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We propose a robust scheme that creates a toroidal magnetic potential on a single-layer atom chip. The wire
layout consists of two interleaved Archimedean spirals, which avoids the trapping perturbation caused by the
input and output ports. By using a rotation bias field, the minimum of the time-averaged orbiting potential is
lifted from zero, and then a relatively smooth and harmonic ring trap is formed. The location of the waveguide is
immune to the magnetic variations, as it is only determined by the wire layout. The ring waveguide offers an
ideal solution to developing a compact and portable atomic gyroscope.
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There has been widespread interest in developing an
atomic gyroscope, as the theoretical sensitivity of an
atomic gyroscope corresponds to an improvement by a fac-
tor of 1010 times greater than a photon-based gyroscope
with an equivalent enclosing area[1]. The high sensitivity
of an atomic gyroscope is useful for the applications of a
rotation sensor[2], general relativity[3], and a fine-structure
constant[4,5]. In the last decades, atomic gyroscopes oper-
ated in free space have been demonstrated with high
sensitivity, showing a short-term rotation-rate sensitivity
of 6 × 10−10 rad s−1 for one-second measurements[2], and
great progress has been made in both theoretical and ex-
perimental research[1,6–13]. However, there are several prac-
tical challenges to developing a compact and portable
rotation sensor device for a real platform, which includes
a large-volume system and signal loss that occurs when it
experiences rotation[14]. One possible solution is to employ
a waveguide. A number of schemes have been proposed for
realizing a guided atomic gyroscope[15–17]. With the advan-
tage of the waveguide, the size of the atomic gyroscope can
be significantly decreased, and the tolerance to dynamics
can be maximized[18]. In addition, a longer interrogation
time and larger interferometer areas can be achieved to
improve its sensitivity[19]. One of the geometries of interest
is the ring waveguide, which provides an ideal geometry
for a guided atomic gyroscope sharing identical paths to
reject commonmode noise[20] and can be created by various
methods[21–27]. A ring waveguide on an atom chip is espe-
cially suited to fulfilling a compact and portable rotation
sensor device. By using chip technology, other optical sys-
tems can also be integrated to minimize the volume of the
system and increase its functionality at the same time[28–31].
The challenges to realizing a ring waveguide on an atom

chip for a guided atomic gyroscope include avoiding the
trapping perturbation[32,33] caused by the input and output

ports of the rings and creating a non-zero field waveguide
at the minimum. When the ultracold atoms propagate
through the waveguide and are close to the zero magnetic
field points, the atoms confined in the waveguide may be
lost by Majorana spin flips into untrapped magnetic sub-
states[34], which limit the sensitivity of the atomic gyro-
scope due to their short lifetime and low coherence time.
To create a non-zero field ring waveguide at the minimum,
one way is to use an azimuthal magnetic bias field[32],
which can be generated simply by a straight current-car-
rying wire perpendicular to the chip surface and that
passes through the center of the ring waveguide. The chal-
lenge is the limited size of the ring waveguide on the chip
of just a few millimeters. The other way is to apply a time-
averaged orbiting potential (TOP), which is generated by
a rapidly oscillating trap field[35]. The TOP technique[34]

was used originally to lift the quadrupole trap minimum
from zero, which has led to the first observation
of a Bose–Einstein condensate (BEC)[36]. By using the
TOP technique, a BEC has been produced in a ring wave-
guide generated by coils[24], in which the time-averaged
potential has been generated by varying the currents of
the coils.

In this Letter, we propose to investigate a ring wave-
guide on a single-layer atom chip for a cold atomic gyro-
scope. The wire configuration is based on an Archimedean
spiral[37]. The wire layout avoids the trapping perturbation
caused by the input and output ports, resulting in an en-
closed guiding loop for neutral atoms in the weak field-
seeking states. However, there are two symmetrical zero
magnetic field points in the ring waveguide minimum,
which is an inherent characteristic of the Archimedean
spiral ring magnetic potential. We use a rotation bias field
to lift the ring waveguide minimum from zero and
smooth the waveguide at the same time. The location
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of the waveguide is immune to the magnetic variations, as
it is only determined by the wire layout of the atom chip,
resulting in a very stable and smooth ring waveguide.
The wire layout to generate the ring potential on the

chip is shown in Fig. 1(a). The ring potential is generated
by a simple constant current, which is very stable, as the
location of the ring potential is only determined by the
wire layout of the atom chip. But such a ring potential
consists of zero magnetic field points in the minimum,
as shown in Fig. 1(b) (red line). It can be seen from
Fig. 1(b) that the magnetic field strength of the minimum
is equal to the absolute value of the azimuthal angle com-
ponents of the magnetic field (Bmin ¼ jBφj). The reason
is that the tangential direction of an arbitrary point
Pðr;φ; 0Þ in the Archimedean-spiral wires, which repre-
sents the direction of the current at point P, is not parallel
to the direction of eφ at point P. The zero magnetic field
points are generated as the sign of Bφ changes. The
variation of the minimum of magnetic field is about
1 G in Fig. 1(b).
In order to eliminate Majorana spin-flip losses coursed

by zero magnetic field points and smooth the minimum of
the ring waveguide, we employ a rotation bias field to
create a time-orbiting potential trap. In the x–y plane,
a rotation bias magnetic field with frequency ωr is

Bb ¼ B0½cosðωr tÞex þ sinðωr tÞey�; (1)

where B0 is the magnitude of the bias field. For further
analysis, one can transform the rotation bias magnetic
field in the Cartesian coordinate system to the cylindrical
coordinate system, and the rotation bias magnetic field is

Bb ¼ B0½cosðωr t − φÞer þ sinðωr t − φÞeφ�: (2)

The magnetic field generated by the wire layout shown in
Fig. 1(a) is

BAS ¼ Brer þ Bφeφ þ Bzez : (3)

With the rotation bias magnetic field, the total magnetic
field then becomes

B ¼ BAS þ Bb: (4)

The magnitude is

BðtÞ¼
����������������������������������������������������������������������������������������������������������
B2

zþ½BrþB0cosðωr t−φÞ�2þ½BφþB0sinðωr t−φÞ�2
q

:

(5)

To produce a time-averaged potential for the atoms, the
rotation frequency ωr must be higher compared to the
trap frequency ω0 of the atoms. In the meantime, it should
be much lower than the Larmor frequency ωL to prevent
the atoms from undergoing a Majorana spin flip into
untrapped magnetic sub-states[34]. These two conditions
can be summarized as

ω0 ≪ ωr ≪ ωL: (6)

For an appropriate value of the rotation frequency ωr to
satisfy the range in Eq. (6), the atoms in the waveguide
will experience an effective potential, which is

U eff ¼ μBmFgF
ωr

2π

Z
2π∕ωr

0
BðtÞdt; (7)

where μB refers to the Bohr magneton,mF is the magnetic
quantum number, and gF is the Lande g-factor.

After applying the rotation bias magnetic field, the
minimum of the ring waveguide is non-zero and the ring
waveguide is smoothed, as shown in Fig. 2, where the mag-
nitude B0 is 2 G. The fluctuation appears on the area of
φ ¼ 90° to φ ¼ 120° and φ ¼ 270° to φ ¼ 300°. The maxi-
mum value of the minimum is 2.14 G at φ ¼ 109° and
φ ¼ 289°. So the variation of the minimum of the magnetic
field is reduced to 0.14 G. For 87Rb atoms in the
jF ¼ 2;mF ¼ 2i ground state, the potential barrier is
about 9.38 μK. To ensure that the cold atoms pass

(a) (b)

Fig. 1. (a) The wire layout to generate a ring potential on the
chip and the definition of the azimuthal angle φ. The radius
of the ring potential is 1000 μm and the separation distance
between the successive turnings is 110 μm, which determines
the height location of the ring potential. (b) The minimum of
the magnetic field at a fixed azimuthal angle φ with a dc current
of 1 A. Bmin (red line) is the magnetic field strength of the mini-
mum. Br (purple line), Bφ (blue dashed line), and Bz (brown
dashed line) are the three components of Bmin in the cylindrical
coordinate system. The variation of the minimum of the
magnetic field is about 1 G.
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Fig. 2. Time-averaged magnetic field of the minimum at a fixed
azimuthal angle φ with a rotation bias magnetic field. The
magnitude of the bias magnetic field is 2 G. The variation of
the minimum of magnetic field is 0.14 G.
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through the potential barrier, one can employee a large-
momentum transfer scheme[38,39] to split the atoms or load
the atoms[27,29] near φ ¼ 109°, where the potential has the
maximum value.
Figure 3 plots the locus of the position of the instanta-

neous zero magnetic field point, which is known as the
circle of death. It shows that there are two circles (blue
lines) around the minimum of the ring waveguide (red
line). The distance between the circle of death and the ring
waveguide, which can be defined as the radius of death, is
about 10 μm. When the cold atoms or BEC move into the
two circles, the atoms may be lost from the waveguide due
to the Majorana spin flips. In addition, the position of the
ring waveguide is independent of the rotation bias field.
To further illuminate the time-averaged potential, we

investigate the value of magnitude B0. According to
Eq. (5), at the minimum point (r0, φ0, z0), Br0 ¼ 0 and
Bz0 ¼ 0, and the magnetic field is

Bðr0;φ0; z0; tÞ ¼
������������������������������������������������������������������������
B2

φ0
þ B2

0 þ 2Bφ0
B0 sinðωr t − φ0Þ

q
:

(8)

In order to make sure the instant value of the magnetic
field at any time is non-zero at the minimum point, which
means the circle of death does not intersect with the ring
waveguide at any point, the magnitude B0 should be
chosen to be larger than the maximum value of Bmin.
Figure 4 shows the variation of the characteristics of the

time-averaged potential as a function of the magnitude
B0. It can be seen that the radius rD increases as B0 in-
creases, while the variation δB, gradient B0

z , and the depth
UD decrease as B0 increases. The radius rD should be
chosen to be larger than the radius of the cold atoms.
The variation δB can be reduced by increasing B0. The
factors to determine the upper limit of B0 are the gradient
B0

z and the depth UD. For 87Rb atoms, the gradient B0
z

should be chosen to be larger than 15.5 G/cm to overcome
the gravity. To prevent the cold atoms boiling out of the
trap, the depth UD should be 5 to 7 times larger than the

mean atomic energy[40]. For ultracold atoms under the
temperature 300 nK, the depth UD should be larger than
1.5 μK. From Fig. 4, we can see that the magnitude B0

should be less than 3.8 G. The optimal value of B0 can
be chosen as 3 G, where the radius rD is about 20 μm
and the variation δB is less than 0.1 G. The depth UD ¼
1.9 μK is sufficiently deep for ultracold atoms under tem-
perature 300 nK. For 87Rb atoms in the jF ¼ 2;mF ¼ 2i
ground state, the trapping frequency of time-averaged po-
tential is reduced to ωr¼2π×6kHz and ωz ¼ 2π × 7 kHz.

We will now briefly discuss the experimental scheme for
the atomic gyroscope on the atom chip. After evaporative
cooling, the cold atoms or BEC are loaded into the ring
waveguide[29], and a sequence of two standing-wave square
pulses are applied to split the cold atoms into two symmet-
rical parts with a well-defined initial momentum[41].
Subsequently, the two symmetrical parts start to freely
propagate in the ring waveguide in opposite directions.
When the atoms return to the loading point, a second
double-square-pulse beam splitter is applied to recombine
the two parts. Then we can detect the number of atoms
that carry a phase shift to measure the rotation.

In conclusion, we propose a scheme to create a ring
waveguide based on Archimedean-spiral wires on an atom
chip for an atomic gyroscope. The Archimedean-
spiral wires can create an enclosed ring waveguide which
avoids the trapping perturbation caused by the input and
output ports. With a rotation bias field, a time-averaged

Fig. 3. Locus of the position of the instantaneous zero points
(blue lines), known as the circle of death, and the time-averaged
minimum points (red line). The circles of death are two circles
around the minimum of the ring waveguide. The image in the
center shows a zoomed-in view of a slice of the circles of death.
The radius of death is about 10 μm.

Fig. 4. Variation of the characteristics of the time-averaged
potential as a function of the magnitude of the bias field B0.
(a) The filed gradient in the z direction (blue line) and the radius
of death (red dashed line) are represented by B0

z and rD, respec-
tively. (b) The trap of depth (blue line) and the variation of the
minimum of magnetic field (red dashed line) are represented by
UD and δB, respectively.
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potential is created to lift the minimum of the ring wave-
guide from zero and smooth the minimum. The location of
the ring waveguide on the atom chip is only determined by
the wire layout. The optimal value of 3 G of the bias mag-
netic field is obtained, which keeps the waveguide smooth
and sufficiently deep for ultracold atoms. The Archime-
dean-spiral ring waveguide offers the prospect of develop-
ing a compact and portable atomic gyroscope.

This work was supported by the State Key Basic
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