). This yields gives the dipole radiation force as a sum of two terms, the dissipative and reactive
parts,

F= Fdiss + Freact 5

Faiss = > i(ka(di)Ef(r)e® =" — cc.) -

Freact = Z (<di>(vEl§l(r))ei(kar—mat) + C.C.) ,

where index i = x, y,z defines the rectangular vector components. In terms of elementary photon
processes the dissipative part of the dipole radiation force, Fgiss, comes basically from the ab-
sorption of photons by the atom, i.e. from the absorption and subsequent spontaneous emission
of photons. This part of the total dipole radiation force is proportional to the photon linear mo-
menta 7k, and is often called the radiation pressure force. The reactive part of the total force,
Freact, comes basically from the induced scattering of photons at the atomic dipole transitions.
This part of the dipole radiation force is often called the dipole gradient force or the gradient
force.

3.2. Two-level atom in a laser beam

Before discussing the semiclassical dynamics of multilevel atoms in this subsection we present
basic results on the semiclassical dynamics of a two-level atom interacting with the near resonant
field of a laser beam.

When a two-level atom with ground state |g) and excited state |e) interacts with the field of a
monochromatic laser beam defined by a unit polarization vector e, an amplitude Ey(r), and a wave
vector k (k = w/c),

E =eEy(r)cos(kr — wt) , (68)
the laser beam induces a mean atomic dipole moment
(d) = Tr(pd) = pyed exp(imot) + peyd exp(—iwpt) , (69)

where the dipole matrix element is assumed to be real, d = d,, = dy., and wy = (E, — E,)/h is the
atomic transition frequency.

3.2.1. Atomic populations and coherences

The semiclassical atomic density matrix elements for a two-level dipole interaction scheme satisfy
the RWA equations of motion which differ from Eqs. (54) by a dependence of the Rabi frequency
on the atomic coordinate only, Q(r) = dEy(r)/2%, where d =d - e is a projection of the dipole
matrix element onto the unit polarization vector e. By a substitution for the off-diagonal elements
Pge = 040 eXp(—i(kr — 0t)) these equations can be reduced to the equations which do not include
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“fast” time and position dependence,

d .
& Pee = IQ(r)(O-ge - Uey) - 2Vpee 5

d . .
a Oey = I'Q(r)(pgg — Pee) — [y +1(0 — kv)]aeg > (70)

d .
& Pgg = I‘Q(r)(o-eg - Gge) + 290 -

Egs. (70) jointly with the normalization condition, pyy + pe. = 1, fully define the time evolution
of a classically moving two-level atom. The steady-state solutions to Egs. (70) define the atomic
populations n, = py, and n, = p,. and atomic coherences ., and oy = O':g as

B Q*(r)

Pee = 2 22(r) + (0 — kv
P+ Q) + (0 — kv)?

Pog = 2 02(r) + (0 — kv’
oG-k — i)

0 = T 202 (r) 1 (0 —kv)

(71)

3.2.2. Radiation pressure force and gradient force
According to Eq. (69) a mean value of the atomic dipole moment is represented in RWA as

<d> — d(o_gee—i(kr—wt) + Gegei(kr_Wt)) ) (72)

The dipole radiation force (65) on a two-level atom in the field of a laser beam (68), calculated in
RWA, is represented by a sum of two forces (67), the dissipative force which has a meaning of the
radiation pressure force Fy, and the reactive force usually called the gradient force Fy,

F == Frp + Fgl‘:
o 1 d-e kEO(ei(krﬂoz) _ efi(kr*wt)) =2/ikQ(r)Imo,, , (73)
p 2 ’

Fy = 1 (d - e)(e ™) 4 e\ E(r) = 2h(VQ(r))Re 0,y

where according to condition (66) the quantity o, is considered as the steady-state solution (71) of
the density matrix equations.

In the framework of the semiclassical analysis the radiation pressure force Fy, originates from the
interaction of an induced atomic dipole moment with the laser field varying on space scale A =2n/k.
The gradient force Fg comes from the interaction of an induced atomic dipole moment with the
field varying on space scale / about the size of the laser beam, / ~ |Q/V Q.

The substitution of Eqs. (71) into Egs. (73) gives the final expressions for the radiation pressure
force and gradient force

G(r)

Fip =fiky 5 +G(r) + (5 —kv)2/2

(74)
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Fig. 2. The velocity dependence of the radiation pressure force Fip/Aiky (solid line), gradient force Fg/fi(—VG/G)y
(dashed-dotted line), transverse Dy /A%k*y (dashed line) and longitudinal D../A%k*y (dotted line) diffusion coefficients for
a two-level atom in a laser beam at the detuning 6 = —5y and saturation parameter G = 1. Note, that quantity —VG/G
is positive for a laser beam with a maximum intensity near the axis.

VG(r)

1
For = =570 —kv)7 +G(r)+ (6 —kv)2 /2’ (75)
where
C2Q%r) 1 (dEy(r)\  I(r)
G(r)= > 2( 7 )15 (76)

is a dimensionless saturation parameter, /(r) = (c¢/8m)EZ(r) is the laser beam intensity at point r,
and Is = fipw;/6mc? is the saturation intensity. The velocity dependences of the forces Fy, and Fg
reflect the nature of a near resonant atom-laser beam interaction exhibiting resonance properties near
velocity ves = 0/k (Fig. 2). The directions of the radiation pressure force and the gradient force are
generally different. The radiation pressure force accelerates or decelerates the atom in the direction
of the wave vector k. The direction of the gradient force is defined by the gradient of the laser
beam intensity and the value of the difference between the detuning 6 and the Doppler shift kv.

It is worth noting that the explicit expressions for the forces allow one to clarify the conditions
of validity of Egs. (74) and (75). The necessity of condition (66) is evident from Egs. (70) which
describe the decay of the atomic functions with characteristic time g, =y~ '. The second condition
discussed in Section 3.1.1 can be shown to give no additional limitations. According to the minimal
frequency width of the dipole optical resonance, dw = 7, the characteristic variation of atomic
momentum is defined by a spontaneous decay rate as dp ~ My/k. For a classically moving atom
this quantity must be considered to exceed the quantum fluctuations of atomic momentum, fik < My/k.
This gives the second condition for the validity of the classical atomic motion

fik?
Or =3t <), (77)
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where w, =hk?/2M is the frequency defined by the recoil energy R, w, =R/A. This second condition
is, however, always satisfied for allowed dipole transitions (Minogin and Letokhov, 1987), and hence
condition (66) remains the only one needed for the validity of the forces (74) and (75).

The structure of the dipole radiation force on a two-level atom in a laser field composed of a
number of the laser beams, including theoretically important standing wave configuration, can be
found in (Letokhov et al., 1976, 1977; Stenholm et al., 1978; Minogin and Serimaa, 1979; Gordon
and Ashkin, 1980; Minogin and Letokhov, 1987; Minogin and Rozhdestvenskii, 1987).

3.2.3. Optical potential

In applications related to the control of atomic motion, generally both parts of the dipole radiation
force influence atomic dynamics. In some cases the action of one part of the total force can be
neglected compared with that of the other part. Deceleration, deflection and laser cooling of atoms
are based on the action of the radiation pressure force while the gradient force usually plays a
negligible role in these processes. On the contrary, the techniques of atom trapping and guiding in
laser fields and atom optics are based on the action of the gradient force with small contributions
due to the radiation pressure force (Grimm et al., 1999; Balykin et al., 2000). In the latter case the
gradient force at a low atomic velocity can be considered as nearly a potential force (Gordon and
Ashkin, 1980).

At a low atomic velocity the gradient force (75) can be integrated to give a potential energy often
referred to as an optical potential,

r 1 G(r)
r)=— F,(v=0)-dr=-AéIn(1+ ——F— ] .

Uatt) == [ Fpr=0-ar = nom(1+ ) (78)
For a focused laser beam possessing a maximum intensity at the center of the beam, in the case of
red detuning, 6 < 0, formula (78) defines a potential well. If the laser beam intensity has a minimum
at the center of the beam like the laser mode TEMg, formula (78) defines a potential well at blue
detuning, ¢ > 0. At large detuning, |0|>7, @, the potential (78) of the gradient force is reduced to
a simple expression,

gy =1 20 (79)

The above equation is useful for practical estimations of the depth U, of the potential well. In case
of a focused laser beam with maximum intensity at the center the potential well existing at 6 < 0
has the depth Uy = AQ%(0)/|6|. In terms of the quasienergy states (Zel’dovich, 1973) or dressed
states (Cohen-Tannoudji et al., 1992) the last equation defines the light shift for the ground state of
a two-level atom.

It is worth noting that a simplest model of a dipole interaction of a two-level atom with an
inhomogeneous light field (68) can give useful estimations in many specific situations. In particular,
the dipole radiation force on a two-level atom in an evanescent laser wave is also defined by the
general equations (73). In this case the forces (74) and (75) have specific dependences on atomic
position since the spatial dependence of an evanescent wave field differs from that for a laser beam.
The field of the evanescent wave decays fast, on a length scale about wavelength, to the vacuum
region producing accordingly a considerable gradient force on the atom (Cook and Hill, 1982).
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3.3. Multilevel atoms in 6+ — o~ field configuration

Some multilevel atomic schemes frequently used as model schemes are shown in Fig. 3. All these
schemes refer to the dipole interaction of the multilevel atoms with the laser light which is near
resonant to the atomic transition between two degenerate hyperfine structure states |o,F,) and | F,).
For such schemes the dynamic terms (21) in the semiclassical density matrix equations include the
dipole matrix elements defined with respect to the nondegenerate states |o,F,M,) and |o.F.M,).
These terms can be evaluated using Eqgs. (23) and (24). The spontaneous relaxation terms for the
above schemes have relatively simple structures following from general equations (56),

<FeMé‘Fp‘FeM6> = _2y<FeMé‘p|FeMe> >
<F€M5|Fp|FgMg> = _V<F3Me|p’F{/Mg> b (80)
<Fqu,‘FP‘FgMg> = Z (FgMgMg;’A|FeMeMé)<FeMé|p|FeMe> >

MeM;
where the incoming terms are defined by the products of the Clebsch—Gordan coefficients,

(FyM M| AIFMM]) =2y Y (FuMy1q|FM)(F M, 14|FM.)
q=0,+1

and the magnetic quantum numbers satisfy the rule,
M, —M; =M, — M, .

In the above equations the spontaneous decay rate from the excited state |«.F,) is defined by a
standard formula,

2y =Wy =

4 (Pl 2F,) Py 1)
3

(2F, + 1)Ac

with (0. F,||d||oyF,) being the reduced dipole matrix element for a hyperfine structure transition and
g the atomic transition frequency.

Below we consider some basic examples of the dipole radiation forces on the multilevel atoms
which are assumed to interact with a monochromatic laser field composed of two counter-
propagating laser waves chosen for definiteness as left circularly polarized waves,

E=E +E;,

. . . , (82)
El — %EO(eJrel(kz—(ut) o e_e—l(kz—wt))’ E2 — %EO(_e+el(kZ+(1)t) + e_e—l(kz+u)t)) ,

where the spherical unit vectors are defined by Eq. (20) and & = w/c is the magnitude of the
wavevector. With respect to the quantization axis Oz the first wave in Eq. (82) is a ¢© polarized
wave and the second one is a ¢~ polarized wave. The field (82) is often referred to as a ¢+ — o~
laser field configuration.

All the examples presented below are given for practically important atomic schemes with integer
total angular momentum. Everywhere below the detuning is defined as for a two-level atom, § =
o — g, while the Rabi frequency Q is defined separately for every atomic model.
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3.3.1. (1+3)-level atom
One of the simplest multilevel schemes describing the interaction of a (1+3)-level atom with a
ot — o~ laser field configuration (82) is shown in Fig. 3a. The model refers to the atom with total
momentum F, =0 in the ground state |«,0) and total momentum F, =1 in the excited state |o1).
For this scheme the basic types of the semiclassical density matrix equations (61) are as follows:
0t

d c —ikz
E pgogo = IQ(elkzpe—lgo +e . pelyo )C +c.c.+ 2y(pe_1e_1 + peoe() + :06161) s

d : —ikz—i1dt

E Pe_je_y = 1Qe pgoé—l +c.c. — Zype—le—] s (83)
d S o isis
& Pgoe_1 = _I‘Qelk le(st(p.flogo — Pe_je_ ) + Qe . +10tpe]e_l - Vpgoe_l s

where the Rabi frequency Q is defined with respect to the transition between the nondegenerate
states |go) and |ey),
eild|go)Eo _ (% 1]|d]|20)Eo

_ _
Q= e = (84)

For long interaction times, T, >7~!, the model reduces to a V-type model since any initial population
of the upper state |ey) reduces to zero.
Excluding from Egs. (83) the explicit time and coordinate dependence by evident substitutions,
s Cdevis o
Pgoe_; = 69067161 ZHOt’ Pgoer = Ogoe1 © IZHOt’ Pe_1e; = Oe_1e,© 2 >
and putting the total time derivatives equal to zero, one can find the steady-state values for the
quantities g;; and find the dipole radiation force according to basic formula (65) as F = Fe,,

F = (d) - 0E/0z = 2hkQIm(0ype_, — Gyer) - (85)

The velocity dependence of the dipole radiation force (85) can be understood from an approximate
expression valid to a second order in a small Rabi frequency Q or a first order in a small saturation
parameter G = 2Q%/y?,

F=hkyG(L_ —L,), (86)

where Ly =7?/(y*>+ (5% kv)?) are the Lorentz factors and v=uv, is the velocity projection on Oz axis.
Eq. (86) shows that the velocity dependence of the force comes from two one-photon absorption
processes described by the Lorentz factors L1 (Fig. 4). According to the resonance conditions, the
one-photon absorption processes are located near resonant velocities v = £d/k. At low optical
saturation, the force is mainly defined by the terms which describe an independent excitation of the
atom by two counter-propagating laser waves (82). At higher saturation the force includes additional
terms which describe the cross-saturation of the two optical transitions sharing the common ground
level |go) = |o,0). Note, that the condition of validity of force (85) coincides with condition (66)
for a two-level atom.
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Fig. 4. Velocity dependence of the radiation force F/hiky (solid line) and longitudinal diffusion coefficient D../Ai*k*y
(dotted line) for a (1+3)-level atom in a 6" — ¢~ laser field configuration at detuning = —57 and saturation parameter
G=1.

3.3.2. (3+3)-level atom
In the case of interaction of a (3+3)-level atom with a ¢* — ¢~ laser field configuration (Fig.
3b) the structure of the semiclassical density matrix equations (61) can be seen from the example
equations,
d

a Pg_r1g-1 = Qe

7ikz+iétpeog71 + ¢+ P(Pe_re s T Peger)

ot

d C s —ikz
-, Pyg_ig1 = IQ(e mtpg—leo +e Peyg )C e VPPe_rer » (87)

dt

d : —ikz+1d, : ikz+10
a Pg_re0 = _IQ(pg—lgfl ~ Peoey )e e + Q¢! +1 tpyflgl — YPg_ieo >

where the Rabi frequency @ is defined with respect to the transition between the states |g)
and |e;),
o (eld-lg0Es _ {e1dlz)E )
2h 2V/6h
For long times, Ty >7 "', this interaction scheme reduces to a A-type scheme. This happens because
the spontaneous decays are forbidden at the transition |eg) — |go) and, accordingly, the entire atomic
population finally goes to three states, |g—1), |g1) and |eg) (Fig. 5). At zero velocity v, = v =0 the
population of the upper state |ey) becomes equal to zero due to the coherent population trapping
effect (Arimondo and Orriols, 1976; Gray et al., 1978).
The dipole radiation force for this scheme is equal to zero for all velocities. It can be shown
from Egs. (87) that zero value of the force is closely connected with the equality of the spontaneous
decay rates at neighboring transitions |eg) — |g_;) and |eg) — |g1). When the decay rates in a
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Fig. 5. Velocity dependences of the stationary ground-state extreme populations N_; = p, 4 , (dashed line, refers to left
scale) and N1 = pg,4, (dotted line, refers to left scale) and upper-state central population ng = peye, (solid line, refers to
right scale) for a (3+3)-level atom in a ¢ — ¢~ laser field configuration at detuning § = —20y and saturation parameter
G =4.

model of a A-type atom are chosen to be nonequal the force becomes different from zero. This last
model is, however, artificial for the real atomic schemes.

3.3.3. (3+5)-level atom

A (3+5)-level interaction scheme shown in Fig. 3¢ represents a special interest since this scheme
illustrates the contributions of the two-photon optical processes in the dipole radiation force on a
simple example. Basic types of the semiclassical density matrix equations (61) for a (3+5)-level
atom interacting with the field (82) can be described by the example equations,

d i . y . 4
a Pgogo = \ﬁ (elk Pe_190 +e lkzpelgo )elét +cc+7y <Pe1e1 + g Pegey + pelel) 5

—ikz

_ 10t —iot 1kz 10t —1iot
=, Pg_ig1 — 1‘Q(e Pe_rgy — € pgqez)e + \/g (e Peogy — € pgqeo)e

dt
2 2
+7 gpefzeo + Pe_1e; + gpe(wz >

d ) VI To B
& Pgier = _I‘Q(pglgl — Peze )e ot + %elk jL](stpeoez — VPgies » (89)

where the Rabi frequency Q2 is defined with respect to the most strong dipole transition in the scheme
of Fig. 3c,
erld|g1)Eo _ (%e2[|d]|og 1) Eo

_ _
o=""— == (90)
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For this interaction scheme the explicit time and position dependence can be excluded from the
equations with obvious substitutions:

_ —2ikz _ —ikz+idt
Pg 191 = 0g_1g,€ s Pgier = 0gie,€ e 91)

After that the density matrix equations can be solved for a steady-state case.
The dipole radiation force F=Fe, on a (3+5)-level atom is determined by the steady-state density
matrix elements according to Eq. (65),

F=(d) - 0E/dz

1 1
=2hkQ1Im |(64 e, — Tge,) + \ﬁ(%ae,l — Ogpe;) + % (Ogieo — Og_1e0)]| - (92)

Before discussing the dipole radiation force (92) it is worth noting that the conditions of validity
of the force for a scheme possessing the ground-state sublevels are much stronger than that (66) for
a two-level or a (1+3)-level atom. While the atomic coherence induced by the one-photon processes
decays to a steady state at the spontaneous decay rate 7y, the ground-state coherence g, , decays
to a steady state at the rates of the one-photon processes,

+ &

2 = (93)

R N

where 0+ = 0 &+ kv and v = v,. At large detunings and small velocities a relatively slow decay of

the ground-state coherence imposes in addition to condition (66) a relatively strong condition on the
interaction time,

5 2
nm>(9)y”. (94)

The structure of force (92) under conditions (66) and (94) can be clearly seen from the expression
valid at a low optical saturation, i.e. at small effective saturation parameters s,

s+ =@/ +01) <1, (95)
In this case the radiation force can be shown to be (Chang et al., 1999b):
F=hky[(s— —s:)No— (254 —s_/3)N_
1 1
+§ (s— —s+)Rev+3—y(s,5, —I—s+5+)Imv] , (96)
where N_=p, 4, No=pgoq,> and Ny = p, , are the populations of the ground-state sublevels and
V=0, 4 1s the ground-state coherence.

An analytical solution to steady-state equations for the density matrix elements under conditions
(66) and (95) gives the ground-state populations and coherence as

1 3 W 13 & 3ukv 0
No=—(9+2_F (2% o) A 7
2A<+5k2v2—|—,u2<5 72 ) Ko +p2y)

2 12 6 0?
Ne==(14+-———(Z5+1)),
’ A<+5kzvz+u2<5v2+>>
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Fig. 6. Dipole radiation force F/fiky (solid line) and longitudinal diffusion coefficient D../h*k*y (dotted line) for a

(3+5)-level atom in a 6" — ¢~ field configuration as functions of velocity v = v. for detuning 6 = —5y and saturation
parameter G = 1.

1 3 W 13 & 3ukv 0
Ne=— (9422 (2% o) 222 °
* 2A(+5k2v2+u2<5 72 >+k2v2+,u2y ’

3 L 1% .
= ((1+=5 k 97
Y 2 R 42 (( +5y2)ﬂ+1v> , 97)
where the common denominator is
~ 1 "2 51 &2
A=114+—-————-| ———4]) . 98
+5k202+uz<5 2 > ©8)

The last equations show that the force includes the terms coming from both one-photon absorption
(emission) processes and two-photon processes possessing the frequency width

5 Gy

- | 99
K112 ©9)
where G is a dimensionless saturation parameter,
20 1 ((2,2]d|jey1)Ep \
_2 1 ((e2d]lay1)E )" (100)
2 10 hy

According to Eqgs. (97) the two-photon processes are located at zero velocity (Fig. 6). The substi-
tution of the ground-state populations and ground-state coherence found in a lowest order in small
parameters sy into Eq. (96) gives an explicit expression for the force valid in a low-saturation
limit. For a low-velocity region, kv <7y, the force (96) is (Dalibard and Cohen-Tannoudji, 1989;
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Fig. 7. Radiation force F' (solid line), the incoherent part Fi, of the force (dashed line) and coherent part F, of the force
(dotted line) for a (3+5)-level atom interacting with a 6™ — ¢~ field configuration as functions of velocity v = v. for the
detuning 6 = —3y and saturation parameter G = 1.

Chang et al., 1999a, b):
25 G k*v* + (88/85)fi* kv N 5 5 G? Skv

— hk
11 V(1+52/y2)2 2+ 7 244 V(1+52/V2)2 2Ry 2

where [ is an effective halfwidth of the two-photon resonance perturbed by the one-photon processes,

~_\/WG})\/5+52/3)2 (102)
P=V3 aa+ o)

Eq. (101) directly shows that in a low-velocity region the force includes two different parts
(Fig. 7). The first part of force (101) comes mainly due to the contribution of the incoherent
one-photon absorption (emission) processes slightly perturbed by the two-photon coherent processes.
This incoherent part of the force, Fi,, has the same physical origin as the force on a (1 4 3)-level
atom in the field of two counter-propagating waves (see Eq. (86)). At large detunings, |5| 2 7> [,
the velocity dependence of the incoherent part of the force is a broad one since the one-photon
absorption (emission) resonances are centered at the resonance velocities kvyes = +0. The second
coherent part of the force, F., that includes the dependence on the square of the laser field intensity,
is due to the two-photon resonance processes broadened by the one-photon processes. This part of
the force is located near zero velocity in the velocity region |v| < fi/k. Other functions describing
the internal state of the atom show similar behavior. In particular, two photon processes perturbed by
single-photon absorption (emission) processes are responsible for sharp variations of the ground-state
populations near zero velocity (Fig. 8).

Qualitative behavior of force (92) and atomic populations at low velocities can be described
by simple physical arguments. The velocity position of the narrow two-photon structures can be
estimated from the energy conservation law. In the atom rest frame the absorption of a photon
from one travelling wave and the emission of a photon into the other travelling wave results in
a two-photon transition between the ground-state sublevels |g_;), |g+1) that does not change the

F:

(101)
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atom energy, (@ £ kv) — (w F kv) = 0. The energy conservation law thus shows that two-photon
resonance structure in the force is located at zero velocity, kv ~ 0. The widths of the narrow
resonance structures can also be estimated from a simple physical argument. For the atom not
perturbed by any external interaction, the decay rate for the ground-state coherence is zero. The
laser field connects the ground-state probability amplitudes with upper-state probability amplitudes
through the dipole interaction term %€ and accordingly causes the decay rate of the ground-state
coherence to be of the order of the rate of dipole transitions, i.e. of the order of yQ?/(y?> + §?). This
quantity accordingly plays the role of the frequency width p for two-photon resonance processes as
determined by Eq. (99). When the two-photon processes are perturbed by the one-photon processes
the two-photon structures become broader thus obtaining the final width fi, which at large detuning
is defined by the light shift of the ground-state sublevels, fi ~ Q%/|d|.

Some other mathematical approaches to the analysis of the above model including computer
simulations can be found in Mglmer, 1991.

3.34. (5+3)-level atom
For a (5+ 3)-level atom interacting with the field (82) the semiclassical density matrix equations

(61) are illustrated by some basic examples as

d 1Q ikz —ikz it 1 4 1

dr Pgogo = /6 (€ Pe_1g0 + € Peg)e” ety gpe—le—l + gpm)eo + gpmel )

d 12 s ke 3

apgqgl = \/E(elbtpeogl —¢ lbtpgqeo)e i + g VPe_ier » (103)

d iQ it 1 s
dr Pergo = % (Pgogo — Perer )elk Y iQ <pgzgo - % pe1e1> e e PPeigo >
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Fig. 9. The dipole radiation force F/Aky (solid line) and longitudinal diffusion coefficient D../A%k*y (dotted line) for a
(5+3)-level atom in a 6" — ¢~ field configuration as functions of velocity v = v. for detuning § = —5y and saturation
parameter G = 1. The inset shows the structure of the force and the diffusion coefficient in a small velocity region.

where the Rabi frequency 2 is defined with respect to the most strong dipole transition in the scheme
of Fig. 3d,
o feildlg 0By _ {zelld]%,2)E (o)
2h 2v/5h
For this scheme the dipole radiation force consists of two usual broad resonance structures located
at resonance velocities vs = +0/k and additional narrow and supernarrow structures near zero
velocity (Fig. 9). The narrow structure in the force reflects the coherent population trapping effect
in a A-scheme presented by the magnetic sublevels |g_1), |g1), and |eg). The contribution of the
coherent population trapping effect can be clearly seen in the velocity dependence of the upper-state
populations (Fig. 10). Supernarrow structure comes from the four-photon processes in the M-type
scheme presented by the sublevels |g_»), |go), |g2), and |e_;), |er). This supernarrow structure is
responsible for zero slope of the force at zero velocity. The conditions of validity for the force on
a (5 + 3)-level atom are similar to that for a (3 + 5)-level atom.

3.4. Multilevel atoms in linllin field configuration

The other important case of a dipole interaction of the multilevel atoms with the laser field is the
case of interaction with the field composed of two counter-propagating waves linearly polarized along
orthogonal directions (Fig. 11a). The electric field of this kind known as a lin_Llin configuration can
be represented as

E =e.Eycos(kz — wt) + e,E cos(kz + wt) . (105)
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Fig. 10. Stationary upper-state populations no = p.,, (solid line), n—y =p._,._, (dashed line), and n; = p.,., (dotted line)
for a (5+3)-level atom in a 6" — ¢~ laser field configuration at detuning = —5y and saturation parameter G = 1.

By decomposing the Cartesian unit vectors e, and e, over the spherical unit vectors (20) one
can equivalently represent the electric field (105) as a superposition of the fields of two ¢* — g~

configurations (Fig. 11b),

E= El()’ + EZ(; 5

Eo . : o ~
E .= —_e el(kz—wt) + e_e—l(kz—wt) +i(e el(kz+(ut) + e_e—l(kz+(0t) ,
E,, — 2\%[1(e+e—1(kz+wt) + e_el(kz+wt)) + (_e+e—1(kz—wt) + e_el(kz—wt))] '

In Egs. (106) the first 6™ — ¢~ configuration includes a o' -polarized wave propagating along Oz
axis in the positive direction and a ¢~ -polarized wave propagating in the negative direction. The
second 6" —0¢~ configuration includes a o -polarized wave propagating along Oz axis in the negative
direction and a ¢~ -polarized wave propagating in the positive direction (Fig. 11b). At the origin of
the reference frame, z = 0, the fields E;, and E,, are shifted in phase n/2.

Below two examples of the multilevel dipole interaction schemes which include the field in the
form of a linLlin configuration, a (3 4+ 3)-level scheme and a (3 4 5)-level scheme are considered.

3.4.1. (3+3)-level atom
In the case of interaction of a (3 + 3)-level atom with a linLlin field configuration (106) (Fig.

11c) the semiclassical density matrix equations (61) written in RWA are similar to Egs. (87). Some
basic example equations for this scheme are

d ikz s —ikzy Al
a pgflgfl = Q(elk — 1€ . )elétpeogfl +cc. + y(péflE—l + peoeo) 5
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Fig. 11. Two counter-propagating linearly polarized laser waves comprising a lin_Llin field configuration (a), decomposition
of linearly polarized waves over four circularly polarized waves (b), scheme of transitions in a (3+3)-level atom interacting
with a linLlin field configuration (c), and scheme of transitions in a (3+5)-level atom interacting with a linLlin field
configuration (d).
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dt

dr

d s
Pg_igr = Q(elk

d ikz
Pg_1e = Q(elk -

. iefikz )eiét

Peog

where the Rabi frequency @ is defined by an equation similar to Eq. (88),

Q:

(o 1]|d||oty 1) Eo
2V 12h ’

—ikz - dkz N —i10t
- Q(e — 1€ )e pgfleo — VPe_1er »

s —ikz 10t ikz . —ikz\ 10t
1€ )E " (Peyey — Pg_1g_1) T L™ +1e )" Py 10 — VPg_re0 >

For long interaction times, Tjyy;>7 ', this scheme reduces to a A-type scheme which exhibits the
coherent population trapping effect at zero velocity (Fig. 12). The dipole radiation force for this
scheme is equal to zero for any velocities due to the same reason as in the case of a 07 — ¢~
configuration (see Section 3.3.2).

3.4.2. (3+5)-level atom
For the case of interaction of a (3 4 5)-level atom with a linLlin configuration (Fig. 11d) basic
types of the semiclassical atomic density matrix equations (61) are as follows:

d

a Pgogo = \ﬁ (pe—lé/()e_

iQ ikz

. ikz \ L10t
—10e_140€ )e -

i
V2

4
+7 <pelel + gpeoeo + pem) >

—ik: ; ikz \ 1ot
(Perge™ " +ipe g™ )e™ + c.c.
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d

. e iQ
a Pg_1g1 = 19(:087291e i 1Pe_»g,€ Iz

ikz )ei5t . \/6 (peoglefikz + ipeogheikz )eiﬁt

ikz : —ikz\ —10¢ : ikz : —ikz\—10t
- (pgfleoe + 10g_1e€ )e + IQ(pyfleze —10g_1e,€ )e

V6

2 2
+7 gpefzm + Pe_re; + gpeoez >

d i0 , L L
_ —1ikz : 1kz \ S10t : —ikz : 1kz \ J10t
a Pgie; = % (peoeze ~ 1P¢pe,© )C - I‘Q(pezeze 1102, € )e

+ iQ(pyuﬂe_ikZ + ipglgleikz)eiét — VPgie; >
where the Rabi frequency is defined as

(ead]g1)Eo _ {e2]|d|[oty1)Eo
2V2h 2V10h

In a set of equations describing the interaction of a (3 4 5)-level atom with a linLlin configura-
tion only an explicit time dependence can be excluded by simple substitutions for the off-diagonal
elements,

(107)

Pges = Jgueﬁeiét ) (108)

while the elimination of an explicit position dependence can be done by decomposing the density
matrix elements into infinite series,

Posas —RY 4Rk LR ik

gadp gadp gadp
_ n0 —2 _—2ikz 2 2ikz
pexejf - Remg + Rexeﬁe + Reze,ge +, (109)

agxe/; — S{}:;/;e_lkz + Sg}aeﬁelkz + e
The above decompositions show that the multiphoton processes play an important role in the inter-
action of a (3 + 5)-level atom with a linLlin configuration. Identification of the processes follows
most clearly from the equations considered to different orders of the rate equation approximation
(REA). As usual, calculation of atomic functions to the 2nth order REA implies that the ground and
upper-state populations and coherences are calculated to 2nth order while the optical coherences to
(2n — 1)th order. Considering atomic populations and coherences to second order REA, one takes
into account the direct one-photon and two-photon processes and stepwise processes composed of
the direct processes. When atomic functions are considered to fourth order REA one takes into ac-
count the direct one-, two-, three- and four-photon processes and stepwise processes composed of
the above direct processes.

The multiphoton processes considerably modify the optical coherences and accordingly the dipole
radiation force which is defined according to Egs. (65) and (109) by a series representation
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Fig. 13. Spatially averaged dipole radiation force F°/fiky (solid line) and longitudinal diffusion coefficient D./A%k%y

(dotted line) for a (3+5)-level atom in a lin_Llin field configuration as functions of velocity v = v. for detuning 6 = —57
and saturation parameter G = 1.

(Chang et al., 2000),

F=hkQ Y fe"™,

n=0,12....
_ gon—1 n—1 _ ign—1 son—1 n+1 n+1 son+1 s ontl
f" - Sezgl + Sefzgfl ISglez + Ingle—Z + Sglez + nglefz + lsezgl 1S672g71

1
+76(Sn—1+Sn—l *iSn_l +iSn_1+Sn+l+Sn+l +1Sf’+1 7iSn+1)

\[ eogi e0g—1 g—1eo gieo gieo g—1eo e0g—1 €01
1
n—1 n—1 _ :gn—1 con—1 n+1 n+1 son+1 s ontl
* \ﬁ (SGIHO + Seflgo ISgoel + ISgoefl + Sgoel + S!]OC’—I + ISel.(/o ISefl.ao) ’ (110)

where the harmonics of the force satisfy the “hermiticity” conditions, f,"= f_,. The velocity depen-
dence of a zero harmonic of the radiation force (110) shown in Fig. 13 clearly exhibits a narrow
multiphoton structure at zero velocity.

Multiphoton processes specific to a linLlin configuration also considerably modify the velocity
dependence of any atomic function as compared with the case of a 67 — ¢~ configuration. As an

example Fig. 14 shows zero harmonics of the ground-state populations R® :Rgfl P R :Rgogo and
R) = Rgl g for a (3+5)-level atom in a linLlin configuration as functions of atomic velocity. For

comparison, dashed lines in Fig. 14 show the ground-state populations Ny = pgo40» N+ = Py, for
the case when the atom is excited by the first 6™ — o~ field configuration, E;,, defined by Eq. (106).
Note that in the last case the density matrix elements py; are defined by the equations which differ
from Egs. (89) by the interchange of the field (82) by the field E;,. As can be seen from Fig.
14, atomic populations for a lin_Llin field configuration include narrow resonance structures of two
types, narrow and super-narrow structures located at zero velocity. Narrow structures are similar to
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Fig. 14. Spatially averaged ground-state atomic populations R®, R} and R for a (3+5)-level atom in a linLlin field
configuration (solid lines) and ground-state populations N_, Ny and N, for a (3+5)-level atom in the first 67 — o~
configuration (dashed lines) as functions of velocity v = v. for saturation parameter G =2 and detuning J = —20y.

those for the case of a ¢ — ¢~ configuration while super-narrow structures are features specific to
a lin_Llin configuration.

Solutions to the equations to different orders in series expansion (109) show that the super-narrow
velocity structures appear in atomic populations already in second order REA while narrow velocity
structures appear in fourth order REA only. The absence of the narrow structures in the atomic
populations derived to second order REA shows that direct two-photon processes caused separately
by two 67 — ¢~ configurations cancel each other. The super-narrow structures presented by second
order REA are thus caused by the stepwise four-order process composed of the two-photon processes.
In the fourth order REA a large number of the even-order processes jointly produce the narrow
structures similar to that for a single ¢ — ¢~ configuration.

It is instructive to compare the structure of the spatially averaged force for a lin_Llin configuration
with the force for a single 6™ — ¢~ configuration. In a low-velocity region and at large detunings
the spatially averaged force (110) for a linLlin configuration (105) can be expressed through the
ground-state populations and coherences as

Q? 50 20 4
0_ \ +2 _ pt2y _ 2 -2y _ T 0
F —2hk/52 Re[?’y(R+ R™) 3)y(v v7) 3v} , (111)
where R} =R}, and v'=Rj . In the same low-velocity large-detuning approximation the force

for a single ¢ — ¢~ configuration (82) is (Chang et al., 1999b):

2

Q 1 2
F:thyéz[2(N+—N_)—|—3(N_—N+)—|—3jlmv] : (112)
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Fig. 15. Spatially averaged radiation force F°/fiky (solid line) on a (345)-level atom in a linLlin configuration and
radiation force F/fiky on a (3+5)-level atom (dashed line) for the first ¥ — ¢~ configuration as functions of velocity
v =, for the same parameters as in Fig. 14.

where spatially uniform populations N+ = py, 4., No = pgg, and ground-state coherence v =g,
are defined by Eqgs. (89) and (91). Note that the Rabi frequency €2 entering Eqs. (111) and (112) is
specified by Eq. (107). The above equations show that while the force F' for a 6™ — o~ configuration
includes a single two-photon structure related to a single spatially uniform ground-state coherence v,
the force F° for a linLlin configuration includes the structures related to both the spatially uniform
coherence ' and the second harmonics v*? of the ground-state coherence. Analytical solutions
show specifically that the spatially uniform coherence * produces the narrow structure and the
second harmonics RE2, v2 of the ground-state population and coherence produce the super-narrow
structures in the force (111). Fig. 16 shows the velocity dependence of a zero harmonic of the
dipole radiation force on a (3+5)-level atom in a linLlin configuration in comparison with that of
the force for a single 6™ — ¢~ configuration. As can be seen from Fig. 15 even-order multiphoton
processes considerably increase the slope of the force at zero velocity thus producing higher friction
coefficient as compared with that for a single 6 — ¢~ configuration.

For a motionless or sufficiently slowly moving atom important features of atomic dynamics are
related to the spatial variation of the radiation force. For spatially periodic laser field (105) with
intensity

I =1y(1 + cos2kzcos2wt)

the force at zero velocity, F(z,0), is also a periodic function of atomic position. The periodic force
accordingly produces a periodic potential for a slowly moving atom,

U= U(z)——/oz F(z,0)dz .

For a multilevel atom, the spatial periods of the atomic functions are generally different from the
period of the field intensity due to the contributions of the multiphoton processes. In particular, for
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Fig. 16. Dipole radiation force F/Ak?y (solid line), potential U (dashed line), and diffusion coefficient 0.1D../A%k*y (dotted
line) for a motionless (3+5)-level atom in a linLlin field configuration as functions of position for detuning 6 = —y
and saturation parameter G = 1. All functions are calculated in 4th order REA. Small negative values of the diffusion
coefficient are caused by insufficient accuracy of the 4th order REA. For comparison, the dashed-dotted line shows the
intensity of the lin_Llin field, 0.17/Iy, as a function of position at time ¢ = 0.

a (3+5)-level atom the period of the field intensity is Az = n/k = A/2 while the period of the force
F(z,0) and potential U(z) is 4/4 (Fig. 16).

Periodic potentials produced by the radiation forces nowadays find applications for creating pe-
riodic lattices of trapped atoms called optical lattices (Jessen and Deutsch, 1996). Some examples
of the forces on the multilevel atoms in spatially periodic laser fields and corresponding periodic
potentials are discussed in Nienhuis et al. (1991) and Prudnikov et al. (1999).

4. Quantum-kinetic equations

The semiclassical approach considered in Sections 2 and 3 gives a classical description of trans-
lational atomic dynamics in laser fields. In some cases the classical approach to atomic dynamics
is insufficient since it does not take into account the quantum-mechanical exchange of momen-
tum between the atomic wave packet and the laser and vacuum fields. In order to include into
consideration the momentum exchange one has to consider a fully quantum-mechanical descrip-
tion of both the internal and translational atomic state. A proper generalization of the semiclassical
density matrix equations to a fully quantum case is given by the quantum-kinetic equations
for the atomic density matrix. Similar to semiclassical equations the quantum-kinetic equations
include two basic parts, the dynamic and stochastic part. The dynamic part describes pure quantum-
mechanical time evolution of the atom in a laser field. The stochastic part describes the influ-
ence of a vacuum photon field on atomic dynamics. The dynamic part of the quantum-kinetic
equations can be derived straightforwardly from the Schrodinger equation describing the dipole



S. Chang, V. Minogin! Physics Reports 365 (2002) 65—143 105

interaction of the atomic wave packet with the laser field. The stochastic terms entering the quantum-
kinetic equations can be derived by applying the Weisskopf—~Wigner procedure to a whole system
“atomic wave packet+laser field+quantized vacuum field”. Below we describe the basic
steps leading to the quantum-kinetic equations and discuss the structure of the equations.
General equations of this section are specified in Section 5 for some basic interaction
schemes.

4.1. Coordinate representation

An atomic wave packet interacting with the laser field can be considered as a quantum-
mechanical system that consists of two subsystems. One subsystem includes a set of coordinates
E=¢E,,...,&, which describe the internal atomic motion, i.e. the motion of the electrons in the atom
and the motion of nucleus. The second subsystem includes the variable of atomic coordinate r that
describes the motion of the atomic wave packet in space. When the interaction of the atom with a
vacuum field is neglected the time evolution of the atomic wave packet is described by the wave
function ¥(r, &,¢). Atomic wave function ¥(r, €, ¢) describes both the internal atomic motion and the
translational motion of the atomic wave packet and thus depends on both the internal coordinates &
and the “external” coordinate r. The Hamiltonian describing the time evolution of the atom in the
laser field is generally a function of both the center-of-mass coordinate r and the internal coordinates
S, H=H(rJQ).

When interaction with a vacuum field is neglected, the atomic density matrix function p in the
coordinate representation is defined by a product of the wave function ¥(r,&,¢) and the complex
conjugate wave function Y*(r', &,t) taken at two different sets of atomic coordinates, r,& and r’, &,

p=p,&r. 8.0 =P NP, E ). (113)
Eq. (113) generalizes the definition of the semiclassical density matrix function given by Eq. (5).
The atomic density matrix function satisfies the Hermiticity condition

p (&, &)= p(, &1, 8 1) (114)

and the normalization condition following from the normalization condition for the atomic wave
function,

/,o(r,.f;r’,g’,z)r,r dErdie=1. (115)

&=¢
The equation of motion for the atomic density matrix function p(r,&;1r’,&,¢) in the absence of the
spontaneous emission follows from the Schrodinger equation. Taking into account the fact that the
equation of motion for the atomic density matrix function generally includes the contributions coming

from the interaction with a vacuum field here we write out an equation for the function p adding
an implicit operator term I'p describing the effect of the spontaneous relaxation,

d
if PP p(r, & & )y =H(r, &p(r,&x', & 1) — H* (', E)p(r, &1, & 1) +inlp(r, &1, & 1) .
(116)
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In problems related to atomic dynamics in laser fields the Hamiltonian H(r, &) usually includes
three terms, a proper atomic Hamiltonian H,(&) that describes the quantized internal atomic states,
the kinetic energy operator K(r) = —(%?/2M)/\;, and the dipole interaction operator V(r, & t) =
—d(&) - E(r,1),

H(r, &) =Hy,(&)+K(r)+V(r,ét). (117)

In the interaction representation (2), the decomposition of the total atomic wave function over the
stationary time-dependent eigenfunctions (2) is given by

Y, &)=Y a(r) V1), (118)
and the atomic density matrix function in the form of decomposition is as follows:
P EXE D= pun(t. ) P(EDPHE 1) (119)

where the density matrix elements are

Prn(0,1) = ap(r)ay(r') . (120)

Note that the time argument of the density matrix elements is omitted for shortness.
The equations of motion for the atomic density matrix elements are as follows:

., 0 h?
i pr(r, 1) = = (A = D )pua(rr') + Z Vin(r, )pmi (')
= e XYW, 1) + ih (k[T p(r, x| 1) (121)

where the last implicit term describes as before the contribution of the spontaneous relaxation. Note
also that the Laplace operators A, = V2 and A, = V2 act accordingly on coordinates r and r’. In
the above equations the matrix elements of the interaction operator ¥ (r, &) are defined with respect
to the time-dependent eigenfunctions,

Via(r,1) = / YEE OV (1, OPIE ) AP E = Vi(r)e ™" (122)

Via(r) = (k| V()| 1) = / EEV (6 O e (123)

where quantities wy; = (E; — E;)/h may have any sign.
When the atomic wave function is decomposed over the time-independent eigenfunctions (&),

W(r, &0 =Y am(é), (124)

with d(r) = ai(r)exp(—iEt/h); the decomposition of the density matrix function has the form of
Eq. (13),

P &Y, E )= P WO (&) - (125)



S. Chang, V. Minogin! Physics Reports 365 (2002) 65—143 107

The density matrix elements p,,, are

P01 = G0 () (126)
and related to density matrix elements defined before as
(R SIS ST (127)
The equations of motion for the density matrix elements p,, explicitly include the energy terms,
L 0 h? ~ ~
171&/01(1(13 r')= _W(Ar — A)pg(e,x") + (E(r) — Ef(x')f (r,1')
Y Vien®P () = (X W) + itk T, 1')]1) (128)

where the matrix elements of the interaction operator are defined with respect to the time-
independent eigenfunctions according to Eq. (123). The use of the density matrix elements p,,,
may have an advantage in cases when the atomic energies depend on the position of the atom in
an external field, £, = E,(r), i.e. when a proper atomic Hamiltonian parametrically depends on the
atomic center-of-mass coordinate, H,(r, &).

4.2. Wigner representation

Along with the coordinate representation the density matrix may also be considered in the momen-
tum representation and in the mixed coordinate-momentum or the Wigner representation (Wigner,
1932; Tatarskii, 1983; Hillery et al., 1984; Balazs and Jennings, 1984). In applications related with
the control of the atomic motion by laser fields the most useful is the Wigner representation.

The Wigner representation considers the atomic density matrix as a function of variables of atomic
position r and momentum p. The Wigner representation can be introduced through the coordinate
representation with the use of the Fourier transform as

1 1 .
pum):@ﬂn*ﬁ/p<r+2gr—2Qeﬂwm&s. (129)
The inverse Fourier transformation is
1 1 -
0 (r + hcblin 2s> = (2nh)3/2/p(r,p)elps/h d*p . (130)

The normalization condition for the Wigner density matrix p(r,p) follows from the normalization
condition (115)

/wmpm%&pzl, (131)

where the quasiprobability distribution function w(r,p) = >_ pu(r,p) is called the Wigner function.
In order to transform Eqs. (121) and (128) to the Wigner representation one has to represent the
interaction terms (122) and (123) in the form of the Fourier expansion,

Ve, ) = 2m) " / V(a1 &g , (132)
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Via(r) = (2n)~? / Vi(@)e dq . (133)

The substitution of the above Fourier expansions into Eqs. (121) and (128) then gives the equations
for the Wigner density matrix elements py(r,p) and p;,(r,p).

4.2.1. Dynamic terms

When the atomic density matrix is defined with respect to the time-dependent atomic eigenfunctions
the transformation of Eqgs. (121) with the use of Eqgs. (129) and (130) gives the equations of motion
for the atomic density matrix elements in the Wigner representation as,

. d B | .
i pu(r,p) = (27) 3/2%: / Vi Qs 1)pmi <r,p— th> e &g

1 . .
—2m) Y /pkn <r,p + th> Vu(q,0)e” &g +in(k|Cp(r,p)l) . (134)

where the total time derivative
d 0 0
R — =o/M 135
- Ve Y p/M (135)

formally coincides with a classical total time derivative defined by Eq. (15). The dipole interaction
terms in the above equations are defined by the Fourier expansions,

Vi@.1) = (2m) / Ve, £) e & (136)

When the multilevel atom interacts with the laser field (18) composed of the monochromatic plane
waves the equations of motion for the Wigner atomic density matrix elements in the RWA can be
written as,

d 1 . .
ihapkl(ra p)=— agm (di - ED oy <l‘,p _ tha> eikar —i(@a— i)t
1 k¥ —1(wq —o,
+ agn (d,; - E) <r,p + 2hkg> L e (L

1 . .
_ Z (dkm . Eo* )pml (l’, p + 2hka> e—lkar+1(wa—wmk )t

a,m

1 . . .
57 @ E™ )i ("’P -3 hk“) ¢ ke L i (| Pp(ep)[1) . (137)

a,n

where all four sums are assumed to include the terms with positive atomic transition frequencies
only, w,,=(E,—E,;)/h > 0. The above RWA equations generalize the semiclassical RWA equations
(19) and (61).
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When the atomic density matrix is defined with respect to the time-independent atomic eigenfunc-
tions the transformation of Eqs. (128) to the Wigner representation gives the equations:

ih%ﬁu(f’l’) =(@m) / [Ek (r - ;S> b (r B ;S)] Pra(r.p + hig)e' d’s d°q
_ . 1 -
+@m) / Vi @) (r,p - 2hq> e d’g

_ R 1 o . A
- @)y /pkn <r,p+2hq> Vu(Q)e dq +ih(k|Cp(e,p)ll) ,  (138)
where
Vulq) = (20) 3" / Via(r)e " & (139)

The above equations differ from Egs. (134) by the additional energy terms. The internal atomic ener-
gies E; may depend on atomic position r if a proper atomic Hamiltonian includes the center-of-mass
coordinate dependence, H, = H,(r, &).

For a practically important case when the multilevel atom interacts with field (18) composed of
the monochromatic plane waves Egs. (138) can be written in the RWA as,

ih%ﬁu(f’l’) =(@m) / [Ek (r - ;S) b (r - ;S)] P (r,p + hg) e P*sd’q

1 . .
o Z (dim - E) P, <1':P - 27"Lka> glkar—ioat

a,m

N 1 I
T Z(dnl -E")py, (rap + 2hka> eihar—iod

a,n

1 N
- Z (dkm ’ Ea* )ﬁml <l', p + 2hka> Cilk”r_Hw“'

a,m

+3 " @ - BNy, (r,p - ;hk) e Hartion i (kT (e, p)|1) (140)
where the first sum includes the terms with the atomic transition frequencies wy, = (Ey — E,;)/h > 0,
the second sum includes the terms with frequencies w,; = (E, — E;)/f > 0, the third sum includes
the terms with frequencies w, = (E,, — E;)/h > 0, and the fourth sum includes the terms with
frequencies w;, = (E; — E,)/f > 0. The representation of the atomic density matrix elements in the
form of p,, is used in Section 7 for the description of atomic dynamics in a magneto-optical trap.

4.2.2. Spontaneous decay terms
For any specific dipole interaction scheme the general form of the atomic density matrix equations
(134) or (138) should be specified with the explicit spontaneous relaxation terms. The derivation of
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the relaxation terms for the Wigner density matrix can be done according to the Weisskopf—Wigner
procedure described in Section 2.3. For a sufficiently general dipole interaction scheme that includes
the hyperfine structure ground-state magnetic sublevels |o,F,M,) and the excited-state magnetic
sublevels |a.F.M,) shown in Fig. 1 the terms (I'p)y = (k|I'p(r,p,?)|l) describing the spontaneous
relaxation are:

(e Foy Mo, | Tplote, Fe, Me, ) = —(Va, ., + VocezFez)(“e]Fe]Mm |plote, Fe,Me,)

(aeF M| plogFyMy) = =y, 5, (0 FeM, | plogFyMy)

(og, Fg My, | T'plog, Fg, My, ) = Z /(FgngzMglMgz |A(0)|Fe, Fe,Me, M.,)
Oeq ey »Fe] ,FezMel ,Mez

X (O, oy Mo, | p(P + mhik )0t Fo M., ) do

<°‘gFgM;|FP|°‘gFgMg>

= Z / (FyMMj|A(m)|FoM M) o F M| p(p + nhk)|oeFoM,) do (141)
e FoeM .M/

e

where

(FylezMylMyz |A(n)|F€1F€2M€1M€2)

= (VocglFel g, Fy, T VocezFez,ocnggz) Z (Fg My 1q | Fo,Me, )(Fyg,My, 1q | Fe,Me, )Py(m)
q=0,£1
and (F,MyM,|A(n)|FoMM,) = (FyFyMyMj|A(n)|F F.M.M;). The functions @,(n) define the proba-
bility of the spontaneous photon emission in the direction of a unit vector n,

= 1_”§)a ‘]:O 5
®,(n) = { " ) (142)
167(1 +I’lz), ‘]:il >

where n, = cos 0 is the projection of the unit vector n on the quantization axis Oz. The integrals in
Egs. (141) are assumed to be taken over the solid angle do =sin 8 df d¢. The rest of the terms in
Egs. (141) are the same as in Egs. (56). When the recoil momentum n7ik is neglected the relaxation
terms (141) reduce to the semiclassical expressions (56).

5. Quasiclassical kinetic equations
5.1. Transition to quasiclassical description
In many important problems of atomic dynamics in the laser fields the characteristic relaxation

times of the atomic density matrix are much less than the observation time 7tj,;. Owing to fast
relaxation of the atomic density matrix to a quasistationary state full quantum-kinetic description
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of atomic dynamics can in many cases be reduced to a simpler quasiclassical kinetic description.
From the physical point of view the reduction to a quasiclassical description is possible when the
relaxation times of the internal atomic states are small compared with that of the translational atomic
state. Mathematically, the reduction to the quasiclassical description becomes possible in the cases
when the distribution function describing the translational atomic state evolves adiabatically slow
as compared with the time evolution of the density matrix elements. When atomic dynamics is
described in the Wigner representation the above conditions are satisfied if the relaxation times of
the Wigner density matrix elements py(r,p,t) are short compared with the relaxation time of the
Wigner function

w=w(r,p,0)=>_ pu(r,p.1) (143)

i.e. when the Wigner function w(r,p,¢) evolves adiabatically slow as compared with the evolution
of the partial Wigner functions py(r,p, ). The simplification of the initial quantum-kinetic equations
to the quasiclassical equations thus becomes possible under the conditions,

12
Trels Trels - - -» L Ttr » (144)

n

where 17| are the relaxation times of the atomic density matrix elements and time 7y determines the
characteristic time scale for the variation of atomic position and velocity. For simple dipole interaction
schemes, e.g., for a two-level scheme considered in Section 3.2, the fast relaxation of the internal
atomic states is described by the only relaxation time Tn = t5p ~ 9~ while the variation of the
translational motion is defined by an inverse value of the recoil frequency, 7, ~ w, U o, =hk?/2M.
For more complicated multilevel interaction schemes, e.g., for a (3+5)-level scheme considered in
Section 3.3.3, the density matrix elements possess more than one relaxation time.

A standard procedure of the reduction of the equations for the Wigner atomic density matrix
elements to the equation for the quasiclassical distribution function w(r,p,?) includes generally the
steps which follow the Bogolyubov procedure (Bogolyubov, 1967). In the first step an explicit time
and coordinate dependence is excluded from the density matrix equations. Typically this procedure
is related with the substitutions for the off-diagonal density matrix elements p,,. The substitutions
transform the initial equations to new equations for the diagonal elements p,, and new off-diagonal
elements g,, where indices a and » may differ from the atomic state indices £ and /. Assuming next
in accordance with the long observation time that the atom scatters many photons, the momentum
width of the atomic density matrix elements can be considered to exceed the photon momentum
hk. This principal assumption that should be checked later allows one to expand the density matrix
elements in the powers of the photon momentum #k. Considering next the expanded equations
in successively increasing orders in the photon momentum 7%k one can conclude that the diagonal
Paa and off-diagonal o, density matrix elements are the functionals of the Wigner distribution
function w(r,p,?). This means that at the interaction time longer than the “fast” relaxation times,
t = Tint>f3e1a7r2e1>---’ the time dependence of the density matrix elements is defined by the time
dependence of the quasiclassical distribution function,

Paa(l', P, t) - Paa(l', p; W(l‘, p, t)) >

Oap(X, P, 1) = 0up(r,p; w(r,p, 1)) .
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The general structure of the functional dependence can be found directly from the structure of the
expanded equations as a series in the momentum derivatives of the distribution function,

1 1 ow
w=| R + —hkR! _h 1 L)

1 1 0
Oap = SO + ~hkS), + - ) w4 ~hk(T!, +-- SEUANE (145)
2 2 ap
where Rga,R}m, L]m, .. .,Sgb,S;b,T;b, ... are the functions of the atomic momentum p (or atomic veloc-

ity v=p/M) that have to be determined by the solution procedure. In accordance with the definition
of the distribution function (143), the unknown “diagonal” atomic functions satisfy the normalization
conditions,

S R,=1, > R,=0, > Q,=0,.... (146)

The above procedure evidently generalizes the semiclassical description of atomic dynamics discussed
in Section 2. The diagonal atomic functions describe the normalized atomic populations N, =R?, for
a classically moving atom, while the off-diagonal functions S, describe the atomic coherences. Rest
functions R!,,Q!,.....,S%,T.,,... entering Egs. (145) jointly with Planck’s constant % contribute to
the shape of the atomic wave packet.

General structure of solution (145) is a key to the derivation of the equation for the leading
function w(r,p,?). Considering the expanded equations in increasing orders in the photon momentum
(in orders in Planck’s constant) and taking into account an explicit structure of the solution (145)
one can derive from the expanded equations the closed equation for the distribution function w =
w(r,p,t). In zero order in the photon momentum the distribution function satisfies the phase density
conservation equation,

ow ow B

This equation is physically evident as in the absence of the photon recoil the atom moves freely.
When considered to the first order in the photon momentum the expanded density matrix equations
reduce to the Liouville equation for the distribution function w,

ow ow 0

Eﬂar 7_6pZ(FW)’ (147)

where the first kinetic coefficient F defines the dipole radiation force already found by the semiclas-
sical approach (see Eq. (65)). To find the rest of the atomic functions to the first order in the photon
momentum one has to take into account the total time derivatives for the functions R%,, S to the

first order according to the rule from the functional dependence (145) and the first-order kinetic
equation (147),

ow ow ow
—4+v— R, =R F
< at +v ar> aa aa apz 5
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Considering finally the expanded equations to the second order in the photon momentum one can
derive a Fokker—Planck type kinetic equation for the distribution function (Minogin, 1980, 1981;
Javanainen, 1991; Berg-Serensen et al., 1992; Stenholm, 1986),

ow ow 0 02
—+v—=——(F g —(D;w) , 14
5 —l—var ap( w) + apf( W) (148)

where the kinetic coefficients F and D;; define the dipole radiation force and the momentum diffusion
tensor (i =x, y,z). Considerations of the expanded equations to higher-order terms can be shown to
give negligibly small corrections to the second-order Fokker—Planck equation (148).

Eq. (148) is thus a final quasiclassical equation for the atomic distribution function w(r,p,¢). Note
that in the case of a single atom the quasiclassical distribution function is assumed to be normalized
“per a single atom” according to Eq. (131). Eq. (148) can also be applied to an ensemble of
noninteracting atoms. In that case the distribution function is to be normalized per a total number
of atoms.

5.2. Fokker—Planck equation for two-level atom

To illustrate the procedure of the transition to the quasiclassical description and introduce useful
notations we first describe the case of interaction of a two-level atom with a laser beam (68).
For a two-level atom the Wigner quantum-kinetic equations (134) written in the time-dependent
representation and RWA are

d . ) i(kr—3 ) —i(kr—d
gyPee = AN — a0y 2y,

d

d ~ (=) _ (1) ilkr—01)

apEQ - IQ(r)(pgg - pee )e - Vpeg 5

d . o o

37 Poe = 1Q(0)(pig e — e 00 + 29(p(D)) (149)

where the Rabi frequency 2 and detuning ¢ are defined as in semiclassical equations (54). The
density matrix elements in Eqs. (149) are

1
+ -k | ,¢
p <r,p 2 > ’

b> L o™ — (alp(r.p + ik, D)) |
(150)

pas = (alp(r,p,0)|b), p5) = <a

where k = ke, and n is a unit vector that defines the direction of the spontaneous photon emission
according to Egs. (142). Notation (pZ.,) is adopted for the density matrix elements averaged over
the angular distributions of the spontaneous photon emission,

(ple) = / @y (n)plt) do , (151)
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where do = sin 0dfdg. Note that in a two-level interaction model the laser beam is assumed to be
linearly or circularly polarized. In the first case ¢ =0 and in the second case ¢ = +1.

After substitutions for the off-diagonal elements p., = o, exp(ikr —id¢) and application of the qua-
siclassical transition procedure according to Eqs. (143)—(148) the initial quantum-kinetic equations
(149) are reduced to the Fokker—Planck equation (148). The latter equation includes the radiation
force defined by Eqgs. (73)—(75) and the momentum diffusion tensor (Minogin and Letokhov, 1987),

G(r)
1+ G(r) + (0 — kv)?/y

G(r)[(d —kv)*/y* — 3] >
[1+G(r) + (0 —kv)*/*1 )

1
D! = Ehzkzy S

yE =0l + 0 <l—+ (152)
In the above equations the saturation parameter G(r) is defined by Eq. (76). The coefficients o
define the probabilities of the spontaneous photon emission in the direction i =x, y,z,

%:/ﬁ@mmm (153)

For a laser beam propagating along Oz axis and linearly polarized along Ox axes of, = 1/5,07, =
a7, =2/S. For a circularly polarized laser beam propagating along Oz axis af, =05, =3/10, af, =2/5.
The velocity dependence of the diffusion coefficients for a two-level interaction scheme is shown in
Fig. 2 jointly with the velocity dependence of the radiation pressure force and the gradient force.

The diffusion tensor D! includes two physically different parts. The first part of the diffusion
tensor that is proportional to the angular anisotropy coefficients o originates from the fluctuations
in the direction of the spontaneous photon emission. The behavior of this part follows the behavior
of the upper-state population 7., =R?,. The second part that exists only for the longitudinal diffusion
coefficient DZ comes from the fluctuations in the number of laser photons scattered by the atom
(Cook, 1980; Gordon and Ashkin, 1980; Minogin, 1980). The velocity dependence of the second
part exhibits a dip at resonance velocity v.es = d/k reflecting the correlations in the process of photon
scattering (Fig. 2).

Note that for practical evaluations based on a two-level model the angular anisotropy coefficients
can be approximated as of, = af, = af = 1/3. This approximation corresponds to a hypothetical
isotropic spontaneous emission.

5.3. Fokker—Planck equations for multilevel atoms in ¢ — 6~ field configuration

5.3.1. (1+3)-level atom

In the case of excitation of a (143)-level atom by two counter-propagating laser waves defined
by Egs. (82) the dipole interaction is described by a V-type excitation scheme (Fig. 3a). For this
scheme the structure of the quantum-kinetic equations (134) written in an RWA can be illustrated
by some basic equations as,

d . ikz+iot (— —ikz+id -
&pgﬂg(] = IQ(elk +l()tp£,1)g0 + © . <H()tpgiq)0) + C.C. + 2y(<peflle,1> + <p(e)oeo> + <p(13161>) b
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d TR

ape,le,I =iQe e lbtpé:e),l +cc — 2'))/)@,1@,1 >

d evis ~ s

apgoe_l :_IQelkzﬂéz(péog)o _ pﬁ,fe,l)JrlQe ik: +1mp(61+e)71 — VPgoe_s > (154)

where the Rabi frequency (2 is defined by Eq. (84) and the averaging over the spontaneous angular
distribution is defined by Eq. (151). The above equations generalize the semiclassical equations (83).
An application of the reduction procedure described in Section 5.1 to set (154) gives the dipole
radiation force and the momentum diffusion tensor which are basically defined by the one-photon
absorption (emission) processes. The velocity dependences of the longitudinal diffusion coefficient
D,, for a (14-3)-level atom is shown jointly with that of the radiation force in Fig. 4. Similar to the
force the diffusion coefficient has a relatively simple structure formed basically by the one-photon
resonances centered at resonance velocities vres = +J/k. Two relatively narrow dips also located at
resonance velocities come from the fluctuations in the number of the laser photons scattered by the
atom. Each of these two dips is similar to the dip in the diffusion coefficient for a two-level atom.

At a low optical saturation when the force is defined by Eq. (86) the momentum diffusion tensor
calculated also to a second order in a small Rabi frequency Q2 (84) is

3+ 116,
Dy = % W2U29G(L_ +L.) . (155)
This simple equation useful for estimations does not describe the velocity dips shown in Fig. 4. The
dips in the longitudinal diffusion coefficient appear when the equation for D is considered up to

the fourth power in the Rabi frequency.

5.3.2. (3+3)-level atom

For a (343)-level atom excited by the field (82) as shown in Fig. 3b, the force is zero at all
velocities (see Section 3.3.2). The population of the upper state |eg) is generally different from
zero. Accordingly, the diffusion tensor is generally also different from zero. For this scheme the
quantum-kinetic equations generalize the semiclassical equations (87) as

d s
apgng = IQC i +1(>tp£)jg),] + c.C. + ’y(<p271871> + <péoeo>) s

d S - e

apgflgl = IQ(e létpg_?EO + elétpgj;g)l )e o - y<p2_131> s

d o Cior

Gy Po e = TR = P e QDT = py e, (156)

The velocity dependence of the diffusion coefficients D;; for a (3+3)-level atom is similar to that of
the upper-state population 7., = Rgoeo (see Fig. 5). At zero velocity the upper-state population 7.,
and accordingly the diffusion coefficients are equal to zero due to the coherent population trapping
effect.

5.3.3. (3+5)-level atom
In the case of interaction of a (3+5)-level atom with the laser field composed of two counter-propa-
gating circularly polarized waves (82) the interaction scheme is shown in Fig. 3c. For this case basic
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types of quantum-kinetic equations (134) generalizing the semiclassical equations (89) are:

d Q. B . - 4
Ty (€%p7)  +e ®pl )y e + e+ ((pe_lle_d + §<pfﬁoeo> + (pilel>) :

d O ot (— it (1) ke 182 e (v —i0t (=) a—ikz
apg—lgl :1Q(el pg_z)gl —e tpgj_?ez)el i %(el tpgog)l —e tpEJ—l)eo)e '

+7 (\/?p;fze& + (P20 + \E(pioe)) :

Q2

V6

where the Rabi frequency 2 is defined by Eq. (90) and the averaging over the spontaneous angular
distribution is defined by Eq. (151).

With substitution of Eqs. (91) and application of the procedure of the transition to a quasiclassical
description the initial equations for a (3+45)-level scheme reduce to the Fokker—Planck equation
(148). The latter includes the dipole radiation force F=Fe, defined by Eq. (92) and the momentum
diffusion tensor Dj;,

— _IQ(p(—) (+) )e—ikz+i5t +

ikz+iot (—
apglez gig1 — Pee C tpgoez — VPgie; > (157)
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1
+ 0,82 k*QIm [(Tglle2 + Tel,zg,l)‘f‘ e 1g0) T %(T;7160 (158)

1
W(Tgloel
where the coefficients o, « are defined by Eq. (153).

The kinetic coefficients F' and Dj; that govern the time evolution of the distribution function
w(r,p,t) can be explicitly determined by solving the steady-state equations that follow from the
expanded equations for the atomic density matrix elements considered separately in the zeroth and
the first order in the photon momentum 7k. The steady-state equations of the zeroth order in %k
that determine the functions R?, and SY, naturally coincide with the steady-state equations for the
semiclassical density matrix elements p,, and ¢, which follow from Eq. (89). The equations for
the functions Q!, and T, follow from the quantum-kinetic equations partly listed in (157) after the
expansion to the first order in k4 (Chang et al., 1999b).

Similar to already considered cases, the diffusion tensor D;; includes two physically different parts.
The first part of the diffusion tensor that is proportional to the angular anisotropy coefficients of,
of and the upper-state populations n, = RSM originates from the fluctuations in the direction of the
spontaneous photon emission and the second part that is proportional to the optical coherences T, glw
comes from the fluctuations in the number of scattered photons.
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In a low-saturation and low-velocity approximation when the force is defined by Eq. (101) the
longitudinal diffusion coefficient D,, = D can be written as,

D :Dsp +Dind 5

1 G 1

Dy, = Ethzym (ocg + (ocn — 4ocg> N0> ,

G 4 13
(14 2/y?) (3 12
where O+ = Q; tigarr T=T, ql_l 0 Similar to the dipole radiation force, the diffusion coefficient D
includes a narrow two-photon velocity structure located at zero velocity (Fig. 6). This structure can
be shown to decrease the value of the diffusion coefficient D = D,, at zero velocity. An analysis
of the expanded equations shows that the two-photon processes give different contributions to the
two parts of the diffusion coefficient D = D,, represented by Eq. (159). The two-photon velocity
structure located at zero velocity increases the first part of the diffusion coefficient, Dgp, but much
more decreases the second part of the diffusion coefficient, Dj,g. The second part of the diffusion
coefficient is, however, much bigger than the first one since the contribution of the ground state
coherence is directly related to the ground state populations. As a result, the diffusion coefficient D
manifests a narrow velocity dip at velocity v, = 0.

1 5 10
Ding = Ehzkzy No + E(Q_ -0+ é*(f - T*)> , (159)
Y

5.3.4. (5+3)-level atom
For this interaction scheme shown in Fig. 3d the quantum-kinetic equations generalize the semi-
classical equations (103) as

d o X i : 1 4 1
$pgogo = %(elksz,RQO + € . pg}i])o)e](;t + C.C. + y <5<pgle1> + §<p(€)()eo> + 5<p(13161>> >
d Q2

d —iot (— —ikz
apg—lgl = \/E(Cl tpg—g)l —¢© ' [p‘gl—l)fm)e ' + §y<p27161>5

d iQ G s 1 G s
3 Pan = %(pé&% — i) e 0 (pﬁ,jg)o - \/gpife)l) e T — ey, -
The reduction procedure gives in this case the momentum diffusion coefficient D,, shown jointly
with the radiation force in Fig. 9. The diffusion coefficient D,, exhibits at zero velocity a narrow
dip going down to zero. This behavior of the diffusion coeflicient naturally reflects the contribution
of the coherent population trapping effect most clearly seen in a similar behavior of the upper-state
population 7, :Rgoeo (Fig. 10).

5.4. Multilevel atoms in lin_Llin field configuration

54.1. (3+3)-level atom
For the case of interaction of a (3+3)-level atom with a linLlin field configuration (106) the
quantum-kinetic equations (134) written in RWA are similar to Eqs. (156). Some example equations
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Fig. 17. The velocity dependence of the longitudinal diffusion coefficient D../A*k*y (dotted line) and upper-state population
10 = Peye, (solid line) for a (3+3)-level atom in a lin_Llin configuration at the detuning d = —20y and saturation parameter
G =4

for this scheme are as follows:
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where the Rabi frequency Q is defined by Eq. (88). For interaction times tj,;>y~' this model

reduces to a A-type model with zero dipole radiation force. The diffusion tensor is represented by

a Fourier series. Spatially averaged value of the diffusion tensor is similar to that for a (3+3)-level

atom in a 6" — ¢~ laser field configuration (Fig. 17).

5.4.2. (3+5)-level atom

In this case the field is represented by Eqs. (105) and (106). The basic types of the Wigner
density matrix equations (134) for a (3+5)-level atom in a linLlin laser field configuration are
d iQ T iQ i e () ks s
apgogo = ﬁ(pgt?goe e _ lpg(e,l)goe ﬁ(pgfg)oe i + lpg(elgz)elk )el()t +c.c.
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i) gidt _
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where the Rabi frequency is defined by Eq. (107).

After expansion of the initial equations partially shown in (160) in the photon recoil and elimina-
tion of an explicit time dependence by substitutions (108) for the off-diagonal elements, the expanded
functions can be decomposed into infinite series (109). After that the quasiclassical transition pro-
cedure gives the Fokker—Planck equation with the dipole radiation force (110) and the momentum
diffusion tensor
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The harmonics of the diffusion tensor satisfy the “hermiticity” conditions, d* =d;;".

The velocity dependence of the momentum diffusion tensor in a low-velocity region is defined
by the even-order multiphoton processes considered in Section 3.4.2. Fig. 19 shows the velocity
dependence of zero harmonics of the dipole radiation force and longitudinal component of the
diffusion tensor for a lin_Llin configuration in comparison with the radiation force and longitudinal
component of the diffusion tensor for a single ¢ — ¢~ configuration. As can be seen from Fig. 18
even-order multiphoton processes considerably increase the longitudinal component of the diffusion
tensor since this quantity is the most sensitive to the fluctuations in the number of scattered photons.
While for a 67 — ¢~ configuration the longitudinal diffusion coefficient D,, even decreases at zero
velocity due to the coherent contribution of a single two-photon process, for a lin_Llin configuration
the longitudinal diffusion coefficient DY =#2k?yd®, increases at zero velocity reflecting a considerable
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Fig. 18. Spatially averaged radiation force F°/Aky (solid line) and spatially averaged longitudinal component of the
diffusion tensor 0.1D%/A%*k*y (dotted line) for a (3+5)-level atom in a linLlin configuration and radiation force F/Aky
(dashed line) and longitudinal component of the diffusion tensor D../A*k*y (dot-dashed line) for a (345)-level atom in
the first 6 — ¢~ configuration as functions of velocity v = v. for saturation parameter G =2 and detuning § = —20.

increase in the number of scattering channels. Note that in Fig. 18 the value of the diffusion coefficient
for a linllin configuration is plotted in 10 times reduced scale.

Note finally that the coefficients of the Fokker—Planck equation for the multilevel schemes with
half integer angular momenta F, = F, = 1/2 can be found in Prudnikov et al. (1999).

6. Laser cooling of atoms

One of the most important applications of the quasiclassical theory of atomic motion in laser fields
is the cooling of atoms by near resonant laser fields (Hénsch and Schawlow, 1975; Wineland and
Itano, 1979; Minogin and Letokhov, 1987; Nienhuis et al., 1991; Adams and Riis, 1997; Metcalf
and van der Straten, 1999).

Explicit expressions for the coefficients of the Fokker—Planck equation for the dipole interaction
schemes which include counter-propagating laser waves can be directly applied for estimating the
temperatures achievable in the schemes of laser cooling of atoms. At a negative detuning when
the dipole radiation force reduces to a friction force, the Fokker—Planck equation has a steady-state
solution describing the stationary velocity distribution of laser-cooled atoms. At low velocities the
friction force is a linear function of velocity and the steady-state solution of the Fokker—Planck
equation is a Maxwellian distribution defined by the friction produced by the cooling force and the
diffusion.

In a simplest one-dimensional case the dipole radiation force playing the role of a cooling force
can be represented at low velocities as a friction force

F=—-Mpv, (162)
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where f is the friction coefficient. The steady-state velocity distribution for laser-cooled atoms is
accordingly defined by the solution of the Fokker—Planck equation as

1 v
W(U):\/ﬁuexp<—u2) 5 (163)

where the velocity halfwidth u is related to an effective temperature,

2kgT
M b

(164)

and kg is the Boltzmann constant. The effective temperature 7 is defined by the Einstein relation,

_ D(0)
- MPpikg’

(165)

where D(0) is the diffusion coefficient at zero velocity.

The value of atomic temperature (165) crucially depends on the types of optical processes which
contribute to the friction and diffusion coeflicients. Of two coefficients, f and D(0), most important is
the behavior of the friction coefficient which is most sensitive to the optical processes. In cases of the
dipole interaction schemes not possessing the ground-state coherence as it is the case for a two-level
atom or a (1+3)-level atom, the friction force originates from the one-photon resonances which are
relatively broad on the velocity scale. The one-photon friction force produces accordingly a relatively
low friction and a relatively high value of the temperature known as the Doppler temperature.
In the cases of the multilevel dipole interaction schemes possessing the ground-state coherence
the two-photon and generally higher-order multiphoton processes considerably increase the friction
coefficient. As a result the value of temperature for a multilevel scheme can be below the typical
values of the Doppler temperatures. In the latter case the corresponding low temperatures are referred
to as the sub-Doppler temperatures (Dalibard and Cohen-Tannoudji, 1989).

6.1. Doppler cooling

The quantitative estimations of the Doppler temperatures can be directly derived from the Fokker—
Planck equations for a two-level in the field of two counter-propagating laser waves or a (1+3)-level
atom in a 6" — ¢~ field configuration. At low saturation the dipole radiation force can be written
for both schemes as (see Eqgs. (74) and (86)),

1 1
F="hkyG <1 O — ko) 1+(5—|—kv)2/y2) ‘ (166)

At a red detuning, 6 < 0, the force (166) is directed opposite to atomic velocity. Accordingly, at
low velocity the force (166) reduces to a friction force (162) with the friction coefficient

8G|o|/y

ﬁ:wrm , (167)
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normalized temperature, T/T

detuning, &/y

Fig. 19. Atomic temperature for a (1+3)-level atoms in a ¢ —¢~ field configuration as a function of detuning at saturation
parameter G =1 (solid line). The dotted line shows the temperature (169) valid in a low saturation limit. Temperature is
normalized on the Doppler temperature Tp = #iy/ks.

where w; = hk?/2M is the recoil frequency. The longitudinal diffusion coefficient at zero velocity
for both schemes is (see Egs. (152) and (155))
G
D(0) =D..(0) = k*y—5—(1 + o) . 168
(0) = Do(0) = B (1 4-22) (168)

The effective temperature for the Doppler cooling schemes according to Eq. (165) is defined by the
value of the detuning and does not depend on the saturation parameter at low effective saturation
(Letokhov et al., 1977)

1 + o, By <\5! y)
T= —|—+=]). 169
T w7 T e
At an optimal detuning 6 = —y the temperature found in a low saturation limit has a minimal value
1+ o, fi
Toin = —5—Tb, Tp=1" (170)

= kB N
where the temperature 7p is called the Doppler temperature. Typical dependence of the temperature
on the detuning for a (1+3)-level interaction scheme is shown in Fig. 19.

6.2. Sub-Doppler cooling

6.2.1. 6 — o~ laser field configuration

An estimation of the sub-Doppler temperature can be done on a simplest example of a mul-
tilevel atom which possesses the ground-state sublevels—a (3+5)-level atom. In the case of the
one-dimensional laser field represented by a ¢© — ¢~ configuration (82) the dipole radiation force
on a (3+5)-level atom at low saturation and low velocities is defined by Eq. (101). At large negative
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detunings, [0]|>Q,y, the friction coefficient is defined by the contributions due to the two-photon
processes as

B= a)r% % : (171)
In the same case of large detuning the diffusion coefficient (159) estimated at zero velocity is
D(0) ~ ﬁhzkzyg2 . (172)
17 0?

High friction coefficient due to the dipole radiation force and a relatively small value of the diffusion
coefficient due to the velocity deep in the momentum diffusion coefficient are finally responsible
in the above case for the sub-Doppler laser cooling down to a temperature (165) (Dalibard and
Cohen-Tannoudji, 1989; Ungar et al., 1989; Chang et al., 1999a, 2001),
23 he?
30 kglo|

The above equation for the temperature is valid under the basic assumption of the kinetic theory that
the momentum width of the atomic density matrix elements exceeds the photon momentum 7k. This
principal assumption is always satisfied when the temperature (173) exceeds the recoil temperature,
T>Tr= ha)r/kB.

More complicated multilevel schemes shown in Fig. 20 exhibit similar sub-Doppler temperatures.
For any of these schemes the dipole radiation force includes a narrow structure located at zero veloc-
ity. The slope of the dipole radiation force near zero velocity which defines the friction coefficient f
increases when the number of levels increases (Fig. 21). The diffusion coefficients D = D,, as func-
tions of velocity show narrow dips located at zero velocity (Fig. 22). Starting from a (5+7)-level
atom these dips exhibit additional narrow structures most clearly seen for (749)- and (9+11)-level
atoms (Fig. 23).

The above behavior of the forces and the diffusion coefficients has a natural explanation in terms of
atomic coherences and populations. In cases of more complicated atomic schemes higher even-order
multiphoton processes give additional contributions to the ground-state coherences and populations.
In the case of a (749)-level scheme there are three basic multiphoton processes: 2-photon process
contributing to the ground-state coherence Rf) 4-photon process contributing to the ground-state

g-191°
coherence R and 6-photon process contributing to the ground-state coherence R‘g)f ,g5- The lowest

order 2-phot%rigi)rocess gives the most broad velocity structure, the next 4-photon process a medium
width structure, and the highest 6-photon process the narrowest structure. This narrowest structure
is accordingly responsible for the slope of the force at zero velocity, i.e. for the friction coefficient
for a (749)-level atom (Fig. 21). In a similar way the above narrowest structure is responsible for
the fine structure of the velocity dip in the diffusion coefficient for a (7+9)-level atom (Fig. 22).
The same general explanation can be provided for other atomic schemes of Fig. 20.

Figs. 23 and 24 show the dependence of the atomic temperature on the value of a negative detun-
ing and the saturation parameter for the above four atomic schemes. For any given atomic scheme
the value of the temperature decreases approximately inverse proportionally to the detuning and
proportionally to the saturation parameter. For different schemes the temperature decreases approx-
imately inverse proportionally to the number of levels. All the above features of the temperature
behavior reflect the contributions of the multiphoton processes responsible for the friction coefficient

(173)
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Fig. 20. Schemes of a (3+5)-, (5+7)-, (74+9)- and (9+11)-level atom excited by counter-propagating circularly polarized
laser waves composing a ¢ — ¢~ field configuration. Arrows show the o™ (g» — ewm+1) and 6~ (gu — em—1) excitation
transitions. Numbers show the relative strengths of the dipole o™ transitions.
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Fig. 21. Dipole radiation force as a function of atomic velocity v = v, for a (3+5)-level atom (solid line), (5+7)-level
atom (dashed line), (7+9)-level atom (dotted line), and (9-+11)-level atom (dash-dotted line) excited by a 6" — ¢~ field
configuration at saturation parameter G = 2Q*/y* = 4 and detuning 6 = —207.
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Fig. 22. Detailed structure of the diffusion coefficient D = D.. at small velocities for the same parameters as in Fig. 21.

and the diffusion coefficient at zero velocity. It is to be stressed that the comparisons of different
atomic schemes are made above in terms of universally defined dimensionless saturation parameter
G = 20%/y%. For any practical purposes the saturation parameter can equivalently be represented as
G =1/Is, where [ =(c/8m)E} is the intensity of a single travelling wave with polarization ¢* or ¢~

and the saturation intensity /s = iywj/6mc® does not explicitly depend on the quantum numbers of
the atomic scheme.
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Fig. 23. Atomic temperature as a function of detuning for a (3+5)-level atom (solid line), (5+7)-level atom (dashed

line), (74+9)-level atom (dotted line), (9+11)-level atom (dash-dotted line) excited by a ¢* — ¢~ field configuration at
saturation parameter G = 4. Temperature is normalized on the Doppler temperature 7p = fiy/ks.
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Fig. 24. Atomic temperature as a function of saturation parameter for a (3+5)-level atom (solid line), (5+47)-level
atom (dashed line), (7+9)-level atom (dotted line), and (9+11)-level atom (dash-dotted line) in a field of a ¢ — ¢~
configuration for detuning 6 = —20y.

6.2.2. linLlin laser field configuration

In the case of a lin Llin laser field configuration defined by Egs. (105) and (106) the value of
sub-Doppler temperature is close to that for a 6™ — ¢~ configuration (Fig. 25). Both considered
cases, a 67 — ¢~ configuration and a linLlin configuration, thus show very close values of the
temperature at a large detuning. This has a natural explanation in terms of the light shift. At a
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Fig. 25. Atomic temperature as a function of detuning for a linLlin configuration (solid lines) and the first ¢ — ¢~
configuration (dashed lines) for saturation parameter G =1 and 4. Temperature is normalized on the Doppler temperature
o = h"//kB.

low effective saturation the entire atomic population is localized on the ground-state sublevels. The
internal atomic energy is thus close to zero and the translational atomic temperature is defined by
the value of the light shift. For large detunings, |0|> Q,y, and small velocities, k|v| <7, the light
shift and accordingly the atomic temperature apart from a numerical factor is
QZ
E~kpgT ~Hh o]

The value of the atomic temperature at a large detuning is thus defined by the same quantity both
for a lin_Llin configuration and a ¢ — ¢~ configuration.

7. Magneto-optical trap

So far we have discussed the application of the kinetic approach to dynamics of multilevel atoms
in pure laser fields. The approach can, however, be used for a quantitative description of atomic
motion not only in laser fields but also in the combined fields of the laser fields and other fields.
In this section we discuss the application of the kinetic approach to the description of dynamics of
multilevel atoms in a magneto-optical trap (MOT) which explores both the laser field and a static
magnetic field (Dalibard, 1987; Raab et al., 1987).

Basic features of the MOT capable of operating at sub-Doppler temperatures can be considered
on a basic model of a (3+5)-level atom placed in a weak inhomogeneous magnetic field (Fig. 26).
This multilevel interaction scheme includes all the basic features common to the real experimen-
tal schemes (Drewsen et al., 1994). In the scheme the inhomogeneous magnetic field produces the
position-dependent Zeeman shifts. The laser field chosen in a 67 — ¢~ configuration (82) is respon-
sible for both one-photon absorption (emission) processes and two-photon optical processes. The
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Fig. 26. Zeeman-shifted energy levels for a (3+5)-level atom in a one-dimensional magneto-optical trap. Atoms are placed
in a weak inhomogeneous magnetic field and irradiated by a ¢ — ¢~ field configuration.

frequencies w of the laser waves are assumed to be red detuned with respect to the frequency of
the nonperturbed atomic transition, w < wy.

We assume below that the atoms are placed in a weak inhomogeneous magnetic field varying
along axis Oz,

B=2B()e., B(z)=az, (174)

where a is the gradient of the magnetic field in the center of the trap. The laser field is assumed to
be near resonance with two hyperfine structure states, the ground state |0, F, = 1) with energy Eg
and the excited state |o,, F, =2) with energy E. Both states are split in the magnetic field over the
magnetic sublevels M, =0,+£1 and M, =0,£1, £2.

7.1. Quantum-kinetic equations

For the considered scheme, the Hamiltonian can be represented as a generalization of the Hamil-
tonian (117),

H=Hym — (B*2M) A —d - E ,

Ham:Ha_ﬁ)'Ba (175)

where the atomic Hamiltonian H,y, includes a proper atomic Hamiltonian H, and the term describing
the dipole interaction of the atom with inhomogeneous magnetic field (174). The Zeeman shifts of
the magnetic substates can be considered for simplicity in a lowest linear approximation in the value
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of the magnetic field. For the ground-state and excited-state magnetic sublevels,
(FyMy| — w -B|FyMy) = upg,B(z)M, ,

- (176)
<FeMe’ I B’FeMe> = .uBgeB(Z)Me >

where ug is the Bohr magneton, g, and g, are the Lande g-factors for the ground and excited state
and Fy=1, M;=0,%1; F, =2, M, =0,%+1,+2.

A natural approach to the description of atomic dynamics in the above scheme is the use of the
quantum-kinetic equations (138). In this section we use the notations py(r,p) for the density matrix
elements p,,(r,p) entering Eqgs. (138), (140) thus omitting the upper “tilde” for simplicity. Before
writing the equations we make two simplifications. First, we take into account the fact that the
Zeeman-shifted energies vary over a distance much larger than the size of the atomic wave packet
and accordingly neglect the integral structure of the energy terms in Eqs. (140). Next, we exclude
an explicit time dependence in Egs. (140) by changing the off-diagonal density matrix elements as

Pgses ™ Pgyep CXP 1wt ,

where w is a frequency of the monochromatic laser field (82). After the above changes the Wigner
density matrix equations describing the dipole interaction of a (345)-level atom with laser field (82)
in the presence of the magnetic field (174) basically differ from Egs. (157) in terms of the additional
energy terms. Some basic types of equations are as follows:

d i . ke s _ 4

7P = \ﬁ(e"‘zpi_fgo +e pl e +ec +y <<pg_1]e_]> + 3 {Plen) T (Pere >> ,

d . . .kz iQ — 7.kz
apg—lgl :lg(pgfz)gl - pi/_t?ez )el + %(pg?g)l - pgjfl)eo)e '

2, _ 2 .
+’V (\/;<pe_1260> + <p2_181> + \/;<p£13062>> + 21wgpg,1g1 >

d . _ 7kz iQ 'kz _ .
3P = —iQ(p(,) — pSo)e ™ + %el Pl — (7 +i(wy — 20, 4 8))pgre, - (177)
In the above equations the dipole interaction terms are defined by Egs. (139) and the spontaneous
relaxation terms by Eqgs. (141)—(142). The averaging over the spontaneous angular distribution is
specified by Eq. (151). The detuning is defined as 6 = w — @y, where @, is the atomic transition
frequency in the absence of the magnetic field. The Zeeman frequency shifts entering the above
equations,

wy = uggaz/h, .= ppgeaz/h , (178)

determine the position-dependent Larmor frequencies wr, = |w,|, wr. = |w,| for the ground and
excited states. Depending on signs of the Lande g-factors the Zeeman shifts w, and w, can be
positive or negative. Note that the adopted simplification for the energy terms in Eqs. (177) means
that small magnetic dipole forces f; = 0(k| 7 - B|k)/Or which do not play any noticeable role in
atomic dynamics in the MOT are neglected.
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7.2. Dipole radiation force

The procedure of simplification of the quantum-kinetic equations describing the motion of a
(345)-level atom in the MOT coincides with the procedure of Section 5.3.3 for the case of ab-
sence of the magnetic field. Accordingly, the dipole radiation force on a (3+5)-level atom in the
MOT is defined by the equation formally identical to Eq. (92) while an explicit equation for the force
differs from Eq. (96) by evident change of the detunings. The dipole radiation force on the atom
in the MOT is the velocity- and position-dependent quantity. In a physically most interesting case
of a low one-photon saturation,

Spagt =L/ + 05, 40)<1, (179)

where 0, ,+ = 0 + pw, + qw, £ kv are the position- and velocity-shifted detunings the force F =
Fe., F =F(z,v) is represented as

1 1
F(z,v)=hky [(251,—2,— - 331,0,+> Ny + (s0,—1,— = S0,1,4)No — (25—1,2,+ - 35—1,0,—> N-
1 N i .
t o = S0 +v) = 67}(&1,0,7571,0,7 + 51,0+01,04 )y — v )} ; (180)

where N():Rgo g0 N+ :Rg 194, are the ground-state populations and v:‘S'g_l g 18 the ground-state coher-
ence. Formula (180) defines the dipole radiation force in a low-intensity limit when the upper-state
atomic populations can be neglected compared with the ground-state populations. Note that the
ground-state coherence v is of the same order of magnitude as the ground-state populations.

The structure of the force F(z,v) can be understood by separately considering the velocity depen-
dence of the force at different atomic coordinates and the coordinate dependence at zero velocity.
For small Larmor frequencies, wy gy, wL. <7, i.e. at small displacements from the origin of the trap,
and at low velocities, kv <y, the force can be found analytically. At a negative detuning, é < 0, the

force reduces to the friction force and potential force,
F(z,v)=F(0,v) + F(z,0),
where the friction force F(0,v) coincides with the friction force F' defined by Eq. (101) and the
potential force is (Jun et al., 1999a,b)
Glo|y*  (44/17)(Bw. — wy)il® + (8w, — 3wy )w?
(1+02/y2)? w? + i

2
— i7‘1ky G \5|a)g~ .
W AF P o 1 2
Here the dimensionless saturation parameter G and the halfwidth of the two-photon resonance i are
defined by Eqs. (100) and (102). The position-dependent Zeeman shifts w, and w, are defined by
Eqgs. (178).

Fig. 27 shows the coordinate dependence of the potential force F(z,0) near the origin of the trap.
This dependence includes two different parts, the physical origin of which is the same as the origin
of the two parts in the velocity-dependent force F(0,v) defined by Eq. (101). The broad part in the
coordinate dependence of the force F(z,0) is due to the one-photon absorption (emission) processes

5

(181)
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Fig. 27. Position-dependent force F(z,0) on a (3+5)-level atom for the case g, = g. at saturation parameter G =4 and
for detuning 6 = —10y (solid line) and 6 = —20y (dashed line). The displacement of the atom from the center of the trap
is normalized on a characteristic distance zm = hy/usga at which the Zeeman frequency shifts equal half of the natural
linewidth.

being slightly perturbed by the two-photon processes. Narrow structure in the force F(z,0) comes
from the two-photon processes related to the ground-state coherence v = ngl .- The ground-state
coherence appears mainly due to the two-photon optical processes connecting two ground-state sub-
levels g_1, g1. At the origin of the trap, z=0, the two-photon processes are effective at the velocities
satisfying the two-photon resonance condition, (w + kv) — (w F kv) ~ 0, i.e. at the velocities v ~ 0.
For motionless atom, v = 0, the two-photon resonance condition is (@ £ w,) — (0 F w,) ~ 0, and
accordingly the two-photon processes are effective at the origin of the trap where w, ~ 0 and
z ~ 0. At low effective saturation the frequency width of the two-photon resonance is determined
by the quantity dw = ji. Accordingly, the velocity width of the two-photon resonance is about the
value év = fi/k and the coordinate width of the two-photon resonance is determined by the quantity

0z = fih/uBgya.
7.3. Double-structure potential well
The potential force (181) can be integrated to give the potential energy for cold atoms,
U(z):—/ZF(Z,O)dz. (182)
0
When the signs of the Zeeman shifts are chosen in such a way that the force F(z,0) is an attractive
force, the potential energy (182) describes the potential well of the MOT. The force F(z)= F(z,0)

owing to its two-component structure generally creates the two-component potential (Fig. 28). At a
negative detuning, the MOT potential well may accordingly consist of a double-structure potential
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Fig. 28. Potential U(z) of the magneto-optical trap for a (3+5)-level atom for the case g, = g., at saturation parameter
G =4, and for detuning 6 = —16y (solid line), 6 = —18y (dashed line), and 6 = —20y (dotted line). Atomic coordinate
is normalized on the characteristic distance zm = Ay/usga.

well. The upper part of the well caused by the one-photon processes is relatively broad while the
bottom part caused by the two-photon processes is relatively sharp.

The double structure of the MOT potential well can be illustrated by a simple model example of
equal Zeeman frequency shifts, w, = w, = & = uggaz/h >0, g, = g. = g, and for a case of large

detuning, |5|>7y, when parameter i ~ /17/33Gy*/4|5| and the potential force (181) has a simple
form

255Gy, . 60y @

Fz0)~ -2 2 gy — 20
@0 == 5™ T e 1 2

hk . (183)

The force (183) creates the double-structure potential well described by the potential

25GY, k , 5, G 528 & [z \?
Uy~ 20 gy D2 Py Ve 1422 2 (2 ), 184
@ = oo T e e e I T e (184)

where z, = Aiy/ugga is a characteristic distance from the center of the trap at which the Zeeman
frequency shifts equal to half of the natural linewidth. The first part of the potential (184) is basically
due to the one-photon processes and the second one is due to the two-photon processes.

It is to be noted that the value of the sub-Doppler kinetic energy kg7 according to Eq. (173) is
generally of the same order of magnitude as the threshold energy that separates the sharp bottom
part of the well from the upper broad part. For that reason, the spatial distribution of cold atoms in
the double-structure potential well is generally a two-component distribution.
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Fig. 29. Scheme of a far-off-resonance optical dipole trap (FORT) (a) and scheme of dipole transitions in a (3+5)-level
atom in the FORT (b).

8. Optical dipole traps

In this section we consider an application of the kinetic approach to the dynamics of multilevel
atoms in spatially inhomogencous laser fields on an example of the optical dipole traps. Among
different configurations of optical atom traps, of fundamental importance is a far-off-resonance optical
dipole trap (FORT) based on a single focused far-detuned laser beam (Ashkin, 1978; Gordon and
Ashkin, 1980; Chu et al., 1986; Miller et al., 1994; Corwin et al., 1999). The FORT produces a
nearly conservative potential well for atoms, but incorporates an inevitable heating due to the photon
recoil associated with the scattered laser light. Although the heating rate may be very small at very
large detuning from the resonance, the photon recoil heating introduces an upper limit on the lifetime
of atoms in the trap.

Below we present a kinetic theory analysis of the FORT composed of a single red-detuned trapping
laser beam and describe a modification of the FORT which includes an additional red-detuned cooling
laser field that prevents the heating due to the photon recoil (Garraway and Minogin, 2000). The
theory of the FORT is considered below for a simplest realistic model of a (345)-level atom.

8.1. Single-beam optical dipole trap

We assume for definiteness that the FORT is based on a linearly polarized trapping laser beam
(Fig. 29),

E; = eoEq(r) cos(ky — ant) , (185)

which is defined by a unit polarization vector e, = e,, spatially nonuniform amplitude Ey(r), and
the wave vector k; = ke, (k = w/c). For a chosen interaction scheme, the atomic Hamiltonian has
a standard form (117),

h2
H:Ha—mvz—d-Et, (186)
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where the Hamiltonian /), describes the internal atomic states with energy levels E,,E,,, and
EenEe.\, E.,, and the last term describes the dipole interaction between the atom and the electric
field E; of the trapping laser beam.

Consider first the trapping potential produced by the laser beam. The semiclassical density matrix
equations describing the dipole interaction of a (3+5)-level atom with the field (185) can be written
in RWA according to Egs. (61). Some types of equations for a considered scheme are as follows:

d iv3 (

1v3 ap 1
apg—lg—l = TQ(I‘)@ ik At)pefly—l +cc.+ 7 20e sey + Pe_je s T Pe0e0> 5

3

d . itk 4
apgogo = IQ(I')G iCky At)peogo +cc +7y (pe121 + gpeoeo + pele1> B (187)

d . itky—

&pgoeo = —1Q(r)e (ky At)(pgogo - peoeo) - ypgoéo .
The position-dependent Rabi frequency due to the trapping laser beam is defined here with respect
to the most strong n-type dipole transition |oy, Fy = 1,My; = 0) — |ote, F = 2,M, = 0),

2ld||ot, 1) Ege(r

Q(l‘): <OC H HO(J > Ot( ) ,
v30h
and the detuning is 4 = w¢ — wy.

Eliminating an explicit time and position dependence in the above equations with the substitutions,

e—i(ky—At) e—i(ky—At) e—i(ky—At) .

(188)

py—le‘—l = 0-9—16—1 > pgoeo = O-yoéo :09161 = O-glel
and solving next the equations for a steady state, one can find the dipole radiation force on the atom
according to Eq. (65). The force on a (3+5)-level atom in laser beam (185) includes, as usual, two

partial forces, the gradient force and the radiation pressure force,
F=Fg +Fy,

V3
Fo =20(VQ(r))Re| 0400y + (04 e, +04) | »
= 20(VO()) ( (0, ne) 159)

3
F,, = 2hkQe, Im (MHO n ‘2[(0”,1 + Gurg, )) .

In the case of large negative detunings, |A|>Q(r), and for slowly moving atoms (v = 0) the
forces are

30, VOQ(r)
£ 4
30 QX (r)

The gradient force produces the potential well for the atoms that differs from that for a two-level
atom (79) by a numerical factor only,

o 30, QXr)
U(r)_—/ Fyr - dr=—-h e (191)

— 00
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The radiation pressure force produces an additional asymmetric potential well which can be neglected
at large detuning.

The lifetime 7 of the atom in the FORT is always restricted by the diffusion heating according to
a general estimation,

_ 2MU,
- D)’

where Uj is the depth of the potential well (191) and D(0) is the momentum diffusion coefficient
at zero velocity. Taking into account the fact that according to Eq. (191) the depth of the potential
well is Uy ~ 70Q?(0)/|4| and according to Eq. (152) the diffusion coefficient is D(0) ~ hk?yQ?/A?,
one can see that the lifetime of the atom in the FORT is about t ~ w;!(|4|/7), where w; is the
recoil frequency. When the detuning increases the lifetime of the atom in the FORT thus grows but
with a simultaneous decrease in the depth of the potential well.

T

8.2. Single-beam dipole trap with superimposed laser cooling

It was proposed that the heating mechanism in the FORT might be suppressed by adding the
cooling laser field to a focused trapping laser beam (Gordon and Ashkin, 1980; Chu et al., 1986).
The experiments with different types of the cooling laser fields have proved that the addition of the
cooling field can increase the lifetime of the atoms and even the atomic density in the trap (Lee
et al., 1996; Boiron et al., 1998).

The addition of the cooling field may have a profound effect on all the basic parameters of
the FORT since the cooling field may strongly influence the atomic populations and coherences.
Typically any cooling laser field operates at a detuning less than the detuning of the trapping laser
beam. The cooling field may thus be responsible not only for perturbation of the steady-state internal
atomic state but the perturbation of the trapping potential as well. The FORT with an additional
cooling laser field was theoretically discussed for the simplest model of a two-level dipole interaction
scheme (Gordon and Ashkin, 1980). A two-level model has, however, a very limited connection
with real experimental techniques which typically explore multilevel dipole interaction schemes.
Physically, there is a major difference between the models of a two-level atom and a multilevel
atom in applications related to the trapping and cooling atoms. In a two-level model both trapping
and cooling fields excite atoms on the same atomic transition. As a result, for a two-level atomic
scheme in the FORT, the depth of the potential well and the cooling limit have generally the same
order of magnitude defined by the Doppler temperature. In multilevel atomic schemes the trapping
and cooling laser fields can explore principally different atomic transitions. The trapping field can
produce a potential well due to the one-photon transitions while the cooling laser field can cool
atoms down to the sub-Doppler temperatures due to the two-photon transitions. It is thus important
that in multilevel atomic schemes the optical processes used for trapping atoms in the FORT and
those for the sub-Doppler cooling can have different physical origins. The use of the different optical
processes for trapping and cooling multilevel atoms thus raises questions on basic parameters of
the trap and the lifetime of atoms achievable in the FORT with superimposed sub-Doppler cooling
process.

We discuss below the scheme of the FORT for a (3+5)-level atom interacting with the trapping
laser field (185) and the cooling laser field (82).
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8.2.1. Quantum-kinetic equations

To analyze the operation of the trap at large detunings, it is sufficient to consider the quantum-
kinetic equations at small optical saturation. We will accordingly take into account one- and two-
photon optical processes, and neglect higher-order optical processes. To simplify the consideration
of the equations of motion, we additionally neglect the spatial variation in the trapping laser beam
amplitude En(r). The effect of the spatially inhomogeneous trapping laser beam will be taken into
account separately.

A set of the atomic density matrix equations in the Wigner representation and RWA describing
an interaction of a (345)-level atom with laser waves (185) and (82) of constant amplitude at
weak optical saturation can be written according to general equations (134). Some types of the
quantum-kinetic equations for a considered scheme are:

d 1\/§ —i(ky—A s Nalkz+i0t (— i0 —ikz+10.
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dt peleo

10 ietis (— ot
_ % (e ik: +lbtpéog)7l + elk +1<)tp§/3-g)l) _ ypgoeo ) (192)

In the above equations 6 and 6 are the Rabi frequency for the cooling laser field and the detuning

of the cooling field,
) (220d]2,1) o
250

Note that the Rabi frequency is defined with respect to the strongest g-type dipole transition as in
Eq. (90).

0=w¢ — Wy . (193)

8.2.2. Quasiclassical description
The reduction of the initial quantum-kinetic equations to the quasiclassical Fokker—Planck equation
can be done by a standard procedure of Section 5.1. Recalling that the initial equations include the
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terms describing only one- and two-photon processes one can first introduce the substitutions which
take into account only one- and two-photon processes:

_ ikz-+idt _ —iky-+iAt _ —ikz+idt
Pg_te_r = O-g—le—Ze ’ Pg_re_y = Ug—le—le > Pg_1eo = Ug—eoe ’
_ 1 —ik(y+z)+Hi(4—d) 2 ik(y—z)—i(4—0)t _ —2ikz
Pg-190 = 0g_1,® +O-.li—1.t}oe > Pgagr = %g191© seee -

After that the initial microscopic equations reduce to the equations which do not include an explicit
time and coordinate dependence.

Next, we apply a standard procedure of the transition to the quasiclassical description and find
the force and momentum diffusion tensor entering the Fokker—Planck equation (148) as

L L

Fip = 2hk01m [(nggl — S g )+ 7 NG

(Sglgo - nglyo) + (SO - Sy ):| > (194)

eg—1 eog1

1 1 1
272 G 0 0 0 0 0
Dii = h k y |:(xii (Rezez + §R€,|€,] + gReoeo + ERelel + Rezez)

T 1 0 2 0 1 0
+ Ay <2Relel + gReoeo + §R€1€1

1 1
+ 68,5220 ITm [(Tgl]e2 + Tel_zg_l)+ —2(Tgloe] +7! )+ 76(T1 + Telogl) , (195)

f e—190 f g—1€0
where the coefficients of, «f are defined by Eq. (153). Note, that in the above derivation the laser
beams are considered as plane light waves. The dipole radiation force in a field of plane waves

(194) is accordingly called the radiation pressure force, F = F;, = e.F.

8.2.3. Dipole gradient force

The derivation of the gradient force Fy associated with the gradient of the trapping laser beam
amplitude Eq=E(r) can be done in a way that generalizes the procedure considered in the preceding
subsection. Representing the trapping laser beam amplitude in the form of a Fourier expansion,

Eat)= (20" [ Eat@)e" d'q (196)

one should introduce into the Egs. (192) the following substitutions:
iQ(r)pa(p) — (2m) / i2(q)e par(p + 3hq) dq . (197)
For a laser beam amplitude that varies in space on a scale which is large compared to the size

of the atomic wave packet, it is sufficient to expand the density matrix elements to a first order in
the small momentum 7q,

d
Par(P + 314q) = pap(p) + %hq%f)ab(p) : (198)
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This transforms the terms in the equations as
. . h 0
1(r)pap(p) — 12(1)pap(p) + EVQ(r)apab(p) : (199)

When the substitutions (199) are taken into account the Fokker—Planck equation includes, in the
above approximation, the total dipole radiation force as a sum of the gradient force and the radiation
pressure force (194), F =Fg + Fyp.

The gradient force is then determined by the steady-state optical coherences as

Fygr = 2R(VQ(r)) Re(Sy,,, + %(S0 +55.)) - (200)

g—1e—1
Note that a formal mathematical expression for this part of the total radiation force coincides with
that defined by Eq. (189). The explicit expressions given by Egs. (200) and (189) are generally
different since the functions Sgb describe the interaction of the atom with the total laser field, while
the functions g,, describe the interaction of the atom with the trapping laser beam only.

8.2.4. Optical potential depth and kinetic energy
We next consider a regime characterized by two important limits. That is, we consider large
detunings,

121, [6]>y, (201)
and low optical saturation,
2 2

=<l s <1, (202)

i
when the one-photon and two-photon processes play a dominant role in the time evolution of the
atomic density matrix elements. In addition to the above approximations, we restrict our treatment
to the case of slowly moving atoms,

kv, kv,
11 = 7< 15 172 -
Yy y

Under the above conditions the equations for the functions RY,,S% and T, which follow from Egs.
(192) expanded to the first order in the photon momentum, have a simple analytical solution. When
solving the last equations one can note that the efficiencies of the two-photon optical processes
between the ground-state magnetic sublevels depend crucially on two parameters u and v,

502 Q?

:u:6§yr V:?'y,

<1. (203)

(204)

which define the frequency widths of the two-photon resonance structures related to the ground-state
coherences p, 4, and py 4, Pgoq- Physically, the origin of these two-photon frequency widths is
the same as for a (3+5)-level atom in the field of a 6" — ¢~ laser field configuration (Section 3.3).

Since the two-photon processes induced by the cooling laser field are of importance only for the
process of sub-Doppler cooling of atoms in the trap, the physical meaning of parameters y and v
allows us to introduce two conditions necessary for separating the cooling and trapping processes:
ie.

VKUK . (205)
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The left inequality guarantees that the trapping field does not influence the two-photon cooling
process, while the right inequality is needed for the two-photon friction coefficient to be greater than
the one-photon friction coefficient.

Under conditions (205), and in lowest order in the small parameters s,sc,7, and 7., the low-
saturation, low-velocity solutions give the one-photon coherences entering Eq. (200) as

1\[9/2 —iQ 1[9/2
sy = N_, S, = No, S0, = : 206
g—1e_1 V—I-IA goeo y—i—iA 0 grer — ’y—i—lA + ( )
In the above the steady-state ground-state populations N_ = Rg 91> No = Rm0 and N, = mw
connected to the ground-state two-photon coherence p, 4, are
1 /1304 15072
=— == - kv, + 9k%v? )
24 <1252 6|5|U * )
2 /1604
No== (- + k%2 207
0 A (6 52 + UZ) > ( )
1 /1304 15072
=—|—=—= kv, + 9k*v?
+ 24(1252+615|U+ >
and the common denominator is
- 170°
A= —— + 11k*? 2
235 + 11k7v (208)

The other steady-state coherences and populations entering Egs. (194) and (195) are defined by
similar equations,

= _ = _ = . 2
g—1e-2 ’y—l—iéN 2 ngleo y+i5 N ? Sgoefl ))—I—IA ( 09)

The atomic coherences, together with the values of the ground-state populations, give a new value
of the gradient force at zero velocity and negative detuning,

55, VQ3(r)
_ 22 21
€768 |4 (210)
In a corresponding way they give a new value of the potential,
) Qr)
Ur)=— Fy - dr = —hQ 211
== [ Fu-ar=—Zhom = @)

which is three times less than the unperturbed potential (191). The reduced value of the gradient force
and the potential in the total laser field is naturally explained by the dominant role of the cooling
field in producing atomic populations in accordance with the left condition in Eq. (205). While the
trapping field alone produces the ground-state atomic populations at zero velocity as N_ =N, =13/34,
Ny =4/17, the cooling field redistributes the populations to the values N_ =N, =9/22, Ny =4/22.
This redistribution, “multiplied” by the relative strengths of the dipole transitions, gives the decrease
in the potential according to Eq. (211).
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Substitution of the steady-state atomic coherences and ground-state populations into Eq. (194)
gives an explicit expression for the radiation pressure force in a low-saturation, low-velocity approx-
imation. Since the above analytical expressions (207) and (209) neglect a weak velocity dependence
due to the one-photon (Doppler) processes, the radiation pressure force is described in our analysis
only near zero velocity, i.e. in the region |v] < w/k. In the case of a red-detuned cooling field,
where 0 < 0, the low-velocity part of the radiation pressure force reduces to the cooling force. If
force (194) taken at red detuning and at low velocities is represented in a standard form of the
friction force (162) the friction coefficient is f = (120/17)yw,/|d|, where o, = fik?/2M is a re-
coil frequency. The diffusion coefficient at zero velocity, D(0), can be estimated as before to give
D(0) = (46/17)h2k*y0? /5.

The diffusion and friction coefficients jointly define the average kinetic energy and temperature of
the atoms in the trap which according to Eq. (165) is

23 h6?

— kT =" 212
E=kaT 30 || (212)

8.2.5. Conditions for stable trapping

Assuming now that kinetic energy (212) of cold trapped atoms is much less than the depth U(0)
of the potential well (211) one can get a sufficient condition for stable atomic trapping (Garraway
and Minogin, 2000),

2 2
Uy
o] < 4]
Comparing the last condition with the condition for deep laser cooling (205) one can see that both

conditions are satisfied if the detuning of the trapping field is much larger than that of the cooling
field,

(213)

4> 9] . (214)

The above two conditions, defined by Egs. (205) and (213), justify the idea of a stable dipole trap.
The stable atomic trapping in the optical dipole trap can thus be achieved when the trapping field
has no effect on the two-photon cooling process, and the cooling field does not change the structure
of the trapping potential but changes only the numerical value of the trapping potential well.

The lifetime of the atoms in the trap associated with the diffusive heating can finally be estimated
as

7= weV(VE (215)

where @ is the oscillation frequency of an atom in the trap and the Boltzmann factor U(0)/E
considerably exceeds unity.

The above evaluations of the conditions necessary and sufficient for stable atomic trapping can be
illustrated by a specific example. Assume that the Rabi frequency and the detuning for a cooling field
are accordingly 0=y and |6| =20y and the Rabi frequency and the detuning for the trapping field are
Q=10 and |4]|=10%). For these parameters the one-photon widths v=10"%y and u=2.5 x 1073y
satisfy conditions (205) for deep laser cooling. In their turn, the kinetic energy (212), estimated as
E =0.04%y, and the potential well depth, estimated according to Eq. (211) as U(0) = 0.8%y, satisfy
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the sufficient condition (213) for stable atomic trapping giving for the Boltzmann factor a sufficiently
large value U(0)/E = 20.

9. Conclusion

We conclude by emphasizing that the density matrix approach is a powerful technique which can
be successfully applied to many problems of atomic excitation and dynamics in laser fields. We do
hope that the approach described and the examples presented in this paper will help the reader to
extend the application of the technique to new exciting problems.

We finally stress that in all the considered problems we mainly paid attention to basic theoretical
procedures and the features of atomic dynamics specific to multilevel interaction schemes. Following
the basic purpose of this paper to describe the applications of the density matrix technique to the
problems of atomic dynamics we referred only to basic theoretical papers in the field. For a latest
review of achievements in the field of control of atomic dynamics and motion by laser light we refer
the reader to review articles and books (Dowling and Gea-Banacloche, 1996; Jessen and Deutsch,
1996; Berman, 1997; Adams and Riis, 1997; Grimm et al., 1999; Metcalf and van der Straten, 1999;
Balykin et al., 2000).
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