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Theory of evanescent Bessel beams
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We explain how a surface optical vortex can be created when a Bessel beam is totally reflected
internally at the planar surface of a dielectric on which a metallic sheet has been deposited.
A two-dimensional patterning on the surface, the strongly localized intensity distribution decays
with distance vertical to the surface. The characteristics of this surface optical vortex depend on
the incident beam parameters and the dielectric mismatch of the media.
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1. Introduction

It is well established that laser light prepared as a Bessel beam shows little diffraction,
typically exhibiting a number of concentric high intensity rings separated by dark
rings [1—4]. In particular, the central peak is considered to be remarkably stable against
diffraction and it is this property that is behind the recent applications including atom
guides, nonlinear optics and optical atom sorting [3].

We point out here that the non-diffractive feature also makes these beams suitable
for the production of a surface optical vortex in which typically a Bessel beam
propagating within an optically dense medium is totally internally reflected at a planar
interface with vacuum. A light field possessing the rotational features of the Bessel
beam, but which is tightly bound to the surface as an evanescent mode, is generated
in the vacuum region, with its intensity in vacuum depending on the Bessel order and
displaying interesting spatial variations while still decaying exponentially with dis-
tance away from the surface [5]. It was well-known that the diameter of the central
lobe of the evanescent Bessel beams could be decreased to a value of a submicron
order which gives rise to the opportunity of using evanescent Bessel beams in optical
microscopy [6]. A further detailed theory of evanescent Bessel beams is given in
Refs. [7-10].

The ultimate goal of the present work is to determine the action related to the surface
mode due to a totally internally reflected Bessel beam and its optical angular momen-
tum content whose origin is neither photon spin nor surface morphology, the required
phase properties principally being conferred by a helical beam structure. As well as,
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the work explores the possible applications that we can experimentally realize for
systems in the vicinity of the surface.

The paper is organized as follows. In Section 2, we outline the field of Bessel
light beams propagated within a non-dispersive medium. In Section 3, we describe
the fundamental components of the physical model that is employed to produce surface
modes, including a metallic sheet deposited on glass. The process needed for
the requirement of the light mode bearing the evanescent part is then fully described,
leading to suitable field distributions in structure regions. In Section 4, we briefly
derive an expression for the total optical forces associated with an evanescent beam
at the outer metallic sheet surface. We explain when this product of the optical forces
profiles leads clearly to the presentation of a two-dimensional surface optical vortex.
In Section 5, we provide comments and conclusion.

2. Bessel light beams

Consider the electric field of a Bessel beam travelling along a z-direction in a medium
of constant refractive index n, characterized by the integer ¢, angular frequency w,
and axial wavevector k = nk,, where k, = w/c is the wavevector in a vacuum. Such
a beam with the plane polarized along the field vector can be written in cylindrical
coordinates as [11]

El(r,0 = &Fkg(ru,z)exp[i(sza)t)}exp(iﬁ(p) (1)

where F (7, z) is the standard envelope function

7 \{+12 2
F (7 2) = Mo o2k, wg (?) exp( = ] X 2)
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X exp [i(ﬁg?) - M)}Jg(krﬁ)

4

where w, is the input beam waist, £, is the radial wavevector and ¢ is the azimuthal
coordinate. The factor 77, is the amplitude of a corresponding plane wave of inten-
sity / propagating in the dielectric medium of refractive index n

27
Mo = > 3)
n-gyc
while z, .. is the typical ring spacing. The last term J(k, ) is the Bessel function of

the order ¢. The mathematical formula of the Bessel beam that is given in Eq. (2) is
only valid for the central region of the Bessel beam that has been produced. The main
condition for this validity is 2w(z)/w, = 1, where w(z) = 1/k,. is a measure of the width
of the central lobe in a J;, beam or the central dark fringe in a higher-order beam which
can be called the beam size at axial coordinate z. This can be written as
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2
w(z) = w, 1+[ ’kzj 4)
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The plane z = 0 corresponds to the minimum beam waist w(0) = w, and on this plane
the phase in Eq. (2) vanishes.

3. Physical model

The fundamental components of the physical model are shown in Fig. 1. Here a metallic
sheet is deposited on a planar surface of a glass prism (forming the dielectric substrate).
A Bessel beam of a given order ¢ and frequency @ is incident at an angle ¢ and is
propagating on the left-hand side of the vertical axis within the glass prism. This beam
is internally reflected at the inner interface between the prism and the metallic sheet,
and partially leaks into the metallic sheet. The beam within the metallic sheet subse-
quently generates an evanescent mode in the vacuum region of the sheet system.
A neutral atom possessing a transition frequency @, < @ moving in the plane of
incidence towards the outer surface of the structure would be subject to an average
repulsive dipole force plus an average light pressure force, both owing their existence
to the presence of the evanescent field. The atom would also be subject to an average
dipole image force. It is the combined influence of these average forces that can be
made to control the vortex process.

It is easy to see that the relevant quantized electric field vector at the frequency @
can be written in terms of incident (/), reflected (R) and evanescent (evan) parts as
follows [12]

E(kj,r,1) = {[Fl(r) + FR(r)} O(-z) + F"““(r)Q(z)}eXp[i(k - wt)a} +H.c.
(5)

where a is a mode annihilation operator, H.c. stands for the Hermitian conjugate, and
O is the unit step function. The three standard envelope functions F(r) are given by

r Metallic sheet €4

b
Incident Reflected .
Bessel beam Bessel beam

Fig. 1. Schematic illustration of the physical model.
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k
Fl(r) = A’(l, o,——'—j exp (ik.,z) (6)
kz2
k
FR(r) = AR[I, 0, k” Jexp(ikzzz) (7)
z2
evan ( ikH J
F " (r) = B|l,0, T exp(—k,,z) (8)
z1

Here k| is the wavevector parallel to the surface. Its magnitude k| is given by czkﬁ =
= w’e,sin’(¢) where ¢ is the angle of incidence. The three quantities between
the brackets in Eqgs. (6) to (8) stand for the vector components parallel to k|, vertical
to it on the surface plane and along the z-direction, respectively. k_; and k,, (both real)
are defined by

&
k2 = ki—-—5—>0 ©9)
C
2 52(02 2
k= —2— — k| >0 (10)

6‘2

Finally, A’, AR and B are the field amplitude factors to be determined. The notation is
such that the parameters associated with the substrate are labelled by the subscript 2,
while for the outer region (the vacuum) the label is 1. The dielectric function &, is
assumed, in general, to be frequency-dependent while we assume that £, = ¢, =1, as
appropriate for a vacuum. The role of the metallic sheet is primarily to provide
a two-dimensional charge density 7, and so, an electric conductivity ine2/m*(@w+iy),
where m* and e are the electronic effective mass and charge, respectively, and
¥<< @ accounts for film plasma loss effects. The metallic sheet only enters
the formalism via the electromagnetic boundary conditions involving the tangential
components of the magnetic fields corresponding to Egs. (6) to (8). This can be
calculated using Maxwell’s equation H = —(i £,¢*/ @)V*E. The application of the first
boundary condition, namely the continuity of the tangential component of the electric
field vector at z = 0, yields

Al+ AR=B (11)

The second electromagnetic boundary condition is that the tangential component
of the magnetic field vector experiences a discontinuity at z = 0, arising from the sur-
face current induced by the in-plane component of the electric field at the metallic
sheet. We have

2

HH(Of)*HH(OJ = EH(O) (12)

m* (@ +iy)
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where 0, are the limitas {— 0 of (0 + ¢). Application of the boundary condition leads
to a second relation connecting the field amplitudes

2

& I R ig ine
—— (A" -A")+——B = - (13)
k. ko, gm (@ +iy)
Elimination of 4% between Egs. (11) and (13) yields straightforwardly
ik n_e? £ :
B =24"| 2 s - —|+1 (14)
& \ gm*o(w+iy) k,,

The amplitude A’ of the incident field is conveniently fixed by canonical methods,
treating the incident field as though it is in an infinite bulk. The field Hamiltonian A’
is such that

& dr{ d(we,)

I _ 1.2 1 [2:
H 2 w (E)—’_EOC(B)}

%h(o[a(k”)aT(kH) +a'(kpa(k)] (15)

where the label I emphasizes the incident part of the electric field in the substrate
with H the corresponding magnetic field. The canonical condition equation (15) gives
straightforwardly

hr n 0+1/2 )
I _ k0 z z

[1 + (Az/mwl)’ z

. - 201 r
X exp{{ﬁtan 1(%) - %}} Jy A/ I = (16)
wonl 1 + (Az/wg)

Thus in the view of Egs. (5), (8) and (14), the evanescent electric will be given as

24"1,0 ii exp (—k,,z)
’ ’ kél p z1

(r,t) = — X
ik_, nse2 £ 4+
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cvan

E
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Using the continuity formalism as in [13, 14] of the electric field vector tangential
to the surface, along with exponential decay with the coordinate z, the structure of
the Bessel evanescent field E3™" in the vacuum region can be given as

cvan

ES™(r) = E (x S xcos(@), y, z —>—xsin(¢>)) (18)

4. Manipulating optical forces

The total steady state force acting on the centre of mass of an atom moving near
the metallic sheet surface of transition frequency @, moving in the vacuum region at
velocity vector V(¢) = r(t) is given by the well-known expression [15, 16]

I(r) 2% (r)Ve(r) - %A(r, V)VR(r)
F(r, V) = 2/

(19)
AX(r, V) + Q27%(r) + IT'(r)

where 7'(r) is the decay emission rate of the atom, £2(r) is the Rabi frequency for
an electric dipole p approaching the surface from the vacuum region (z > 0) and, so
interacting with the evanescent light. The Rabi frequency is defined as [12]

(20)

cevan
o0 - | 1B
/]
O(r) represents the evanescent light phase which corresponds to the momentum
imparted by the evanescent light to the atom and, in view of Egs. (2) and (17), can be
written as

_ -y Y m@2e-1) | Estin(@
0(x, ) {ﬁtan (xcos(¢)) : } - @1
Thus 6(x, y) has the gradient

VO(x,y) = alx, y)x+ B(x, y)y (22)
where

L oy - J& wsin(g) 23)

2 y ¢
X cos(qﬁ){l + (—xcos(m ) }
p = : (24)

2
xCOS(¢){1 + (#s(m) }
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Finally, A(r, V) is the dynamic detuning given by
A= A4,-V-Vo (25)

where Ay = (@w— @) is the static detuning of the light from the atomic resonance.
Another expression where the phase gradient enters is the first term of the force field
given in Eq. (19). Substituting for V@ from Eq. (22), the first term of the force field
(the dissipative force Fy; ) can be written as

2 2
2hol(r)Q°(r) }H{ 2hBI(r)Q2°(r) }y

F i (r,V) =
¢ { A(r, V) + 2%(r) + T (r) A (r, V) + 2%(r) + T (r)

(26)

The dissipative force has been exploited in heating and cooling the atomic motion.
As Equation (26) suggests, to influence the atom in x—y directions, the integer ¢ must
be greater than zero, otherwise the atom will only be subject to a force in x-direction.
In this case, the dissipative force reduces to

—@wsm((p)j
C

r(r)!fm(

Fy. (r, V) = 2/ 27)

A(r, V) + Q°(r) + T'(r)

On the other hand, the second term of the force field of the dipole force Fg;;, given
in Eq. (19) which is used for trapping and can be written as

(28)

2
Fy(r, V) = h{ A(r, V)VQ2"(r) }

A, V) + Q2%(r) + T'(x)
This means that the atoms also become subject to a light induced dipole force and

this, too, depends on the order of the mode. The explicit form of the dipole potential

for such mode is such that F' dip = —VU, with U in this case written as

Ur, V) = Mln[l + 202°(r) j (29)
2 AX(r, V) + (1)

4.1. Surface optical lattice ({ = 0)

To show the effects of the evanescent light on matter localized near the surface, we
consider adsorbed sodium atoms that possess a transition frequency @, such that
@, is at near-resonance with the frequency @ of the light. The evanescent field has
significant intensity distribution in the vicinity and so the adsorbed atom will be subject
to corresponding dissipative force Fy;, and optical potential U that influence its
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Table 1. Parameters used for the illustration of the optical potential of sodium atoms in a surface
metallic sheet deposited on glass.

1=2.0x10° Wm > V(0) = (0, 0) Ao =589 nm U=2.6ag
I5=6.1x107s™! |4p] =5.0x10° 15, £,=2.298 ¢=42°
nsilver = 5.573x10'% m 2 ng = 215psilver Wy =401

in-plane motion. These distributions correspond to { =0 and are shown in Figs. 2
and 3, respectively. They are plotted at a fixed value of z > 0 close to the metallic sheet
surface for which the parameters are given in Table 1.

The produce dissipative force has different maxima and minima values that can be
used to heat (or cool) atoms that have transition frequencies suitably detuned from
the frequency w of the light. The maximum value is located at the middle where
(x, ¥) = (0, 0) which means that atoms located at this point experience the strongest
force along the axis. It can also be seen that the produce optical potential possesses
distinct maxima and minima values that could be used to trap atoms that have transition
frequencies suitably detuned from the frequency  of the light. Additionally, it can be
noted that the profile of the potential is actually not as an ideal back bowl-shaped
quantum well, but has a slightly elliptical profile, because the light strikes the surface
at the angle of incidence ¢.

We can observe that the optical system with ¢ = 0 formed a surface optical lattice,
hence will attract any moving atom towards the surface [12—15]. As well, the depth
of the quantum well can be controlled by varying the intensity and incident angle of
the light. Finally, we can deduce from Fig. 3 that, from a quantum-mechanical point
of view, solutions of the two-dimensional Schrodinger equation with U as potential
must exist. In the ground state, the atomic wave function peaks in the vicinity of
the central minimum associated with the dipole potential. It can be seen from Fig. 3
that for the parameters assumed above, the central well depth is approximately (—45U).
This is adequately deep to allow several quasi-harmonic trapping (vibrational) states.
The vibrational frequency can be estimated simply using the parabolic approxima-
tion [17] while the precise details of the vibrational energy levels can be obtained
straightforwardly by the numerical solution of the two-dimensional Schrodinger
equation involving the full potential [18].

4.2. Surface optical vortex (£ > 0)

The optical potential distribution corresponding to =1 is shown in Fig. 4, with
the same parameters as shown in Table 1. It can be noted that the produce potential
possesses different maxima and minima that can be used to trap atoms that have
transition frequencies appropriately detuned from the frequency @ of the light.
Similarly as in the previous case, with the same reason, the potential profile is not as
an ideal annulus shaped quantum well, but is slightly elliptical.
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Fig. 4. 3D (a) and 2D (b) of the optical dipole potential distribution (in unit of U, = #7,/2) due to
the surface mode with {=1.

The combination of this potential with the two parts of the dissipative force
associated with Eq. (27) will produce a more complex configuration that will give rise
to additional effects in terms of atom dynamics which could not have been realized
with ¢ =0. This is due to the orbital angular momentum property associated with
the azimuthal dependence of light structure. The interaction process gives rise to
a number of rotational effects which will make the atomic motion drastically different
from that associated with { = 0. These rotational effects create the new phenomenon
referred to as a surface optical vortex.

The dynamics of an atom of mass M immersed in the evanescent field follows
straightforwardly by solving a Newtonian equation of motion, driven by a sum of
the dissipative and dipole forces

dr?
dl‘2 = Fdiss +F

dip (30)

We expect this solution directly leads to rotational motion as the signature of orbital
angular momentum property mentioned above, leading to vibrational motion in a radial
direction and resulting in an overall zigzag trajectory [13—15]. Clearly the optical



Theory of evanescent Bessel beams with a metallic sheet 549

forces for any value of the parameter ¢ > 1 can be obtained in a similar manner and
controlling their values by varying mainly the light beam parameters and its angle of
incident.

5. Conclusions

The main aim of the work discussed in the present paper serves to exemplify the physics
associated with vortex characteristics in an evanescent electromagnetic field generated
in vacuum, outside the metallic sheet surface of an optically dense dielectric medium.
To show the mechanical influences of the associated optical forces, we have considered
aneutral sodium atom immersed in the evanescent field, controlled by a surface optical
vortex produced by the simplest Bessel beam vortex, the { = 1 mode.

Our study concerned especially an evanescent mode produced by laser light with
an azimuthal phase dependence and orbital angular momentum as typified by Bessel
beams. For such kind of light, the helical wavefront is corresponding to an optical
vortex, consequently the evanescent fields produced by total internal reflection have
vortex properties. We have explained how a single Bessel beam, totally internally
reflected at the general interface of the metallic sheet and the medium within which
the light is incident, produces a surface optical vortex in the vacuum region.

This is a theory that in principle applies to surface optical vortices produced by
any order of Bessel modes and also to any optical mode characterized by an optical
vortex. Between the possible applications, we can envisage the production of cau-
tiously designed surface optical vortex arrays being used to create a pre-determined
two-dimensional pattern for the manipulation and the surface deposition of atoms,
a technique that has a possible relevance to the fields of nanolithography and other
methods that involve the motion of atomic components localized near a surface.
The theory is also willingly extendable to systems in which the evanescent mode
couples into a fluid, rather than vacuum. For example, it is conceivable that the rotary
motions of larger particles, trapped by optical tweezers near a fluid surface, may be
afforded by such advances and are really attracting.
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