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Experimental demonstration of controllable
double magneto-optical traps on an atom chip
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We demonstrate controllable double magneto-optical traps (DMOTs) on an atom chip: At first, DMOTs, which
trap atoms directly from the background rubidium vapor in an ultrahigh-vacuum environment, are realized on
an atom chip simultaneously. The double quadrupole magnetic fields are produced by two separate U-shaped
microwires on the atom chip, combined with a bias magnetic field. Then, we determine the best parameters for
a U-shaped magneto-optical trap (UMOT) through a detailed comparison of the capture ability at different
currents and the bias magnetic field between two different geometric sizes of UMOT. Finally, we demonstrate
the mixing and splitting of the DMOTSs on the atom chip with the help of an extra pair of anti-Helmholtz coils.
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Currently, the atom chip is attracting more and more in-
terest because of its inherent advantages of integration
and miniaturization. Not only can all the traditional cold
atom experiments be transferred to the atom chip, but
also many novel applications have been proposed and re-
alized [1,2], for example, theoretical or experimental re-
search about controllable double magneto-optical traps
(DMOTs) [3-5], two species surface MOTs [6,7], stable
double magnetic traps [8], or even multiple MOTs [9] and
multiple traps [10-13]. Here we focus on controllable
DMOTs for the following reasons: First, they are the basis
for double magnetic traps and independent double Bose—
Einstein condensates (BECs) [8,14-17]. On the other
hand, DMOTs are so close to each other that they provide
a good physical system for studying cold collisions be-
tween different samples, including, for example, two iso-
tope samples [6,7,18]. Furthermore, they could also be ap-
plied to the study of entanglement between different atom
assemblies [19,20] and even quantum registers for quan-
tum computation and quantum teleportation [21-23]. In
this paper, we describe how we have realized controllable
DMOTs on our homemade atom chip experimentally.
Compared with the original experimental works, such as
two and multiple atom traps on an atom chip [8,10-13],
our DMOTs have the further advantage of directly trap-
ping atoms from the background Rb vapor with the atom
chip, without requiring a transfer from any other kind of
trap, such as a mirror MOT or a Z trap. Furthermore,
through a detailed comparison of the capture ability at
different currents and the bias magnetic field between
two different geometric sizes of U-shaped MOT (UMOT),
we determine the best parameters for a UMOT [24,25].
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Hence the DMOTs are optimized and the number of
trapped atoms is more than 10° in each trap of our
DMOTs. Thus the results will also be helpful for a UMOT
or multiple UMOT design on an atom chip. In addition,
we demonstrate the mixing and splitting of the DMOTs
on the atom chip with the help of an extra pair of anti-
Helmholtz coils in the experiment.

Our atom chip is manufactured by combining the wet
etching method with electroplating techniques [26]. After
fabrication, the atom chip is placed in an ultrahigh
vacuum with a glass cell. The wire structure on the atom
chip is shown in Fig. 1. Double dark U-shaped wires are
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Fig. 1. (Color online) Wire diagram of our atom chip, including
U-shaped traps, guiding wires, double Y-shaped splitting and

combining wires. Only the double dark U-shaped wires (a, b) are
used in the present experiment.
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Fig. 2. Magnetic field distribution and capture volume of the
double MOTs. (a) Z direction magnetic field distribution, I=1 A,
Bias=1 G, 2 G, 4 G. (b) X direction magnetic field distribution,
I=1 A. (c¢) Capture volumes versus different bias magnetic fields;

the dashed curve refers to the U(a) MOT and the solid curve re-
fers to the U(b) MOT.

used in the present experiment. The wire width of U(a) is
0.2 mm and that of U(b) is 0.1 mm. The lengths in the X
direction of the double U-shaped wires are 2 and 1 mm,
respectively. The double U-shaped wires are 3 mm apart
from each other. To compare and test the capture ability
of the double UMOTSs, we calculate the field distributions
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Fig. 3. (Color online) Experimental setup of the double MOTs; it
is the same as for a normal UMOT. Two pairs of laser beams are
used; one pair is propagated in the plane of the atom chip, and
the other pair is reflected by the chip at an angle of 45°. The
double microquadrupole magnetic fields are provided by two
U-shaped wires on the chip and an extra bias magnetic field that
is provided by a pair of Helmholtz coils.

and capture volumes of the DMOTs in theory at first. A
simple formula is selected to describe the quadrupole
magnetic field:

B=1u‘01/277r+ébias’ (1)

where ug is the susceptibility of vacuum, I is the operat-
ing current, r is the radial distance from the wire, and

ébias is the horizontal bias magnetic field. From Eq. (1),
the three-dimensional magnetic distributions can be cal-
culated. The result is shown in Fig. 2. Figure 2(a) is the
magnetic distribution in the Z direction with different
bias fields. The currents in both U-shaped wires are se-
lected to be 1 A, which is the largest current we can use in
the experiment in order to protect the U(b) wire from
overheating. Figure 2(b) is the magnetic field distribution
in the X direction. Although the capture volume is deter-
mined by the capture lengths in three dimensions, the
capture length in the Y direction can be assumed to be the
same as in the Z direction, so a simple equation {V
=[(uol)/ (mByp;ns) 2L, where L is the lengths in the X di-
rection} can be used to describe the capture volume. Then
we obtain the capture volume of the double MOTs as
shown in Fig. 2(c). The capture volume of U(a) is almost
twice as large as that of U(b) because the lengths in the X
direction of the U-shaped wires are not the same in each
case.

The experimental setup of the double MOTs is shown in
Fig. 3. Two pairs of laser beams are used to trap the at-
oms. The configuration is the same as a normal UMOT
[24,27]. Just two pairs of laser beams are needed in the
experiment. One pair of laser beams is propagated in the
plane of the chip, and the other pair is reflected by the
chip surface at an angle of 45°. The double micro quadru-
pole magnetic fields are provided by two U-shaped wires
on the chip, the axis of the double micro quadrupole mag-
netic fields also being tilted by 45° with respect to the mir-
ror surface. An extra bias magnetic field is applied by a



(b)
Fig. 4. (Color online) (a) Magnetic field distribution in the XZ
plane. There are three quadrupole magnetic fields in the XZ
plane, but the center one does not satisfy the MOT condition. (b)
Fluorescence picture of the double MOT. The dashed lines on the
top of both figures represent the position of the atom chip.

pair of Helmholtz coils. The diameter of the laser beams is
1 cm and the intensity is 9 mW/cm?. The detuning of the
cooling laser frequency is set to 13 MHz redshift with re-
spect to the atomic resonance 8°Rb: 5875, F=3—5P3s,
F=4. The power of the repumping laser is 6 mW, and its
frequency is tuned to the resonance ®Rb: 5S, F=2
— 5P 3/25 F=3.

A Rb dispenser is used to produce atomic vapor. We
first applied an intense current (5 A) on the dispenser to
emit enough rubidium vapor and increase the vacuum
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from 1X1077 to 8 X 1078 Pa; then we kept this pressure
during the experiment by reducing the current to 4 A. An
ordinary CCD camera is used to monitor the atomic fluo-
rescence of the trap area, and a digital CCD and image
lenses are used to take the fluorescence picture and to
measure the number of trapped atoms.

From Eq. (1) we know that the stronger the current we
use, the bigger the capture volume we get. However, to
protect both U-shaped wires, we select 1 A for both of
them, this being the largest value that does not lead to
thermal breakdown of the U(b) wire. We select the same
current for both wires in order to evaluate the capture
volume. When the bias field is set to 1 G, the capture vol-
ume of U(a) is approximately 40 mm?; the field gradient is
5 G/cm. As shown in Fig. 4(b), the DMOTs are realized si-
multaneously. This observation corresponds well to the
theoretical calculation of the magnetic field distribution,
shown in Fig. 4(a). The central quadrupole magnetic field
does not satisfy the MOT condition in both the magnetic
field direction and laser beam polarization. The DMOT
wells are thus 4 mm apart from each other (center to cen-
ter) and 2 mm below the atom chip surface. As shown in
Fig. 5(a), the diameter of the U(a) MOT is approximately
1.5 mm, and the total number of trapped atoms is ap-
proximately 2 X 108, The diameter of the U(b) MOT is ap-
proximately 0.8 mm, and the total number of trapped at-
oms is approximately 1x 108, as Fig. 5(b) showns. Thus,
the number of atoms in the U(a) MOT is almost twice the
number in the U(b) MOT. This coincides well with theory,
as shown in Fig. 2(c). Furthermore, as shown in the left
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Fig. 5. (Color online) (a) Fluorescence picture (left) and X direc-
tion density distribution (right) of the cold atoms in the U(a)
MOT. (b) Fluorescence picture (left) and X direction density dis-
tribution (right) of cold atoms in the U(b) MOT.



1670 J. Opt. Soc. Am. B/Vol. 25, No. 10/October 2008
3.0 .
A U(a) theory
. / f —e-Ua) '
<Y o5l . U(b)theory.
N —u—U(b)
é 2.0} } +
= 15! +/‘ —
g . B +/;/£ T
E *
1.0t i\i
06 08 10 12 14 16

Bias Magnetic Field (Gauss)

| A& Ua)
—~ —eo—U(a)
% ¢ U(b) theory i
2
2 i
> -
S ézo $ i\i
S 1.0+
< A
2
05 1 . 1 . 1 . 1 . 1
0.2 04 0.6 0.8 1.0
(b) Current (A)
Fig. 6. (a) Experimental (dots and squares) and theoretical (tri-

angles and rhombuses) trapped atom numbers versus different
bias magnetic fields for the DMOTs. The current is settled at
0.8 A. (b) Experimental and theoretical trapped atom numbers
versus different currents in the wires for the DMOTs. The bias
magnetic field is settled at 1.2 G.

picture of Fig. 5, the density distributions of both MOTs
are of typical Gaussian form. The temperature of the
DMOTs is measured to be 300 uK by the time-of-flight
(TOF) method.

To evaluate the capture ability and optimize the
DMOTs, we measure the trapped atom number under dif-
ferent conditions. As shown in Fig. 6(a), when keeping the
currents stable at 0.8 A and altering the bias magnetic
field, a 1.2 G bias magnetic field is the best choice for both
MOTs. Then keeping the bias magnetic field at 1.2 Gauss,

2A
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the trapped atom number versus different currents
is shown in Fig. 6(b). Furthermore, we do a brief quanti-
tative calculation about the trapped atom number
{(N=(a/ \J’Eo-)(V2’3/vf)[m/(2kBT)]2, where V is the capture
volume, v, is the smallest capture velocity of the three di-
rections, o is the collision cross index, a=I/I, is the
saturated index, kp is the Boltzmann constant, m is the
atomic mass, and 7' is the temperature of the background
atoms) [5]. The results agree well with the experimental
results as shown in Fig. 6. From both the experiments
and the quantitative calculation, we obtain that the field
gradient (2mBE,,./u,I) equals 10 G/cm is the best choice
for the DMOTS. Thus By;as= \uol/207 is the best param-
eter for a UMOT. This ratio between the current and the
bias magnetic field gives the best balance of the capture
volume and the magnetic field gradient for the DMOTs
because increasing one of those two parameters will de-
crease the other one at the same time and an efficient
MOT always needs large values of those two parameters.
In addition, from Fig. 6 we also note when a small current
or a small bias magnetic field makes a comparative cap-
ture ability of the two different sizes of UMOT. This is de-
termined by the field gradient in the X direction and for
the reason that when the field gradient in the X direction
is smaller than the other directions (10 G/cm), then the
larger length will give a smaller field gradient, and hence
affect the capture ability. Thus the U(b) can trap the same
or even more atoms as the U(a). Thus we can get another
optimized parameter for the UMOT (Lx=20By;,s). For ex-
ample, when the current is 1 A in the U-shaped wire, the
best bias magnetic field is 1.4 G and the best length in the
X direction (Ly) is 2.8 mm. These two are the basic pa-
rameters in a UMOT design.

As Fig. 7 shows, the DMOTs can also be mixed and split
with the help of an extra pair of anti-Helmholtz coils. This
pair of anti-Helmholtz coils whose center is located in the
middle of the DMOTs is used to trap the mirror MOT, and
it can provide a 2 G/cm gradient field with a 1 A current.
When the DMOTs are realized, we increase the currents
in these coils from 0 to 5 A slowly and detect the mixing
process of the DMOTs, as shown in Fig. 8(a). Then we de-
crease the currents from 5 to 0 A slowly, and the MOT is
split back into the DMOTS, as shown in Fig. 8(b). Then we
increase the currents step by step and measure the split
distance, as shown in Fig. 9.

Furthermore, this scheme for realizing double MOTs
can be easily extended to 1D or 2D arrays of surface
MOTs or used to prepare a 1D or 2D MOT lattice [9]. For
example, if an array of U-shaped wires is fabricated on a
chip, then with exactly the same configuration of laser
beams, an array of UMOTs can be realized simulta-
neously. When altering the optical beams from a

1A 0.5A

0A

Fig. 7. Magnetic field distributions versus different currents in the extra pair of anti-Helmholtz coils.
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Fig. 8. (a) Mixing of the DMOTs, (b) splitting of the DMOTs.
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Fig. 9. Separation distances versus different currents in the ex-
tra pair of anti-Helmholtz coils; the dots are the experimental re-
sult, and the line is the theoretical result.

Gaussian beam to a plane beam, all the UMOTs will have
the same capture efficiency.

In conclusion, we have demonstrated the realization of
DMOTSs on an atom chip experimentally, and the results
coincide well with the theory. In addition, we find out the
optimized parameters for a UMOT by comparing the cap-
ture ability of the DMOTs. Those two parameters will be
helpful for a UMOT or multiple UMOT design on an atom
chip. Furthermore, we demonstrate the mixing and split-
ting of the DMOTs with the help of an extra pair of anti-
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Helmholtz coils on the atom chip. Our results also prove
that trapping atoms in double or even more complex
MOTs fabricated simultaneously on an atom chip can be
performed directly from a background atomic vapor.
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