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Fig. 1. (a) The ideal structure of the three concentric ring
wires. The arrows represent the direction of currents;
(b) The magnetic field intensity distribution of the ideal
ring magnetic guide. The blue circle marks the ring magnet-
ic guide.
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Fig. 2. Archimedean-spiral-based three wires structure of
the ring waveguide. The black solid line, the red chain-dot-
ted line and the blue dashed line denote three different
wires respectively. The input and output ports of each wire
are marked by 1, 2, 3 and the arrows represent the direc-
tion of currents. The initial radius of Archimedean spirals is
a=>5mm and the distance between neighboring spirals is
d=0.1mm.
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Fig. 3. The relation of the angular magnetic field intensity
A B of the guide center with the modulation depth I;/I;
when the modulation frequency is wp, = 2m X 10 kHz, the
current phase is ¢ = 2n/3 and the DC part of the currents
is I; = 1 A. When the modulation depth is I;/I; = 0.1, the
variation of the angular magnetic field intensity is the min-
imum: A B = 0.007 mT.
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Fig. 4. The distribution of the magnetic field intensity in
the @ =m/2 cross section of the ring magnetic guide gener-
ated by the Archimedean-spiral-based three wires structure.
The DC part and the AC part of the modulation currents
are [; = 1A and I; = 0.1 A, respectively. The modulation
frequency is wp, = 2n x 10kHz. The current phase is
¢ =2n/3. After loading AC modulation, the minimum
(zero point) of the magnetic field rotates along the red
dashed line. The variation amplitude of the path along r

and z direction are respectively 0.02 and 0.03 mm .
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Fig. 5. (a) The magnetic field distribution in the cross sec-
tion with 6 = n/2 of the ring magnetic guide along r direc-
tion before (black solid line) and after (red dashed line)
loading AC modulation; (b) The magnetic field distribution
in the cross section with 6 =n/2 of the ring magnetic
guide along z direction before (black solid line) and after
(red dashed line) loading AC modulation. The DC part and
the AC part of the AC modulation currents are [; = 1A
and Ij = 0.1 A, respectively. The modulation frequency is
wp = 21 X 10 kHz . The current phase is ¢ = 2n/3. After
loading AC modulation, the minimum of the magnetic field
intensity in the cross section changes from 0.12mT to
0.26 mT.
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Fig. 6. The magnetic field intensity of the guide center
versus azimuthal angle 6 for loading DC currents only
(dashed line) and loading AC modulation (solid line), re-
spectively. The dashed line: The DC currents applied to the
three wires respectively are I; =1A, Ix=-1A,
I3 =1A. The variation of the magnetic field is about
0.025—0.120 mT . The difference between the maximum
and the minimum is 0.095 mT . The solid line: The DC part
and the AC part of the AC modulation currents applied to
the three wires are I; =1 A and Ij = 0.1 A, respectively.
The modulation frequency is wyp = 2n X 10 kHz . The cur-
rent phase is ¢ = 2n/3. The magnetic field intensity of the
guide center is about B = 0.25mT . The variation of the
magnetic field is A B ~ 0.007 mT.
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AR E 2 Ar = 0.015 mm, Az = 0.005 mm , AHXF
T F 5] K B |~ 21a/6 ~ 5.236 mm 1 25 1k 27 K
Ar/l=0.3%, Az/l =0.1%.
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Fig. 7. Applying AC modulation to the three-wires
Archimedean spirals structure. The DC part and the AC
part of the AC modulation currents are I; = 1A and
I; = 0.1 A, respectively. The modulation frequency is
wp = 21 X 10kHz . The current phase is ¢ = 2n/3. (a) and
(b) are respectively the spatial position in r direction and z
direction of the ring magnetic guide after loading AC modu-
lation. The amplitudes of variation along r direction and z
direction are Ar =0.015mm and Az =0.005mm, re-

spectively.
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Fig. 8. The magnetic field intensity distribution of the
three-wires Archimedean spirals structure of the ring mag-
netic guide at z = 115 pm when both DC and AC modula-
tion are loaded. The blue circle marks the ring magnetic
guide and the magnetic field intensity of the guide center is
about 0.25 mT. The DC part and the AC part of the cur-
rents are I; = 1 A and [; = 0.1 A, respectively. The modu-
lation frequency is wy, = 2n X 10 kHz . The current phase is
¢ =2m/3.
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Abstract

We propose a scheme to create a ring magnetic guide based on Archimedean spirals. This scheme is
significant to obtaining large circle area for atom interference and the realization of guided atom-interferometer
gyroscopes. Then the scheme can be used to realize an inertial sensing system which is independent of the GPS
system.

The wires structure with =/3 rotational symmetry is composed of three wires. Each wire is
centrosymmetric and consists of a pair of Archimedean spirals connected by two arcs. Consequently, the leading
wire ends of the layout can be arranged separately in the different place of the layout plane. If the leading wire
ends are put together somewhere, the closed ring guide cannot form and a gap appears in the guide due to the
concentrated distribution of the leading wire ends. Since the leading wire ends distribute in the different
location with /3 rotational symmetry in our scheme, when direct currents are applied, the closed ring trap can
be generated ingeniously.

We calculate and analyze the magnetic field distribution generated by our structure after loading currents
in the cylindrical coordinates system. To get higher sensitivity compared to GPS and make the ring trap locate
in a proper height above the chip surface, we set the initial radius of Archimedean spirals a = 5mm and the
distance between neighboring spirals d = 0.1 mm. When three wires carry direct currents in an opposite current-
phase-difference between the adjacent wires, a closed ring magnetic guide indeed appears but with six zero
magnetic field points along the guide center. Because of the variation of the current density along r direction in
Archimedean spirals, the magnetic field of the guide center is not zero at most angle. However, the variation
cannot avoid the existence of zero points and the distribution of the zero points is determined by the rotational
symmetry of the wires structure.

Since atoms near the zero points of the magnetic field would be lost from the trap, the zero points must be
removed from the center of the ring guide. Based on the time-orbiting-potential principle (TOP), we add an ac
current modulation on the direct currents above to eliminate the influence of the zero points of the guide center.
We give the ac current expressions and discuss the effects of currents parameters on the ring guide. The current
phase reflects how the currents change in three wires. The modulation depth determines the effect of the
modulation: if the modulation depth is too high, the trap may disappear; if the modulation depth is too low, the
effect is minimal. The modulation frequency reflects the change rate of the modulation magnetic field.

To ensure the smoothness of the guide along angular direction and adiabatic following of the magnetic field,
we set the modulation depth I;/I; =0.1, the current-phase ¢ =2n/3 and the modulation frequency
wp = 21 x 10 kHz. The numerical calculation results indicate that ac current modulation can change the

magnetic field intensity of the guide center and smooth the variance of the magnetic field intensity of the guide
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along angular direction. We take the cross section of the guide with 6 = /2, for example. The minimum of the
instantaneous magnetic field rotates and our structure has formed a TOP trap in both the r and z directions. In
angular direction, the magnetic field intensity of the guide center changes near 0.25 mT. The difference between
the maximum and the minimum is A B = 0.007 mT which is small enough compared to applying direct current
only.

Therefore, based on the Archimedean spirals and ac current modulation, we obtain an enclosed and smooth
ring magnetic guide without zero magnetic fields along the guide center for neutral atoms. The location of the
guide center also changes along the angle direction. The amplitudes of variation along r and z directions are
Ar =0.015mm, Az = 0.005mm, which are Ar/l ~0.3%, Az/l ~0.1% compared with [ ~ 2na/6 ~ 5.236 mm.

Compared to other schemes, our structure can be etched on an atom chip and is easily to apply modulation
currents, which is simple and stable to form a ring magnetic guide. This scheme can be used to realize a

compact, low power and stable inertial sensor based on atom-chip gyroscope device.

Keywords: ring magnetic guide, Archimedean spirals, atom chip, AC modulation

PACS: 03.75.Dg, 37.10.Gh, 37.25.+k DOI: 10.7498 /aps.69.20200284

100301-9


http://doi.org/10.7498/aps.69.20200284
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

