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Optically induced fictitious magnetic trap on an atom chip
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We propose a microtrap realized with a fictitious magnetic field by applying a circularly polarized laser
beam. We calculate the potentials and demonstrate that various atom traps, such as the loffe-Pritchard trap,
double traps, and ring trap, can easily be built by varying the intensity and the position of the laser beams. We
show that even an optical lattice can be realized by adding more laser beams properly. Our trap has the
advantage as compared to a general atom lattice that the properties of the traps can be manipulated

individually.
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With the development of integrated and miniaturized
technology, the atom chip has emerged recently as a power-
ful and attractive tool for handling microscopic ultracold at-
oms [1-9]. An intriguing feature of miniature atom optical
elements is the possibility of constructing various compli-
cated forms of potentials utilizing magnetic [9], electrostatic
[10], optical [11-13], and even hybrid fields [14] to create
microstructures on a chip surface. The most successful appli-
cation of atom chips is to realize Bose-Einstein condensates
(BEC) [4] and to manipulate coherent ensembles of ultracold
atoms [7]. Although current microfabrication techniques al-
low the production of high quality electromagnetic fields
which can be controlled spatially and temporally, there are
still some latent disadvantages including spin-flip losses near
metallic surfaces, strong atom-surface interactions, and the
geometrical imperfections of microstructures, which have
been shown recently to limit the development of the atom
chip [15-18]. Besides the intrinsic points mentioned above,
some limitations due to imperfect design may also be severe.
Usually, near the chip surface there needs to be a uniform
bias field [9], and inconsistent designs are deleterious to in-
tegration and to parallel operation. So it is necessary to limit
the bias field locally.

Here, we demonstrate a new hybrid atom chip based on
an optically induced fictitious magnetic trap (OFMT). Atoms
in the circularly polarized laser beam can act as though they
were in a real magnetic field [19-21]. When a laser beam
replaces the uniform bias magnetic field, the resulting opti-
cally induced fictitious magnetic traps have distinguishing
characteristics: (a) The interaction between atoms and the
chip surface can be highly depressed since OFMTs are
higher from a chip with strong confinement; (b) the fictitious
magnetic field really works locally since the intensity of the
laser decreases rapidly along the radius, which is meaningful
for integration and for parallel operation. It will be shown
that precise measurement and quantum-information process-
ing both benefit from these advantages.
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We first introduce the simple concept of a fictitious mag-
netic field. If an alkali-metal atom in ground state is consid-
ered, when irradiated by a laser field tuned near the transi-
tions of D lines, the ac Stark shift of an alkali metal can be
approximated as [21]
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where g is the Lande g factor, m is the magnetic quantum
number, £* here characterizes the laser polarization, and
I(x,y,z) is the laser field intensity. When the laser is right
circularly polarized and the detuning, A, /Z:ﬁw—(Enpl/z
—E,s,,) and Azp=fio—(E,p, —E,; ), satisfy A3p==2A,,,
then
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The direction of B* is normal to equiphase surface. The
curvature radius of the equiphase surface R is determined by
the Rayleigh length z5. When z<<zp, R~ 7* &/ 2, the equiphase
surface can be well approximated as a plane. Since the ex-
pansion of the trapped atoms is smaller than the beam waist,
and since zp is usually many times the beam waist, the di-
rection of the fictitious field is approximately along the z
axis. In this case, the field can be written as
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where ﬂ:% I, is the intensity of the laser waist

which determines the depth and type of traps.

Before calculating the potentials, we must demonstrate
one key point which is the fundamental of our scheme, al-
though fully studied in theory and experiment from the
1960s [19-24]. According to [19,23], the efficient Hamil-
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FIG. 1. (Color online) Scheme of OFMT. The real magnetic
field is produced by the current in the wire on the substrate. The
atoms feel a fictitious magnetic field if they are in the laser field
above the chip. The real and the fictitious magnetic field will create
a three-dimensional field minimum above the wire, and the atoms
are trapped there.

tonian describing interaction between atom and circularly
polarized laser has the same form of atom in a real magnetic
field when the laser has a special wavelength. The magnetic
dipole will feel no difference between the real and the ficti-
tious field. When the atoms are in a fictitious field, the field
will offer a quantization axis along the light propagating di-
rection [20,21,24]. When atoms are in the hybrid real-
fictitious field, the total amplitude and direction of field is
under the rule of vector operation. The related experiment
was carried out [24].

We consider the usual traditional two-dimensional quad-
rupole potential which is formed in the vicinity of a current-
carrying wire [9]. The minimum is created by adding an
external homogeneous field with a pair of large Helmholtz
coils. When this inconsistent part is replaced by a Gaussian
laser beam, the corresponding OFMT becomes a versatile
tool for atom optics.

The basic structure of the OFMT is shown in Fig. 1. A
Gaussian laser beam above the atom-chip results in fictitious
magnetic field along the z axis, and a current wire also cre-
ates a real magnetic field. As shown above, we can consider
the total field directly. When the laser is tuned to the critical
frequency [22], the total equivalent magnetic field for atoms
is

0 1
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where u is the permeability of free space. Because of the
Gaussian profile of the fictitious field, there will be a mini-
mum in the total field in the x-y plane (z=0). It is amazing
that atoms will also be confined in the y direction. So we
have a three-dimensional potential with the simplest poten-
tial structure as compared with its traditional counterpart.
This is one of its most important characteristics. The position
can be adjusted by moving the light and the depth dependent
on Iy, but the current on the chip determines the maximum
depth and also the type of the trap.

According to the localization of the fictitious field, the
minimum value of the total field may be nonzero. Then the
OFMT can be considered as an loffe-Pritchard trap. It is
possible to create BEC with the simplest miniature structure

PHYSICAL REVIEW A 78, 033415 (2008)

- e magnetic
A e wm B S :\/ﬁeld
£ f & ® @ === E
TR LR e
laseri"’"-\\

,/'/'_..-_.’./)///

\
1
!
!
|

\

//’_-v_._._._.-}

Ve
\ l T — A
g ae== 2y
s>
)
substrate
wire

FIG. 2. (Color online) The Ioffe-Pritchard trap based on an op-
tically induced magnetic trap. The real magnetic field is produced
by the current in the wire on the substrate. The red part represents
the laser beam. The arrows show the direction and strength that the
total field atoms feel.

in place of a Z trap. The distribution of the field in the x-z
plane is shown in Fig. 2. The vector graph is shown here. It
is obviously not a quadrupole potential but an Ioffe-Pritchard
one. The total magnetic field outside the laser beam is the
same as the field created by the wire. This means that the
fictitious field only exists around the trap which is quite dif-
ferent from a homogeneous bias field. Any cooling method
[25] for ground-state atoms in traditional static magnetic
traps can conveniently be applied in an OFMT, because at-
oms in the hybrid potential behave as in a real magnetic
field. Although the tensor component of light shift also af-
fects the Zeeman substructure, however the corresponding
frequency shift is much smaller [23]. It should be considered
only when the light is near resonance [23,26]. If the detuning
of light is much larger than the hyperfine structure, the fre-
quency shift is generally negligible, which was comfirmed
by experiment [27]. Still, under some conditions, such as
clock transition [28], we should consider this term. In the
present case, frequency shift with order of Hz will not affect
the structure of traps nor evaporative cooling. Moreover,
with the Gaussian laser beam, the atom cloud in an OFMT
can be compressed without having to move towards the wire,
which really can depress the heating and the losses from
atom-surface interactions efficiently [15]. The center of the
OFMT can be shifted flexibly by modulating the parameters
of the laser beam, which allows the loading rate to be im-
proved. All of these properties, in fact, meet the requirement
of high efficiency BEC creation [29].

In order to analyze the OFMT quantitatively, we calcu-
lated the depth with the following parameters: I=2 A, w,
=100 wm, N\=790 nm, and the axis of laser beam 0.2 mm
over the chip surface. If we adjust the power P of laser beam,
the trap depth will change simultaneously (Fig. 3). When P
=4.1 W, the depths are about 0.21 mK in the x direction and
0.67 mK in the y direction. When P=7.9 W, the depths are
about 0.8 mK in the x direction and 1.28 mK in the y direc-
tion. The difference arises because the real magnetic field
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FIG. 3. The potentials with different laser power P: (a) x direction and (b) y direction with P=4.1 W; (c) x direction and (d) y direction

with P=7.9 W.

decreases in the x direction and stays constant in the y direc-
tion. But OFMTs have much larger spring constant in these
two directions as compared with U or Z traps [9]. This means
that OFMTs are much deeper at the same height. So OFMTs
can trap many more atoms. This is very important in atom-
chip experiments, for sometimes the number of atoms in the
trap limits the practicability of an experiment. As to the z
direction, since the gradient of field is mainly determined by
the real magnetic field, the situation is the same as for tradi-
tional traps.

If the power of the laser is very large, the fictitious mag-
netic field may exceed the real field also because of localiza-
tion of the laser beam. In this case, the minimum points of
the total field are zero, forming a ring in the x-y plane. Two
or more beams can be partially superposed to create larger
ring traps (Fig. 4). The OFMT may be a good candidate for
the incoherent atom-chip interferometer proposed in [30].
For the traditional atom chip, creating a ring waveguide with
one or more traps as ports will sacrifice some wire and chip
area [9], and also, the technique will be complex. For the
OFMT, all we need are one single wire and several laser
beams. A single wire creates the real magnetic field. Some
laser beams create a large radius loop, while another laser
forms the port. All parameters of the interferometer can eas-

ily be modified using the laser. Moreover, the example in
[30] required the ring to be 10 wm above the chip surface to
have a large magnetic field gradient. In fact, at this distant,
atoms in the waveguide hardly exist for 10 s because of
strong atom-surface interactions. This directly limits the sen-
sitivity of the interferometer. This difficulty can easily be
solved by using an OFMT. As shown above, OFMTs have a
high field gradient even much higher above the chip surface.
So the atoms can have larger velocity while preserving a
longer trap lifetime. The higher sensitivity and easy realiza-
tion are also benefits of the OFMT.

Another advantage of the OFMT is that it is convenient to
manipulate atoms by adjusting the laser beams. When two
laser beams with the same waist radius overlap partially, one
can modify the relative intensity of two beams to move at-
oms around. We show in Fig. 5 two Gaussian laser beams
superposed along the y direction. The distance between their
centers equals their waist radius 0.1 mm. We assume the
power of one laser is P, and the other is P,. First, P=P,,
P,=0, the trap is at y=—0.05 mm. Then turning on P, and
tuning to P, adiabatically, the position of the trap moves to
y=0 mm. But the total power is not big enough to form a
ring trap. Then we turn off P,. The atoms are at y=0.05. It is
clear that the potential depth becomes larger in this process,
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FIG. 4. Ring traps with (a) single laser beam and (b) two laser
beams which superpose along the y direction. The brightest parts
are the traps.

which should depress the loss rate during the transfer. Simi-
lar to the process above, we can realize atom splitting with
three beams. We first superpose three beams to build an
Ioffe-Pritchard trap. Decreasing the power of laser in the
middle, whereas increasing others, the single trap is then
transformed into a double trap. This splits the atoms into two
groups. Of course, the converse process is a beam combiner.
The angle of splitter can be modified from O to .

Now we demonstrate that the OFMT is also an ideal can-
didate for quantum computation. Several schemes for the
realization of a quantum logic gate with an atom chip have
recently been proposed [31,32]. However, because of the
weak spring constant, the trap is very close to the chip sur-
face for tight confinement and for certain shapes with special
vibrational states. Since the bias magnetic field influences the
distribution in one direction only, a single atom is weakly
confined in another dimension which makes operation diffi-
cult. At the same time, the structure is very complex for
suppressing the Majorana loss [15]. In this case, the single
atom experiences a complicated surface environment and the
loss rate becomes very large, so it is not a practical design
and is hard to achieve. Extension is another problem. Parallel
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FIG. 5. (Color online) The process of transferring atoms. At the
beginning, when P;=P,, P,=0, the trap is at y=—0.05 mm (dotted
curve); then turning on the second laser slowly while holding the
first one, the trap position will move along the y direction and the
potential becomes deeper, when P;=P,=P,, the trap is at y
=0 mm (dashed-dotted curve); keeping the second laser and turning
off the first one, the trap continues moving along the y direction,
when P;=0, P,=P,, the trap is at y=0.05 mm and the depth returns
back (solid curve).

operation is impossible, if the bias field for one gate affects
all the gates.

These problems can be solved successfully with the
OFMTs. With a microlens array, a tightly confined OFMT
lattice can be created on an atom chip (Fig. 6). Each laser
beam only creates one site and does not disturb other sites.
The lattice constant is determined by the microlens and each
site can be operated individually with a vertical-cavity
surface-emitting laser (VCSEL) array [11]. The sites posi-
tions are set arbitrarily which avoids decoherence from the
surface.

In order to estimate the properties of the system, we
choose parameters similar to Ref. [33]. For a trap depth of
U=1 mK, a beam waist of wy=3.5 um, far-off resonant trap
(FORT) [33] at A=850 nm needs P=44 mW, while OFMT
needs P=7.6 mW. At a large waist, several BEC ensembles
can be obtained at the same time, which is very useful to
study a large BEC reservoir or create a quantum register.
Also, the lattice constant can be modified by the distance
between the laser beams, which is impossible in other
schemes.
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FIG. 6. (Color online) Laser beam is modified by microlens. The
lattice constant is the same as that of the microlens array.
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Only one problem we should consider is heating due to
photon scattering. In our scheme, we use a special light with
wavelength between the D1 and D2 line of alkali-metal at-
oms. The photon scattering rate of all the alkali-metal atom
had been shown in [22]. According to the data, our scheme
will work well for rubidium and cesium atoms. In [33], the
photon scattering rate is 24 Hz. In our scheme the rates for
the two species atoms are 154 Hz and 30 Hz. The lifetime of
atoms in a trap with similar parameters in [33] is about sev-
eral minutes or longer [34]. Obviously, the lifetime of atoms
in our scheme is long enough for most experiments.
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In summary, an optically induced fictitious magnetic trap
is proposed. We have shown that various traps can be created
by modifying the “bias” laser beam. This provides a simple
atom-chip system which can be applied in precise measure-
ments and in quantum-information processing.
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