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Abstract—Explicit expressions are derived for the rectified radiative forces (RRFS) related to the action of a
weak interfering optical field of an arbitrary three-dimensional (3D) configuration upon resonance particlesfea-
turing the J = 0 — J = 1 quantum transition. It is shown that, in contrast to the case of amonochromatic field,
there are simple 3D biharmonic field configurations for which the ratio of the vortex and potential RRF com-
ponents can be controlled by adjusting frequencies and polarizations of the interfering light waves. This mod-
ification of the RRF structure givesrise to qualitatively different types of both vortex and potential light-induced
particle motions that may lead to a 3D spatial localization (confinement) of these particles within the cells of
an effective optical lattice with a period significantly greater than the light wavelength. In particular, the parti-
clesmay perform astable rotational motion along closed trajectoriesinside the elementary cells. © 2001 MAIK

“ Nauka/Interperiodica” .

1. INTRODUCTION

Effective optical control of the motion and spatial
localization of resonance atoms [1-3] can be based on
the use of the so-called rectified radiative forces (RRFs)
[4] induced by interfering biharmonic light fields. This
ideawas originally formulated in [4—7] and then signif-
icantly developed in anumber of subsequent theoretical
and experimental investigations [8-20]. In a strong
field, the RRF possesses a magnitude on the order of an
induced light-pressure force, exhibits no saturation
with increasing radiation intensity, and has a constant
sign over a macroscopic spatial scale significantly
exceeding the light wavelength. Another remarkable
property of the RRFs, manifested in both strong and
weak biharmonic fields, isthe possibility of controlling
the spatial structure of this force [5, 6, 14, 15]. In a
strong biharmonic field, the RRF contains a vortex
component besides the potential component, but the
ratio of these components can be modified by adjusting
the directions of propagation of the interfering waves.
Thisratio significantly affectsthe character of thelight-
induced motion of resonance particles[6, 21, 22]. Inthe
case of aweak biharmonic field, the vortex RRF com-
ponent can be suppressed, as demonstrated for two-
dimensional (2D) field configurations [6], by properly
selecting the radiation parameters. This would remove
some fundamental limitations (of the type related to the
Earnshaw theorem [23]) hindering stable localization
of the particles by the forces of spontaneous light pres-
sure in amonochromatic field.

However, these considerations concerning the
attractive properties of RRFs were based on the results
of calculations performed within the framework of a
simple scalar model describing the interaction of an
atom with a resonance electromagnetic field. There-
fore, strictly speaking, the above conclusions cannot be
rigorously transferred to the most interesting case (e.g.,
for solving the problem of purely optical 3D confine-
ment of atomic species).1 A correct problem solution
requirestaking into account degeneracy of the quantum
states with respect to the magnetic quantum number M.

Recently, the possibility of ensuring the optical con-
finement of resonance particles with the aid of RRFs
induced by strong fields of a certain 3D configuration
was studied by Wasik and Grimm [ 18] for atomsfeatur-
ing the quantum transition

Jg= 12—+, =302

where J; and J. are the moments of the ground and
excited states, respectively.

Degeneracy of the ground state of a resonance par-
ticleisavery important feature of the physical situation
studied in [18]. This factor predetermines the possibil-
ity of existence of a highly successful combination of
the effects related to the 3D macroscopic confinement
of atomsin a superlattice (induced by a potential RRF),
the sub-Doppler (polarization-gradient) cooling, and
the microscopic confinement in potential wells with

L previous calculations [5, 6] showed only the possibility of an
effective 2D localization of particles.
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dimensions on the order of a light wavelength. How-
ever, atheoretical model proposed in [18] and the theo-
retical consequences are inapplicable to many atomic
species (e.g., such as the akaline-earth isotopes with
even-even nuclei) possessing nondegenerate ground
states with J, = 0.

In this study, the theory of interference phenomena
in the resonance light pressureis developed for the case
of weak bichromatic fields with arbitrary polarizations
and 3D spatial configuration and the particles featuring
the quantum transition

Jg=0—J. =1L

General expressions obtained for the RRFs contain
essentially new (in comparison to the scalar model)
interference terms related to a nonlinear mixing of the
contributions from waves with different frequencies
and polarizations to the resonance light pressure. Nev-
ertheless, it was found that the main conclusion made
previously about the possibility of controlling the spa-
tial structure of RRFs remains valid. We have estab-
lished that there exist simple 3D symmetric configura-
tions of the interfering waves (with a zero average total
radiation flux density) for which the ratio of the vortex
and potential RRF components can be controlled by
adjusting frequencies. An additional control factor is
provided by polarizations of the interfering light waves
which alows, for example, the changing of the axis of
rotation for the particles performing a vortex motion in
afield with the 3DLin [J Lin configuration. Rearrange-
ment of the spatial structure of RRFsisaccompanied by
the appearance of qualitatively different types of vortex
or potential light-induced particle motions that may
lead, in particular, to a stable 3D spatial localization of
these particles within the cells of an effective macro-
scopic optical lattice (superlattice) with aperiod signif-
icantly greater than the light wavelength A.

There is an important circumstance following from
the results of our investigation which can be related to
the use of weak biharmonic fields for purely optical
(nonmagnetic) 3D confinement of atomic species. Even
for arelatively small level of saturation of the quantum
transition, the RRFs can be still sufficiently large to
hold cold particles (with a temperature of T ~ 102 K
corresponding to the Doppler cooling limit in this prob-
lem) provided that the field parameters are selected so
asto construct a“ correct” spatial structure of the RRFs.
The advantages of using weak biharmonic fields are
(i) asmall magnitude of the light-induced Stark shift of
the energy levels (not exceeding anatural width y of the
optical resonance), (ii) the possibility of using wide
nondiverging laser beams for purely optica confine-
ment of large-size bunches of resonance particles, and
(ii1) the simplicity of controlling the spatial RRF struc-
ture (and, hence, the character of the light-induced
motion of particles) without modification of the base
geometry of intersecting light rays.
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2. A MODEL
OF THE ATOM-ELECTROMAGNETIC
FIELD INTERACTION

Let us consider an atom possessing the mass m,
moving with the velocity v in a bichromatic field with
the complex amplitude

E = Eg(r)e +E,(r)e ™, (1)
where A, and A, are the frequency detunings of the
fields Eq and E;, respectively, from the frequency wy, of
the quantum transition between the ground state [J, = 0,
M, = Olland the excited states |J, = 1, M = 0, 1[bf the
atom.

The state of this atom in the field will be described

in terms of the density matrix P in a Cartesian repre-

sentation p?f" [24] using basisfunctions ¢? of thetype
1,-10-1110
3= oo ¢ = LD
’ 2
1, =10 110 e
¢ = LB ILO he = 1o
! 2

The matrix elements of the operator d of the di pole
transition between the atomic states are directed
along the axes of the Cartesian coordinate system g

=%y 2:

(95ldl69 = e,
the amplitude P(t) of the field-induced atomic dipole
moment Sp(pa ) determined using an expansion

p = de,—ej,
i
where
4 = Qldioo
J3

[1]/d||0CT's the reduced matrix element, and

p; = pjoexp(iwpt).

Exposed to afield of type (1), an atom experiences
the action of aforce[1]

F= thjDVJ* +cC.C., 2
where |
v, = d(ejhEE) _ ZVjae_.Aut, = xyz
a =01, v:(r) - & E(0) E:"(r))
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arethelocal Rabi frequencies and p; are the projections
of the complex amplitude of the induced dipole
moment (expressed in units of d) onto the Cartesian
coordinate axes. The latter quantities are determined
from the optical Bloch equations considered (in the
approximation of a preset motion [1]) along the classi-
cal atomic trgjectory r = r(t):

+y[|:|p| - quj | =XV Z
ey =-iva (VT -Vie) @)
-9 Z (pV,—-c.c).

l=xy,2
Here, we introduced the rate of the spontaneous decay
of the excited state y; = y/2, and the combinations of
elements of the density matrix

dij = Pij— PO, Pij = pie}e,

p= pgg = 1_(pxx+ pyy+ pzz)-
Apparently, p has a sense of the relative population of
the bottom level, g; are the differential populations of
the working levels, and the quantities g;; (i # j) describe
the effects due to the coherency between states of the
excited atom.

We will consider the case of weak fields:?
ViV,

2
Via
y | —=

VaY
Inthis case, the solutionsto the Bloch equations and the
radiative force can be determined using the perturba-
tion theory. To this end, the unknown quantities are

expanded into seriesin powers of the field strength (in
fact, with respect to the small parameter g < 1):

) A 4

2

Vial”,
VU

<g<1.

) .,+q.‘f’+qf;‘> 4)
F=F?+F9+

where the superscripts indicate the order of smallness.

Nontrivial interference effects in the light-induced
pressure appear in the fourth order of smallness with
respect to the weak field [5, 6]. For this reason, we

2These conditions provide for both a small occupancy of the
excited atomic states and a small relative value of the light-
induced Stark shift as compared to the resonance width: for

Ay >y, we always have ‘Vé/yAa‘ << 1. The perturbation theory
employed here is inapplicable to the RRF determination, for
example, in the case of Vg, Mia/Aal? < Lif [Vilya| > 1
(see[1, 6]).
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restrict the expansion of the induced dipole moment p;

to terms of the third order. The resulting Bloch equa-
tions possess the following structure:

(1) _ ZA —|At

1 ©)
p53) — Z Agi)e_lAﬂt + Nje—|(6+Ao)t + Mjel(B_Al)t,
a=0
where d = Ay — 4 (j = X, Y, 2). The functions A,; and

Affj) are sequentialy determined from the following
system of linear inhomogeneous equations:

Eut — VA = 1Vjo(r),

ch:Aa+in! r= r(t):

Egt ivEAD = .Z(C,,vlo(r)+D”VJ1(r))

o = O+ly,

%—'VEA“) = '3 (CyVju(r) + DiVjo(r), (6)

i

£ Pc.jmz(A Via(r) = AaVia(r)

r(r)—cc.),

-i3;'y (A
l,a

09 iuoD, = i(Vio(r) A%

G~ 1Ver =Vji(r)A)

+iQ;; Z (Vio(r) Al + VIi(r) Ap).
[

In what follows, we will assume that the frequency
detunings A, and A; are not very close to each other
(180 — &4| > gy). This alows us to write an expression
for the force with neglect of the terms oscillating at the
frequencies representing the multiples of & = Ay — Al
It isalso not necessary to determine explicitly the com-

ponents pi® O M; and N..

3 An allowance for these terms leads to small (in the quasi-classical
limit of mv = fiwy/c) oscillating corrections 8p < fiwyy/c to the
particle momentum [5].
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3. RECTIFIED RADIATION FORCES

As can be readily seen from the above Egs. (2) and
(4)—(6), theinterfering light fields are of the plane wave

superposition type with the wave vectors { kg } :
Eu(r) = ZEﬁexp(ik;’D), )

in which the radiative force is a nonlinear function of

both the wave amplitude |E§| and the ratios of phases
and polarizations; in other words, the field depen-
dence of the force exhibits a pronounced interference
character.

Let us assume that the sets of wavevectors {kg} ,
{k$} contain the pairs kg, kg. such that

kg —KJ| Onk < k.

In this case, a quasi-periodic spatia structure of the
force is characterized by two sharply different scales:
microscopic (on the order of the light wavelength A ~
1/k) and macroscopic (A, ~ Ak > \) related to beats

of the spatial harmonics with close wavevectors kg .

Therectified radiative force [5, 6] is a smooth com-
ponent of the radiative force [Flaveraged over the
microscopic spatial oscillations. Note that the spatial
variation of thisforceis determined by the macroscopic
guantity Ay, while the characteristic magnltude is
determined on the microscopic (!) scale:

|OFO Ok O1/A.

We will restrict the consideration to the case of slow
atoms (frequently encountered in modern experi-
ments),

kv <, (8)

and take into account the nonlocal (retarding) part of
the field-induced dipole moment in solving Eqg. (6) in
the linear approximation with respect to the velocity.
Under these conditions, Egs. (2) and (4)—6) give the
following expressions for the RRF (to within the terms
on the order of ~g?):

(FO = Fort Fig+ Fg. 9)

Here, For and F, are the RRF components of the sec-
ond order in the field amplitude, representing the sums
of independent contributions of the E, and E, fields,

4 In other words, the RRF exists provided that the averaging proce-
dure does not reduce the force magnitude |[FJ]~ |F| O k in the

order of magnitude (with respect to the parameter A/Ay, << 1) [5].
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(D,
= hy —Jaz,
; [Vl

i
E(VjaDV?u -

(10)

Jig = cC), ] =XxXV,2

)0V +ccl

_ ﬁVZ
—ﬁlz

and Fg |sthe RRF component of thefourth order in the
field amplitude:

(11)
Yy x [0V, % DV

EUID h

Z IR

O
2%;/\{&)5@

+zD o010+ 15 (o D+cc)}

j#l

(12)

A { odsL+ z Lol jall+ ZZ(EU” 'O+ C.C.)}
j#l

1 i U
—AO[D1J0D+ZEDjlleD+§ZI(ED'1IgD+C.c.)}%
i i#
o = z‘]jou
j
3y = 5(VieDVia=ViiOVio), o = 3,
- zlia’ = |Vja|2’
]
i _ ; -
Il = ViaVie, 1.1 = X V.2, (13)

N = [(A;—Dp)(1—cosx) —ysiny],
N, = [y(1+ cosy) —24,siny],
Ny = [y(1+ cosy) + 2A,sinX],

Va = [Va|&Xp(iXa), X = 2(X1=Xo):
where angular brackets denote averaging over the
microscopic spatial oscillations.

It should be noted that the quantities;,(r) and Jjq(r)
are proportional, respectively, to the “intensity” (square
modulus of the complex amplitude) and the energy flux
density of the field components (polarized in the direc-
tion of the unit vector g and belonging to the same ath
mode) in the superposition (7). The supplementary
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guantities If,' and Jf,' with j # | represent a measure of
“mixing” of the waves with different polarizations
belonging to the same mode (indeed, Ifl' : JL' =0 pro-
vided that at least one of the amplitudes [V or [Vi4| is

zero). Inaparticular case of the 2D field configuration,
when al waves in the superposition (7) are polarized

aong one of the Cartesian axes g, (i.e, Eg 0 &), we

obtain Jy =14 =0forj#landl, 0J, 03, sotha
expressions (12) convert into relationships (25) derived
in[5].

Essentially new interference terms in expression
(12), which are due to the polarization effects, are
related to correlators of the intensity—flux type (LJjq,
L] # 1) referring to the waves of different polariza-
tions with the same frequencies (intramode interfer-
ence) and correlators of the intensity—flux and inten-
sity—intensity types ([Jjq, o0 MOl D] # 1, a # a’)
referring to the waves of different polarizations and dif-
ferent frequencies (intermode interference). The inter-
mode interference is also determined by the correlators
involving mixed products of the projections of the com-
plex field amplitudes and their derivatives of the types

D 0and 00100, wherea 2 o' and j # 1.

One of the most important factors determining the
light-induced motion of resonance particlesisthe char-
acter of the spatial RRF structure. It should be kept in
mind that, under the conditions studied, the principal
part of the RRF expansion into perturbative series (i.e.,
the Fyg force component) always possesses a purely
vortex structure. Indeed, calculation of the average
radiation flux densities [J,[in the case of field superpo-
sitions of the type (7) yields

olol2,1
D]juljz Zka|aja| +é
i (14)
| S+ k)l ol expli (el — )] + c.c},
n>y
where
o = ky O, al, = e [E;.

In the double sum, the indicesyy, n refer to all possible
pairs of wavevectors with close orientations:

kY —KkS| < k.
Expressions (14) and (10) are clearly indicative of the
vortex character of the Fy force component, since
divF,z = 0.

Note that thisis essentially an expression of the Earn-
shaw theorem [23] for the RRF. Such a“defect” in the
spatial RRF structure formed in aweak monochromatic
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field (E, = 0) isbasically inavoidable. Indeed, although
a correction Fy to the rectified radiative force in the
fourth order of smallness with respect to the field
amplitude contains both vortex and potential compo-
nents, the ratio of the former to the latter is fixed and
cannot be changed arbitrarily by modifying the field
parameters and configurations [6]. This circumstance
significantly limits the possibility of using weak mono-
chromatic fields for controlling the motion and spatial
localization of resonance particles. An essentially dif-
ferent physical situation is observed in the case of
bichromatic fields, provided that the total radiation flux
densities for each frequency mode turn zero,

ZEﬂjaDz 0, j=XY12
j

which implies that the principal vortex component of
the RRF is suppressed (Fog = 0).

Now we will consider three examples of particular
3D field configurations satisfying conditions (15). In
these examples, Fy is the friction force and the Fg
exhibits either a purely potential or potential—vortex
character with a fully controllable ratio of the vortex
and potential components.

(15)

3.1. Mutually Orthogonal Sanding Waves

Let us consider mutually orthogonal standing waves
(Fig. 1a):

Via = VqC08(Ky2), Vq = Vy008(K,X),
Vi = VaCos(KyY).
Upon substituting (16) into Egs. (10)—<12), we obtain

(16)

2y 0Vv2A, VA
Fir = -MKV, K = ﬁﬁqy 2+ L,
Ovel™  vy'0  (17)
Fr = —0U(r),

A, KVAVE O
1—1052 cos(25ke, [F)

u(r) = -
43KV, |*|vol* 014

+ %Z(COS[6k(ei —€) ] + cos[3k(e + &) LT]) E‘
EF
where

Ok = ky —kg = Al;AO,

misthe particle mass, and I' ; isafunction of the relax-
ation constants and frequency detunings:

1
M = ny(Al_AO)D_ +

qvﬂz

|Vo|2D
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Fig. 1. Three-dimensional optical field configurations satisfying conditions (15): (a) a superposition of mutually orthogonal stand-
ing waves; (b) 3DLin [ Lin field configuration; (c) a superposition of standing (along the z axis) and linearly polarized (in the same
direction) traveling waves. Long arrows show the directions of wave propagation; short arrows indicate polarizations of the inter-

fering waves; wy isthe wave frequency, ng are the unit vectorsin the propagation directions of waves with frequencies wy; B < 1

isthe angular deviation.

Thus, F.risafrictionforce (for k(A;, &) > 0), while
the rectified radiative force Fg exhibits a purely poten-
tial character. In thevicinity of the RRF nodesr , corre-
sponding to the point of minimafor the U(r) function,

o = gp(me,+[m+2nle,+ [m+2ple),  (18)

the potential has a spherically symmetric character. For
20kR < 1, this potential can be presented in the follow-
ing form:

U(r) = 3UBKR,

19)
|:| 2 2|:| V2V2 (
UO:ﬁwODy2+yﬁ 10

Ov4|

Vo TV v

wherem, n,p 0 Z (Zisthe set of integers) and R=|r —r |
isthe displacement from the RRF node; inwriting (19), an
insignificant constant additive was omitted.

It should be noted that the RRF nodes of ther, type
form a body-centered-cubic (bcc) lattice, the period of
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which (1/0k) can be controlled by varying the field
detunings.

3.2. ALin 0O Lin Wave Superposition
(3D Lin O Lin Configuration)

Let us consider a superposition of waveswith Lin [J
Lin configuration:

ik —ik
Vi = Vo(e “+e ™),

V - ch(el kuX + e—i kuZ)’ (20)

ya
ikqy —ikyX
za — Vu(e “te )

\%

In this superposition, each wave propagating along one
of the three Cartesian coordinate axes is supplemented
with an opposite wave (counterwave) of the same fre-
guency, polarized in the perpendicular direction
(Fig. 1b). In comparison with the configuration
depicted in Fig. 1a, only the polarization direction of
one wave in each pair is changed. However, a spatia
structure of the RRF exhibits a significant qualitative
variation, which can be considered as a manifestation
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of the polarization effects in the resonance light-
induced pressure.

Indeed, the friction coefficient k, and the RRF com-
ponent Fr in this case are described by the following
expressions:

K, = 4k, Fg = -0U +rotA, (21)

where K is a coefficient determined by formula (17).
The scalar (U) and vector (A) RRF potentials intro-
duced in (21) can be expressed as follows:

1
3

_2./3hKVVAT
R

A = AW(r)e, e=—(e+e+e),

W(r) = sin[ok(y + 2)] + sin[ok(x + 2)]
+ sin[dk(x +y)],

N =y(1+cosy)+(A,—4;)siny (22)

= (A + VZD) Oy . LD,
Hod? vy™

U= —UOEZ cos(2dke; [T)

J

O
+%Z (3cos[dk(e + g;) [F] + 2cos[dk(e —¢;) [F] )T
i%] 0
0y? , ¥ H Vive
2 2"
il v BVl
It is seen that the RRF represents a combination of
the potential force and the vortex component
Fyot = TOtA.

Uy = —tan%A0 = hwy,

Theratio of the two components is proportional to
DNy—A

tan % = yo———L

VAR

and can be controlled (virtually arbitrarily) by adjusting
the field frequencies. Indeed, for

AA = —Vé
the RRF is purely potential, while for

> 1,

A, D=y E‘tan%
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asmall vortex “admixture” appearsin the still dominat-
ing potential component, and for

tan%%

the vortex component begins to prevail and the poten-
tial component becomes a small admixture.

The positions of the RRF nodes r, in which the
potential function exhibits absolute minima is deter-
mined (as well as in the preceding example) by for-
mula (18). However, the potential in asmall vicinity of
these nodes is no longer spherically symmetric. In a
small region near r, such that 2dkr < 1, the potential
can be expressed as

Body

[]
+
Yo Vo

[

<1 Fg<[Bo-4y <

U(r) = 22(16n + 13[°+ £7) + const,

N = Ok(x+y+2) £ = ok(2z—x—-vy)
NI NCEE
7 = 6k(x—y).
J2

According to this, the potential level surfaces at the
nodesr , possess the shape of an ellipsoid of revolution
with an axis parallél to the bisector of thefirst octant of
the Cartesian coordinate system—the straight line C
determined by the equation

r =r(o) = ge, —0<Qg<oco,

Thiscircumstanceisdirectly related to the symmetry of
the optical field, since the line C is a third-order sym-
metry axisfor the 3DLin 0 Lin field configuration: rota-
tion of all wave vectors and polarization vectors about
this axis by an angle of 2173 leaves the initial configu-
ration unchanged. The presence of the symmetry axisC
also determinesto a considerable extent the structure of
thevortex field F,. Indeed, according to expressions (21)
and (22),

Fuot (&8 = 0,

which implies that the vector field lines of the vortex
RRF component are lying in the ', planes (determined
by the equationsr - e = c) perpendicular to the symme-
try axis e. The set of periodically arranged lines

r=r(o,ry) =ry+toe,

paralel to the axis C represents the nodal lines for the
vortex RRF force component: F,q.(r(o, ro)) = 0. In
addition, taking into account that

W [Fyo = 0,

we infer that the vector lines of the vortex force field
represent the curves of intersection of the level planes
M. with the level surfaces of the function W(r). In a
small vicinity of the nodal lines r = r(a, ry), these
curves appear as circumferences in the I, plane with
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the centers occurring at the points of intersection of the
planes . and the nodal linesr =r(o, ry). Asisdemon-
strated below, the resonance particles can perform the
light-induced rotational motions about these centers
(see the next Section).

The symmetry axis C in the 3DLin O Lin configura-
tion (and, hence, the “particle rotation axes’) can be
readily changed by consistently changing the wave
polarizations. For example, the direction of thisaxisin
afield of the 3DLin O Lin configuration is determined
by the formulas

Via = V(exp(-iky2) + exp(-ikyY)),
Vya = V(exp(ik,x) + exp(ik,2)),
Vza = _V(exp(_l kax) + exp(ikay)),

and represented by the vector
e+e—¢e
g, = ———t—r,
' J3

3.3. A Superposition of Standing
and Linearly Polarized Traveling Waves

Let us consider a superposition of standing (along
the zaxis) and linearly polarized (in the same direction)
traveling waves with a symmetric triangular configura-
tion, intersecting in the xy plane (Fig. 1¢):

V,, = Vicos[(k+3k)Z,
V,; = -Vicos[(k + k)7,

Vo = Vocoskz, | = X, (23)

3
Vaa(r) = Vo S explida(r)],
o=1

where
$o(r) = kng [ + ¢g,
®1(r) = (k+3K)nJ T + 7, Kk = ko,
the unit vectors determining the directions of wavevec-

tors ng arelying in the xy plane,

ng = (cos(2mal3), sin(2ma/3),0), o = 1,2,3,

and the system of vectors n{ is“rigidly” rotated about

the zaxisrelativeto ng vectors by asmall angle < 1.
Assuming that

oklk < B <1,
restricting the consideration to aregion

p = X +y < 1/3k,

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS Vol. 93

GAVRILYUK et al.

and using Egs. (10)—(12) and (23), we obtain the fol-
lowing expressions:

Fir = -M(Kpvp +K,€,V,),
3nk2 OV2A, .\ VA
m "Ovy*  |vd’0

Kg =

26k’ V1A, VoA
m "Ou,*  |ve’D

KZ =
(24)
oKr  V2V3
Vol’lvy’0 P

R=

X [DU(r) + tan%rota(r)}

~ 20,2

rxoViVo  0Ui(2) O
HeN Ik & oz B

where
Vo =gV t+ev, Ui (z) = 2cos(20kz),
a(r) = 2¥,(re,

3
Wi(r) = Y cos(Bo/3kng T +8,),

3
u(r) = —% S Sn(B/3kng T + &),

&1 = [9o— 011 —[9o— 011,

and the constant phases &, and & are obtained from &,
by the cyclic permutation of indices. In thisforce field,
the motions in the xy plane and along the z axis are
completely separated and independent. A force acting
along the zaxisisaways potential and possesses a peri-
odic spatial structure with the period T/dk. A ratio of the
vortex and potential force components acting in the
directions parallel to the xy plane is proportiona to
tan(x/2) and, hence, can be fully controlled by select-
ing appropriate field frequency detunings A; and A,
Here, both potential and vortex RRF components pos-
sess aperiodic spatial structure.

Figure 2 shows the pattern of level lines for the
potentia function U(X, y). The point of intersection of
the separatrix lines represent the saddle points forming
aplanar hexagonal lattice with the period

A = 41U3KB,
determined by the angular deviation (3. Located at the
centers of the triangular separatrix cells are the points
of minima (denoted by dots in Fig. 2) and maxima of
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Fig. 2. A schematic diagram showing the level lines of the
potential function U(r) described by Eq. (24) determining
the potential RRF component in afield configuration of the
third type, acting in the directions parallel to the xy plane.
Dots at the centers of some cells indicate the points of min-
ima of the function U(r); Ay = 4173kp is the macroscopic

spatial scale.

the function U(x, y). The extremal points of both types
also form mutually shifted planar hexagonal lattices.

Figure 3 shows the vector field lines of the vortex
RRF component. Here, the network of the separatrix
lines (described by the equation W,(r) = —1) forms the
so-called kagome lattice. Vector lines inside the trian-
gular and hexagonal cellsof thislattice represent closed
curves surrounding special points (centers) coinciding
with the positions of saddle point (in the hexagonal
cells) and extremal points (in thetriangular cells) of the
potential function U(x, y).
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4. FEATURES OF THE LIGHT-INDUCED
MOTION OF PARTICLES

Let b denote the characteristic size of aregion fea
turing intersection of real laser beams and containing
resonance particles. The interference effects in the
light-induced motion of the resonance particles can be
fully manifested provided that the macroscopic spatial
scale Ay (in the field model under consideration, this
value corresponds to the period of an optical superlat-
tice formed as a result of the superposition of plane
waves (7)) does not exceed b:

Aw<b.
Taking into account that
1 C
A== = ———,
MTIBK A -4

and atypical value of the spontaneous relaxation rateis
y~ 108 s%, this condition can be fulfilled even for wide
beams (b ~ 1020 cm) if the field frequency difference
is significantly greater than the resonance width:

|A;—Dg| >y.

With an allowance for this circumstance, an optimum
set of the field frequencies and amplitudes (selected
based on the criterion of maximum RRF at afixed value
of the parameter g) must obey the following relation-
ships:

Vo Oy, A =y, [V [VielvdBl g <1,
|Villvl|2 <g.

For A, < 0, the field E, is responsible for the cooling
process and thefield E, (together with E,), for the man-

Fig. 3. A schematic diagram of the kagome lattice formed by vector lines of avortex RRF component induced by interfering optical
fieldswith aconfiguration of thethird type. Dashed lines show stable closed particletrajectories (limiting cycles), which may appear
only in the triangular cells containing the points of minima of the potential function U(r). The inset shows atypical trgjectory of a

particle falling within the separatrix |attice cell.
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ifestation of interference effects. The characteristic val-
ues of the friction coefficient and the RRF can be esti-
mated from the following simple relationships:

_ Ak

K =000, Wz =", |Fel = F Dhkyg’.

The RRF component Fi will be the main factor
determining (together with the friction force) the light-
induced motion of an ensemble of resonance particles
with the temperature T (expressed in the energy units)
under the following conditions:

Uy, < T < AU, (25
where Uy is the depth of microscopic potential wells
formed under the action of rapidly oscillating (with a
period ~A) gradient forces[1, 2], AU ~ FA,, isthe char-
acteristic work performed by the RRF for the transfer of
particles over amacroscopic distance Ay, (for the poten-
tial RRFs, AU is the depth of macroscopic potential
wells). The temperature T corresponding to the so-
called Doppler cooling limit is established within a
characteristic time ~k = as a result of the competition
between the Doppler cooling and the diffusion pro-
cesses in the velocity space [1, 2] determined by the
guantum fluctuations of radiative forces.

For aselected ratio of the main problem parameters,
the rate of the velocity diffusionis[1, 2]

ik
D Dl:lﬁl] Y9,

T DmTDD hy,

U, O%yg.

For g < 1, theleft-hand inequality in (25) isalwaysful-
filled, which implies impossibility of confining parti-
cles at the small-scale potential wells. The right-hand
inequality (25) indicates that the field must not be very
weak:

13> g°> 1/k\,,.

An important feature of the light-induced motion of
particles in a weak bichromatic field for k > 0 is the
overdamped character of this motion which is caused
by alarge friction force:

(26)

where Q = ./JFAk/m isthe characteristic frequency of
motion in the absence of friction; Ak = |ok| for afield
configuration of the first or second type and Ak = k|B|,
for the third type (see the preceding section). The
smallness of the parameter € is related to smallness of
the ratio of the microscopic and macroscopic scales.
Indeed, for the typical values of y/wg ~ 10°-10°, k =
10° cm™, and Ak ~ 1 cm™, relationship (26) yields an
estimate € ~ 102-1073,
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When it is necessary to provide for the condition
[tan(Xx/2)| < 1, an interesting situation takes place
when both detunings are large:

Y < |Qg <[4
In this case,
Xd = [(Ar=Dg)Yn
tanp= = |2 1070 < 1,
‘ [ﬁj‘ AD,

and the overdamping condition takes the form of ine-
quality

"ok L

which is well fulfilled in a broad range of parameters
provided that Ak/k < 1.

Mathematically, the condition (26) is manifested by
the fact that, upon the passage to dimensionless vari-
ables

r — Akr, v — Vv/u,,

t—1 = Q%kK, Fr—> u(r) = Fa/mKu,,

(where v s the particle velocity and u, = F/nmk), the
equations of particle motion under the RRF action
transform into a system of singular perturbed differen-
tial equations

dr dv

I0 v, sdr +v = u(r),
where the notations v and r are retained for the dimen-
sionless quantities. The methods of investigation of the
systems of thistype and their reduction to the equations
of lower dimensionality are well developed in the the-
ory of differential equations[25, 26]. A solution to the
system (27) with arbitrary initial conditions{r, vy} can
be represented in the form of a combination of arapid
transient process described by the boundary functions
of the type [25]

Mv(t) Oexp(-t/e), MNr (1) Oeexp(-t/e),

exponentially decaying within a characteristic timet ~
g(t ~ k™) and a slow motion over a surface (integral
manifold [26]) of the type

v = G(r,€) (28)

in the phase space. In our case, the function G can be
determined using a regular expansion into series with
respect to the parameter €

G=Gy+eG,+.... (29)

Substituting thisexpansioninto Egs. (27), we obtain
a sequence of G,, values

Go = u(r), Gy = —g(u(r)tju(r)

(27)

(30)
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and an equation describing the particle trgjectory in a
light wave field (for T < 1/e?, expansion (29) can be
restricted to the first two terms):

&= uy(n) = u(n UM D)u(),

r(0) = ro+0(¢g).

(31)

According to Egs. (28) and (31), the stationary
velocity of aresonance particle (established by thetime
t > k™) adiabatically “follows” its spatial position. A
relationship between the particle velocity u,(r)and the
RRF component Fx(r) has a nonlocal character. The
velocity u, at each point r depends both on the force
Fgr(r) at this point and on the derivative of Fg with
respect to the spatial coordinates. Therefore, the RRF
vector linesin the general case do not coincide with the
particle trgjectory: uy(r) # u(r). An alowance for the
terms on the order of € in the right-hand part of (31) is
important when the RRF vortex component induced by
a bichromatic field is dominating, since this very con-
tribution may account for the instability of a rotational
particle motion in this case.

The results of numerical calculations of the particle
trajectories based on Egs. (31) showed that the charac-
ter of motion ishighly sensitive with respect to both the
spatial configuration and parameters of the light field
(frequency detunings). For al configurations, there
exists a broad range of these parameters for which the
particles may perform finite motions in the cells of
effective superlattices.

For thefield configuration of thefirst type described
by Eg. (16) (Fig. 1a), the motion is always potential
(curl uy(r) = 0) and leads for t ~ t, = k/Q? to the local-
ization of particles at the sites of a cubic lattice corre-
sponding to the local minima of a potential U(r) deter-
mined by Eq. (17).

For the field configuration of the second type
(3DLin O Lin, Fig. 1b), an analogous potential motion
takes place only for specially selected detunings of the
field frequencies: A,y = —y7 with [tan(x/2)] —» oo.
In the general case, when this condition is not fulfilled,
curl uy(r) # 0 and the motion exhibits a vortex charac-
ter. Figure 4 shows a typical particle tragjectory for
[tan(x/2)| ~€ < 1, representing ahelix with nonmono-
tonically (!) varying radius wound on anodal line of the
RRF vortex component. As was noted in Section 3, the
axes of particle rotation (paralel to the field symmetry
axis) can bereadily controlled by consistently changing
the field polarizations.

For the field configuration of the third type
described by Eq. (23) (Fig. 1c), the motions along the
zaxis and in the directions paralel to the xy plane are
completely separated and independent. The motion
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Fig. 4. A trgjectory of the light-induced vortex motion
(curluy # 0) of resonance particles in a field with the
3DLin O Lin configuration.

along the z axis leads eventually to a stable particle
grouping in the planes

z = (1/dKk)n,

where n are the arbitrary integer numbers. The charac-
ter of the vortex motion of particles in these planesis

determined by the ratio of the tan(x/2) and €. For

ltan(x/2)| = 1/./e, T >0,

the pointsr ,, (indicated by dotsin Figs. 2 and 3) corre-
sponding to minimaof the U(r) function (see Egs. (24))
are stable focuses of the system of differential equa-
tions (31) and, hence, the points of localization of the
particles forming aregular hexagonal lattice. For

[tan(x/2)| = 1/./e

these focuses become unstable, while stable limiting
cycles (depicted by dashed linesin Fig. 3) appear inside
the triangular regions of the kagome lattice. An explicit
form of the parameter & for this bifurcation (Hopf bifur-
cation) can be derived from an analysis of stability of
system (31):

€ = [tan(x/2)| s, (32)

where

_ K . 3WrA.GoY
G7 |VO|2 k)

V|2

G® = Wr0e":33IMBl, gq =

a

tan 2= —

Yol
Cpl 2’

_Yols A <o,
A Dy +YG
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and the consideration was restricted for ssimplicity to
the most interesting case of

Vi

Vo

|Bo <y <[4y, g0 O g.

The limiting cycles appear for & > 0O; in the case of 0 <
&/s < 1, these cycles acquire the form of circular trajec-

tories with the radius proportional to ./Z/s. The direc-
tion of rotation depends on the sign of the angular devi-
ation B. Asthe sign of I changes to opposite, the limit-
ing cycles passto the neighboring triangular cells. Note
that the adjustment to the regime of stable particlerota-
tion dependsin a sharp and complicated manner on the
field frequency detunings and in a smooth manner, on
the geometric factor (angular deviation).

For [tan(x/2)] —= =, when the RRF vortex com-
ponent fully dominates, the orbits of rotating particles
are “pressed” arbitrarily close to the boundaries of sep-
aratrix cells. Here, we may introduce small additive
fluctuating terms (with a broad frequency spectrum)
into the right-hand part of Egs. (31) so asto model the
real quantum fluctuations of the radiative forces[2]. In
this case, the particles on the trajectories pressed to the
cell boundarieswill crossthis boundary in the region of
saddle points (i.e., the points of intersection of the sep-
aratrix linesin Fig. 3) and pass to the boundaries of the
adjacent cells. Asaresult, the particles perform the infi-
nite motion appearing as a random (brownian) walk
over edges of the kagome lattice.®> A similar phenome-
non of the light-induced random walk of particles over
the edges of effective sguare lattices in the case of
strong fields with a 2D configuration was originally
reported in [6].

Finally, let us present some numerical estimates
illustrating the possibilities of a mechanical action of
light upon atoms in the system studied. For certainty,
we will consider resonance particles with m = 40 amu
exposed to a field of mutually orthogonal standing
weaves with iwy =3 eV, y =3 x 108 s, A, = —y/5, and
|A| = 10 s, The electromagnetic wave intensities |,
for each frequency component (a =0, 1) were selected
so as to satisfy the weak field criterion:

g = |V,o/vd® = [Vailvgyy| = 2x 107,

which was achieved for I, = 1.5 mW/cm? and |, =
10 W/cm? (in this case, |p®@/p®] ~ 10-Y). Then, using

5|t isinteresting to note that, according to the results of numerical
calculations, the walk over boundaries of the separatrix cells is
also observed in the absence of small fluctuating forces, provided
that the calculation time is sufficiently large, which is probably
related to the “noise” introduced by the so-called discretization
errors. The time of a particle escape from the cell may depend on
the numerical method selected. Similar discretization effects,
arising during a dynamic chaos ssimulation in the Hamiltonian
systems, are considered, for example, in monograph [27].
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Eq. (17) and formulas derived in this section, we obtain
the potential

AU=U,=7x10°K,
the macroscopic lattice period
Ay = 210|0k| = 1.8 mm,
and the other quantities:
T=10"°K ((AU/T)=7), k010%s™,
t, 0(Q%k)'010°s (e00.1),
F 0107 eV/cm.

By significantly decreasing detuning of the field E;
(thus, increasing the macroscopic spatia scaleAy), itis
possible to create a superdeep potential well—a purely
optical 3D trap for atoms—using bichromatic laser
beams of alarge diameter (b = 10 cm). For example, in
the case of |A] = 1.5 x 10 st (A, = 10 cm), I, =
1.5 mW/cm?, and |, = 150 mW/cm?, the potential well
depthis AU = 0.5 K and AU/T ~ 500(!) for the charac-
teristictime of particlelocalizationt, = 0.03 s. Thus, the
right-hand inequality (25) characterizing the efficacy of
the RRF action upon the resonance particles, can be sat-
isfied with a large margin under quite realistic condi-
tions.

For the comparison, it is interesting to note that the
passage to a “strong field” regime [4]

Viyn OIVEYA] = g, 1, |8 >,

for the same level of saturation (|V5/A3 = g) and detun-
ing |A| asin the example given above, the field intensi-

ties E; and E; must be increased by a factor of gi/g and
0./9, respectively. As aresult, the RRF magnitude and the
potentia AU will increase only by a factor of g; (g; <

- /g, g,/g) and the AU/T ratio will remain unchanged
(because T ~ Aiyg, > Ay [14]).

5. CONCLUSION

Under the physical conditions studied, the systemis
always characterized by asmall degree of occupation of
the atomic states (p; << 1) and by small values of the
light-induced Stark shift (the latter circumstance is
important for the spectroscopic applications). Never-
theless, the RRFs can be sufficiently large to effectively
act upon an atomic ensemble with atemperature corre-
sponding to the Doppler cooling limit.

Based on an analysis of the general relationships
derived for the RRFs, we found symmetric configura-
tions of the interfering waves for which the spatial
structure of the light-induced force field can be effec-
tively controlled by consistently changing the frequen-
cies of the optical fields, which alows the ratio of the
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vortex and potential RRF components to be varied
almost arbitrarily.

It was found for the field configurations studied that
it is possible to remove, in a broad range of the control
parameters, some fundamental limitations of the type
of the Earnshaw optical theorem (proved for weak
monochromatic fields [23], see also [5, 6]) prohibiting
the 3D localization (confinement) of the resonance par-
ticles by means of the spontaneous light-induced pres-
sure. The light-induced motion of a confined resonance
particle proceeds inside an elementary cell of an effec-
tive optical superlattice (with a cubic or hexagonal
structure for the field configurations studied). This
motion is finite and exhibits a vortex or potential char-
acter, depending on the frequency detunings selected,
and leads eventually to the localization (confinement)
of particles at the RRF nodes or to their stable rotation
along closed orbits inside the elementary lattice cells.
The transition from alight-induced potential motion to
the vortex motion and a change of the axes of particle
rotation during the vortex maotion can be also provided
by consistently varying polarizations of the interfering
waves without altering their propagation directions. A
polarization effect of this type is manifested in a field
configuration of the 3DLin [JLin type.

In a situation of the absolutely dominating vortex
RRF component, avery interesting regime of the light-
induced infinite motion of particles is possible in the
form of their random walk over edges of aplanar super-
lattice of the kagome type (for the field configuration
depicted in Fig. 1¢).

The rectified radiative forces can be used for con-
trolling the motion of resonance particles, creating sta-
ble periodic 3D structures in a cold atomic gas, and
constructing purely optical (nonmagnetic) macroscopic
traps (using laser beams of large diameter) capable of
trapping large-size bunches of resonance particles. An
example of interesting application is offered by the
purely optical confinement of an ultracold rarefied
plasma bunch with resonanceions[19, 28, 29].
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