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Atom vortex beams
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The concept that all de Broglie particles can form vortex beams is analyzed for neutral atoms. It is shown
how atoms diffracted from a suitably constructed optical mask configuration employing light of / units of orbital
angular momentum and at far-off resonance with an atomic transition can lead to the generation of a discrete set of
atom vortex beams each endowed with the property of quantized orbital angular momentum about the beam axis
in units of Al. Selection criteria of atom vortex beams are derived and the functioning of the mask configuration for
angular dispersion of beams in terms of de Broglie wavelength is analyzed. Prospects of applications in the areas
of atom interferometry and dispersion, and quantum information processing via atom vortices are pointed out.
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The study of optical vortex beams and their applications
have received much attention in recent years [1-6], and there
are various types of optical vortex beams, in each of which
the fields are characterized by the phase factor ¢/’%, where /
is the vortex integer winding number and ¢ is the azimuthal
angle about the beam axis. The influence of optical vortex
beams on bulk matter has led to a number of applications,
including the optical spanner effect, which acts to rotate small
material particles immersed in the optical vortex in analogy to
the optical tweezer effect, which influences their translational
motion [2].

In addition to their action on small matter particles, optical
vortex beams also have mechanical effects on atoms, ions, and
molecules. Such effects have been subjected to both theoretical
and experimental investigations. Optical vortices acting on the
atomic center of mass generate a light-induced torque [7],
which results in the rotational motion, while atoms subject to
multiple optical vortex beams are known to reveal interesting
patterns, including the creation of micron-size neutral or
charged current loops [8—11], and optical Ferris wheels [12].
More recently, cold atoms have been trapped in a doughnut
LG beam creating a persistent atomic current [13].

Emphasis has recently shifted to the creation in the
laboratory of electron vortex beams [14-20], in analogy with
optical vortex beams. Electron vortex beams are also endowed
with the property of orbital angular momentum and they are
characterized by a wave function bearing the phase factor
e''?, as appears in the case of the optical vortex fields.
Howeyver, there are marked differences of electron vortices
when compared to optical vortices in that electron vortices
are characterized by the electron mass, electronic charge, and
electron spin, all of which introduce new effects that are absent
in the optical vortex case. Studies of electron vortices and
their interaction with matter are now progressing in both the
theoretical and experimental fronts.

The concept of a vortex beam should apply to any de
Broglie particle and this includes atoms, ions, and molecules
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provided that each can be produced in the form of an initial
well-defined ordinary beam, but it is unclear how one can
generate the particle vortex in the case of a neutral atom beam.
In both optical and electron vortices the production relies on
the generation of a material computer-generated mask and
diffraction is the physical process through which the vortex
beams are realized.

To create atom vortex beams we need a suitable mask and
here we propose and analyze the use of an optical mask suitably
constructed from laser light as a diffracting agent. The situation
is illustrated in Fig. 1, for the case of a forklike mask, which
should be straightforward to set up in the laboratory, created
by the superposition of a Laguerre-Gaussian laser beam with
a reference plane wave, both plane polarized along the y axis.
The incident LG optical beam is taken to propagate along the
z axis (out of the plane), while the reference plane-wave laser
beam is tilted at an angle « in the x-z plane, as shown in Fig. 1.

The total electric field is given by E(x,y,z) =YE(x,y,2),
where £ is the field distribution given by the sum

E(r.y.2) = Epe” e+ G f(re e (1)

where Ep is the plane-wave amplitude and & g is the amplitude
of the LG beam given by &g = Ego(2/m|l|)!/? with [ the
winding number of the LG mode, k, = kcos«, k, = ksinc,
where k the wave number of the light and r = \/x2 + y2. The
function f(r,z) for a LG beam with p = 0 (so-called doughnut
beam in the case of a large Rayleigh range), is given by

2 i 202
r«/_) e " /wo’ (2)

fu(r) = (

Wo

where wy is the waist at focus where z = 0. The forklike mask
corresponding to the electric field (1) is shown in Fig. 2 for the
case of a doughnut LG beam with [ = 1.

A two-level atom interacting with the above field has a
z-independent Rabi frequency given by

QA (r,¢) = Q% + Qi f2(r) +2Qp Q6 £ (r) cos (kex — 1),
3)
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FIG. 1. (Color online) (a) Schematic representation of the
diffraction of the atoms through the light mask made up of a
Laguerre-Gaussian doughnut beam of winding number / interfering
with a tilted plane wave [ = 2; (b) after the diffraction process
the different atom vortices are shown separated in space and are
labeled n = 0,£142, . .. with the nth vortex carrying orbital angular
momentum nlh.

where Qp and Qg are the Rabi frequencies associated with
the plane wave and the Laguerre-Gaussian beam, respectively.
As aresult of acquiring this Rabi frequency once subject to the
mask fields, the atom experiences an optical dipole potential.
This dipole potential in the case of far detuning A = w — wy,
with @ and w the frequency of the light and that of the atomic
transition, respectively, such that Q2/A « 1, is given by

2RQ%(r,¢)
—Qa

Since the detuning is assumed relatively large, the above
potential effectively acts on the atom in its ground state and

U(r,¢) =— “4)
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FIG. 2. The forklike light mask displaying the intensity of the
field given by Eq. (1), for a winding number / = 1. Lighter gray areas
correspond to higher intensity.
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results in its diffraction over a short interaction time t. We
assume that the atom enters the potential at the time t = —7
and its state function at that instant is W(r,¢p, — 7). After the
diffraction the atomic state function is at time t = 0 and is
given by

U(r,¢,0) = WU(r,¢p, —1)e'U. (3)

On substituting for U from Eq. (4) we have

i2t _,
V(r.¢.0) =g, —t)exp| =2 (nd) ). (6)

The physical interpretation of the above expression is that the
diffraction process through the optical potential over the short
period of time t is in the form of a phase imprint on the initial
wave function. This is the basic principle of vortex sorting in
Bose-Einstein condensates. Substituting for €2 from Eq. (3) we
have

\y(r,¢,0) — \y(r,¢, _ T)e—iAte—iBTe—iCt COS(](XX—I¢)’ (7)
where A(r),B(r), and C(r) are functions of r only
2 _2 Q QLG

The last exponential factor in Eq. (7) 1nvolv1ng dependence
on k, and ¢ can be expressed as a sum over Bessel functions

using the Jacobi-Anger identity, elecost — Z_ i J,(z)e?,
and yields
\Ij(r,(ﬁ’()) = \Ij(r,(ﬁ’ - .L,)e—iA‘Ee—iB'[
o0
% Z i" ./n(C‘L')e_i"kxxemhp. (9)
—0o0

The initial-state function of the atoms prior to entering
the interaction region (i.e., at time t = —1) is best discussed
with reference to a practical scenario involving a cold atomic
wave packet. This wave packet is assumed to have a transverse
Gaussian profile with a typical cross section of dimensions
of the order of tens of mlcrons [21]. Thus we can write
U(r,p,z, — 1) = ND(r)el¥", where D(r) = exp(—482,2),
where o is the transverse size of the atomic wave packet,
as schematically represented in Fig. 1, ka is the atomic
de Broglie wave vector along the z direction, and A is the
normalization constant. The wave function now reads

(r,$,0) = Ne 407 B0 D(r)

[o¢]
X Z i" Jn(CT)e_i(nk"x_k;mz)einw. (10)

n=—0oo

Equation (10) shows that the diffracted wave function
is a superposition of atom states indexed by integers n =
0,£1,£2, ..., each endowed with angular momentum nhl
propagating at an angle 6, relative to z axis. We now
introduce the position variable p = v/x? 4+ z2, and define R,
by the relation R, = v/(nk,)* + (k?5). It is also convenient
to introduce the diffraction angle 6, and the tilt angle &, as
follows:

sinf, = [1 + kz/(nA?B Cosaz)rm,

(11)
sing = [1+ (x/2)*17"/2.

053616-2



ATOM VORTEX BEAMS

Next we make use of the relation nk, x — ka z = pR, sin(6, +
&), which enables the wave function to be written in the
following form:

W(r,¢,0) = Ne 4T BT D

o0
X Z l'n Jn(Cf)e_ipR” Sin(0n+f)ei1‘11¢' (12)

n=—0oo

This wave function corresponds to a sum of atomic beams,
labeled by the index n carrying orbital angular momenta +n/#.
Note that [ is the orbital angular momentum of the LG
beam, which was required to construct the fork diffraction
pattern. This angular momentum is seen here as having been
transferred to the atomic beams. The situation is depicted
schematically in Fig. 1.

The probability distribution associated with a sharp atomic
vortex state n is given by

Par) = (€™ W(r,¢, 00 ~ e o |, (CT)P. (13)

This distribution function can be explored for different
diffraction orders. In the case of lower diffraction orders,
we note that the central component n = 0, is an Airy-type
state function and carries no angular momentum. The radial
probability distribution for the first diffraction order n = 1 can
be shown to be a doughnut-type mode with a characteristic
ring shape.

For practical purposes it is desirable to be able to ensure that
the atomic vortex beams corresponding to different diffraction
orders are well separated in real space with minimum overlap,
a requirement that clearly depends on the parameters used to
generate the diffraction pattern. From the above discussion it
is also seen that the amplitude of a given component depends
on the initial-state function and the corresponding Bessel
function. For illustration we consider the concrete example of a
system of neutral atoms diffracted from a suitably constructed
optical mask at far-off resonance with an atomic transition. The
transition in question concerns sodium atoms and is identified
as 328, — 3% Py, with parameters

T =080

)‘light = 589 nm;

QP = F; QLG = IZF,
ke =21x10°m™"; A =10l (14)

wo =1 um;

and the value of k, shown corresponds to tilting angle o = {¢
with respect to z axis.

The diffraction process described by the above choice of
parameters is a Raman-Nath (RN) diffraction [22]. The criteria
for the validity of the RN regime are (i) the width of the
initial atomic beam must be large compared with the spatial
extent of the diffracting potential (thin grating [23]) and (ii)
the transverse kinetic energy of the atoms as they enter the
diffraction region should be smaller than the maximum energy
of the atom-light interaction. Next we consider the validity of
these criteria for the parameter values displayed above in a
experimental configuration.

The radial spread of the light field is typically 8 um and
we consider three cases in which the wave packet sizes are
the same as those in the experiments performed by Anderson
etal. [13], namely o = 21,30,42 um, so the first RN criterion
is satisfied. Consider next the second RN criterion. For each
of these values of o the Heisenberg uncertainty principle
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indicates that the corresponding transverse momentum spreads
of the wave packets are given. respectively, by

hi
Ap, ~ —=52x107, 347 x 1073,
o
2.47 x 107 kgms™!. (15)
We find, respectively,
A 2
AE, = % ~ 3.41h, 1.52A, 0.77h, (16)

where the units attached to the numerical factors are s—!.

The maximum energy of the atom-light interaction during the
diffraction process is estimated to have the following value for
all cases:

212,06
A

which confirms that AE < Uyg. So, the second RN criterion
is satisfied.

Further interesting aspects of the vortex formation can be
explored by looking at the linear regime of the diffraction
in which relation )JZ’B <« A is valid between the de Broglie
wavelength of the incident atom beam and that of the light
beam along x axis. Within this approximation, R, ~ ka and

Uity = = 14.7 x 10°A, (17)

dB
6,~nb=n AT cos « are valid, i.e., the diffraction angles vary
linearly with the angle step 6. In this case we can write

dB
sin(@n+§)%sin$+n%cosacos$, (18)

which is valid in the linear regime of atomic diffraction.
This relation corresponds to the standard Bragg diffraction
condition that governs light or particle diffraction in periodic
structures, for example in a crystalline solid-state context, in
the case of light gratings and microfabricated material gratings.
It is responsible for the Kapitza-Dirac effect, which has
received experimental implementation (see, e.g., Ref. [23]).
The resulting atomic state in the linear regime now reads

ki{li

sin &

V(r,¢,0;a) = Ne AT o=iBT p=ir

00
« Z inJn(cf)e—inpkcosacoséeinw' (19)

n=—0o

This describes a set of diffracted atom beams separated by
equal angles, with linear orbital angular momentum phase
dependence in their amplitudes. The defining relation AfB <
A, implies that thermal atoms diffract approximately in the
linear regime, while the previously analyzed cool atom beams
released from a BEC, not being in the linear regime, are
expected to diffract in unequal deflection angles.

Next we consider the process of the detection of the
diffracted beams. A necessary condition for detection is
derived as follows. Let the beams traveling a distance z
after passing through the light mask be deflected by the
angle 6,. The different beams would intersect a circle in
the z-x plane of radius z (where z is now defined as the
axial distance from the center of the grating) at points on
its circumference with arc length As, = z6, =~ nzf ~ nAs,

where As = z0 ~ z¥ cosa, is the arc length between two
neighboring diffracted beams (i.e., [n| = 1)). A high resolution
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of the neighboring beams requires that As > wg, which
implies the criterion win < m

For the parameters chosen above we assume that
the atoms entering the light mask have typical speeds
of the order v =0.0lm/s, i.e. with de Broglie atomic
wave number ka = Mv/h=5.83 x 108m~'. The separa-
tion criterion (for o = {% as before), requires that z >
0.28 um, which then allows reasonable separation for vortex
detection.

Recalling that the primary purpose of the optical diffraction
grating is to spatially disperse light by wavelength, we suggest
that the atomic diffraction setup analyzed here would also
function as angular dispersive element for incident atoms
based on their de Broglie wavelength. Indeed if the thermal dis-
tribution of the incoming atoms has a nonuniform energy (i.e.,
momentum) profile, then via thermal de Broglie wavelength

2B~ \/A%T, the temperature distribution will determine the

atomic wavelengths along the propagation axis. Physically this
would imply that the incident beam is not monochromatic with
respect to A?Z, so the transmissive diffraction taking place
in the optical mask would result in a wavelength selective
angular deflection for the atoms, described by an angle function
6,(A?8). Differentiation of the grating equation (18), yields the
atomic angular dispersion coefficient D,,,

. do, n cos
~ dAdB hcos(B, +m/4)

D, (20)

Stretching the analogy of atomic diffraction with the
diffraction of light by a grating further, we note that the
grating equation for light imposes restrictions on the light
wavelengths from being diffracted into more than a finite
number of orders [24]. By contrast the analogous relation,
Eq. (18), for the atomic diffraction imposes restrictions on the
number of orders, i.e., the number of atom vortex beams, that
do not involve the atomic and light wavelengths. Instead this
number is restricted by one of the tilt angles, the £ only, by the
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constraint

1
|n|<<l+|sin§|>. 21

For example, in the special case for which x = z as given
by Eq. (11), which corresponds to the tilt angle & = 7, the
possible vortex states are labeled by n = {0,+1,42}. The
same vortex states are possible for tilt angles & = %,%,
as well. Similarly to the angles & = %,% corresponds the
set n = {0,£1,4£2,43}, and to & = f—z corresponds the set
n = {0,£1,+2,£3,44}, etc.

In conclusion we suggest that the realization of atom vortex
beams put forward in this work would open up a new area of
atom optics in which atoms carrying orbital angular momen-
tum interact with each other, or with other forms of matter.
Further studies and various applications should be anticipated.
As to theoretical extensions, there is a need to relax some
of the restrictions we have introduced, e.g., the Raman-Nath
approximation [in order to study the thick grating limit (Bragg
diffraction)]; as well as the need to study vortices on the whole
transverse plane, i.e., beyond the maximal intensity circle.
As to applications, we would include atom interferometry,
the functioning of mask as a dispersive prism for de Broglie
waves, the encoding and processing of quantum information in
atom vorticity, the imaging of neutral samples via atom vortex
beams, the interference of atom vortex beams of opposite
helicity, and the building of quantum entanglement in the
infinite dimensional Hilbert space of atom vortex beam states.
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