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Abstract. A new scheme to magnetically guide cold, neutral atoms using a V-shaped current-carrying
conductor is proposed. The spatial distributions of the magnetic fields, potentials and forces generated
by the V-shaped current-carrying conductor are calculated, and the relationship between the magnetic
field and the parameters of the V-shaped current-carrying conductor are analyzed in detail. Our study
shows that the V-shaped current-carrying conductor proposed here can be used to guide cold atoms in the
weak-field-seeking state, and to construct various atom-optical elements, such as atomic funnel, atomic
beam-splitter and atom interferometer and so on, and even to realize a single-mode atomic waveguiding

under certain conditions.

PACS. 03.75.Be atom and neutron optics — 32.80.Pj Optical cooling of atoms; trapping —
85.70.Ay Magnetic device characterization, design, and modeling

1 Introduction

The guiding and trapping of cold atoms relies on the inter-
actions either of magnetic fields or of light fields with neu-
tral atoms. The intensity (or polarization) gradient of light
beams can provide a strong friction, which can be used to
cool atoms from room temperature to ~1 K temperature,
and the optical dipole forces can be used to guide and con-
fine cold atoms. As a feasible method to realize the precise
manipulations and controls of neutral atoms, two kinds
of atomic guides using red- or blue-detuned laser fields
were proposed [1-5] and demonstrated [6-14]. The first
one is that a red-detuned Gaussian laser beam [9] or a red-
detuned Gaussian mode in a hollow optical fiber (HOF)
[1,6] is used to guide cold atoms, which can be called “red-
detuned laser guiding of neutral atoms’. In this scheme,
the dipole force from the intense Gaussian beam or Gaus-
sian mode will attract the guided atoms to the center of
the Gaussian beam or of the Gaussian mode (that is, the
center of hollow region in the HOF) where the laser inten-
sity is the maximum, which will result in a strong heating
for the guided atoms due to the both spontaneous emis-
sion and photon scattering effects. The second one is that
a blue-detuned evanescent-light wave in the HOF [2,3,7,
8,12-14] or a blue-detuned hollow laser beam (HLB) [4,
5,10,11] is used to guide cold atoms, which can be called
“blue-detuned laser guiding of neutral atoms’. Since the
dipole force from the evanescent-light wave (or from the
HLB) will repel the cold atoms to the center of the HOF
(or of the HLB) where the intensity is the minimum, even
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equals zero, then the spontaneous emission effect of the
guided atoms is negligible as the detuning of the laser
field is very large, but the photon scattering effect always
existed. In addition, the intensity fluctuations of the laser
beams will also result in a small heating of the guided
atoms.

It is a challenging problem to avoid heating the atoms
during the laser atomic guiding process. For this, a
new atomic guiding scheme using a magnetostatic field
was first proposed by Hau [15] and demonstrated by
Schmiedmayer [16] experimentally. When an atom in the
weak-field-seeking state moves in a magnetic field with a
minimum value, it will feel a gradient force from the mag-
netic field and will be repulsed to the minimum of the
magnetic field. In recent years, various atomic magnetic
guiding schemes, such as using one, two or four current-
carrying wires [17-21], or using two identical and inter-
wound current-carrying solenoids [22], even using an ac
Toffe tube [23], have been proposed and demonstrated.
Since it is difficult to alter the magnetic fields from per-
manent magnets, whereas the magnetic fields generated by
current-carrying wires can be easily changed, both theo-
retical and experimental studies on the magnetic manipu-
lations and controls of cold, neutral atoms using current-
carrying wires have obtained fast development [24], and
a new field as called “integrated atom optics” has being
formed.

In this paper, we propose a novel and simple method
to guide cold, neutral atoms using a static magnetic field,
which is generated by a V-shaped current-carrying con-
ductor (V-CCC). This V-CCC can produce a suitable
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magnetic field gradient to transversely confine cold atoms
and balance the action of the gravity field on the atoms.
Our study shows that such a magnetic guide will be very
useful in the experiments of atom optics and can be used
to construct various atom-optical elements, such as atomic
funnel, atomic beam-splitter, and atom interferometer,
and so on. In Section 2, the equations to calculate the
magnetic field from a V-shaped current-carrying conduc-
tor are derived. In Section 3, we calculate the spatial dis-
tribution of the magnetic field generated by the V-CCC
and analyze the relations between the magnetic field (in-
cluding magnetic potential and force) and the parameters
of the V-CCC. In Section 4, the potential applications of
the V-CCC in atom optics are briefly discussed. The main
results and conclusions are summarized in the last section.

2 Derivation of formulas

Though the derivation of formulas to calculate the mag-
netic field from a V-shaped current-carrying conductor is
tedious, it can be obtained from the usual elementary cal-
culation based on Ampere’s circuit law. Let us consider a
V-shaped current-carrying conductor (V-CCC) as shown
in Figure 1, and assuming that it is infinitely long in the
y-direction, according to the Ampere’s circuit law, the z
and z components of the magnetic field generated by the
V-CCC are given by, respectively:

see equations (1, 2) above

then we have

|B(x,2)] = \/B2(x, 2) + B2(x, 2), (3)

where [ is the current in the V-CCC, a and 0 are the side
width and the angle between two sides of the V-shaped
conductor, respectively. From equations (1-3), we can cal-
culate the spatial distribution of the magnetic field |B]|
from the V-CCC, and analyze the relationship between
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Fig. 1. Schematic diagram of atomic magnetic guiding using
a V-shaped current carrying conductor (V-CCC) with a cur-
rent I, an angle 6 and a side width a.

the B field and the parameters of the V-CCC. The corre-
sponding potential or the gradient force for cold atoms can
also be calculated and analyzed from the above equations,
respectively.

Considering the interaction of an atom (with a mag-
netic dipole moment p) with a static, inhomogeneous mag-
netic field B, the trapping potential for cold atoms, due
to Zeeman effect, is a position dependent and given by

UMag =K B= gr m:U'BBa (4)

where m is the magnetic quantum number, gr is the Lande
g-factor, and pgp is the Bohr magneton. When p- B > 0,
the potential is attractive, and the atoms in the strong-
field-seeking state will be attracted to the maximum of
magnetic field, which can be used to guide the strong-
field-seeking atoms along the current-carrying wire [16].
While p - B < 0, the potential is repulsive, and the atoms
in the weak-field-seeking state will be repulsed to the min-
imum of magnetic field (such as the position (z = 0,
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Fig. 2. The contours (z—z-plane) of the magnetic field |B|
generated by the V-CCC for § = 45°, a = 5 mm, and I = 10 A.
The corresponding magnetic field values are shown in contours.

zo ~ 1300 pm) in Figure 2 is a field minimum), which
can be used to guide (or trap) the weak-field-seeking
atoms [17-20,25]. For 8"Rb atoms in the |F = 2,m = 2)
state, the trapping potential is given by

(1K) (5)

In equation (5), the unit of magnetic field B is Gauss.

To ensure the projection of the atomic angular momen-
tum onto the magnetic field direction, m remains constant
during the interaction of atom with the magnetic field, we
should assume that the motion of guided cold atoms in the
magnetic field B must satisfy the condition of adiabatic
approximation. That is, when the atom moves in the mag-
netic field, it will not make transit between energy levels,
and the internal state of the atom changes continuously
following the magnetic field at the location of the atoms.
From equation (4), the gradient force of the magnetic field
on the cold atoms is given by

Ustag = 67.2| B

F=-V UMag = —mgr ,U,BVB. (6)

Obviously, when mgg > 0, the moving, weak-field-seeking
atoms will be repelled to the minimum of the magnetic
field by the repulsive gradient force F'.

3 Theoretical calculations and analysis

According to equations (1-3), the contours of magnetic
field |B| generated by the V-CCC in Figure 1 was calcu-
lated, and the result is shown in Figure 2. It is clear from
Figure 2 that there is a point of zero magnetic field at
the z-axis, and its coordinate position is at (0, zg), which
is like a magnetic tube with a point of B = 0 at the
position (0, z9) and can be used to guide cold atoms in
the weak-field-seeking state along the y-direction. It is
well-known that near the point of zero magnetic field, the
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Fig. 3. The relationship between the current I in the V-CCC
and the distribution of the magnetic field, (a) B(x) at z = 2o
and (b) B(z) at ¢ = 0, for § = 45°, @ = 5 mm, and I =
1A 5 A, 10 A, 25 A; 50 A and 100 A. The right vertical
axis represents the corresponding magnetic potential for 8’Rb
atoms.

guided atoms may be lost by Majorana transitions. So to
eliminate this atomic loss, we can add a small bias field
By along the guiding axis (i.e., the y-direction) to provide
a quantized axis for the guided atoms.

We investigated the relationship between the distribu-
tion of the magnetic field (B(z)|;=z, or B(z)|z=0) and
the parameters (I, § and a) of the V-CCC, and ob-
tained some interesting results. The relationship between
the corresponding potential for ’Rb atoms (U(z)|,=., or
U(z)|z=0) and the parameters of the V-CCC are also stud-
ied. Here, B(x)|,=2, and U(x)|,—,, are the distribution of
the magnetic field B and its potential U for 3"Rb atoms
along the z-direction when z = zp, whereas B(z)|,—¢ and
U(z)|z=0 are that along the z-direction when x = 0. Next,
we will show our calculated results and the corresponding
theoretical analysis.

First, the relationship between the magnetic field B
and the current I in the V-CCC is shown in Figure 3.
It can be seen from Figure 3a that the magnetic field
B(x) at z = 2 is linearly changed with the z-coordinate
(like a quadrupole field), and the magnetic field and its
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Fig. 4. The relationship between the opening angle 6 of the
V-shaped conductor and the distribution of the magnetic field,
(a) B(z) at z = zo and (b) B(z) at z = 0, for I = 10 A,
a =5 mm, and 6 = 15°, 30°, 45°, 60°, 90°. The right vertical
axis is the corresponding potential for ¥ Rb atoms.

gradient will be reached to the maximum at two walls of
the V-CCC, whereas Figure 3b shows that

(1) there is a point of the zero magnetic field at the
position zq,

(2) the magnetic field B(z) at z =
changed with the z-coordinate,

(3) and the gradient of the magnetic field B(z) below the
zg point is far larger than that the zy point mentioned
above.

When a = 5 mm, 6 = 45°, and I > 50 A, we obtain
B(Z)max = 9 G and B(2)max > B(Z)max, the correspond-
ing potential U(z)max = 600 pK, which is high enough to
collect and transversely confine cold atoms from a stan-
dard magneto-optical trap (MOT) with a temperature of
120 pK. Here B(%)max is the maximum of B(x) near two
walls of the V-CCC at z = zp, whereas U (2)max is the cor-
responding maximal potential. Moreover, when a = 5 mm,
6 = 45°, the position (0, z9) of zero B-field is about at (0,
1.3 mm), which is not related to the current I.

Secondly, Figure 4 shows the relations between the
magnetic field B and the angle 6. We can see from Fig-
ure 4a that the bigger the angle 0 is, the larger the gra-

0 is nonlinearly
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Fig. 5. (a) The relationship between the B-field gradient in the
z-direction and the angle 6, and (b) the relationship between
the position zp of zero B-field point and the angle § when
I =10 A and ¢ =5 mm.

dient of the magnetic field B(x) is, and their relationship
is shown in Figure 5a. Whereas Figure 4b shows that the
position (0, zp) of zero B-field will be lowered with the in-
crease of the angle 0, and their relationship is shown in
Figure 5b and it can be described by

20~ Ay + Age”0=0)/w (), (7)

where Ay, Az, 0y and w are four fitting parameters, which
is related to the side width a. When a = 5 mm, we
obtain A7 ~ —1026.3, Ay ~ 3073.03, 0y ~ 15° and
w = 105.78. From Figure 4, moreover, when ¢ = 5 mm,
I =10 A, and 0 > 30°, we have B(z)max > 10 G, and
U(Z)max > 0.67 mK, and the point of zero B-field is
dropped to 0.12 mm from 2.1 mm as the angle 6 is in-
creased from 15° to 120°.

Finally, the relationship between the side width a and
the magnetic field, B(z) at z = zp or B(z) at © = 0, was
studied, the results are shown in Figure 6. It is obvious
from Figure 6 that the smaller the side width a is, the
larger the gradient of the B-field is, and the point of zero
B-field is risen as the increase of the width a, and their
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Fig. 6. The relationship between the side width a of the V-
shaped conductor and the distribution of the magnetic field,
(a) B(z) at z = zo and (b) B(z) at z = 0, for I = 10 A,
0 = 45°, and a = 1 mm, 2.5 mm, 5 mm, and 10 mm. The
right vertical axis shows the corresponding potential for 'Rb
atoms.

relationship can be approximated by
z0 = k(d)a, (8)

where the coeflicient k is a constant for a given #-value.
When I = 10 A, 8 = 45°, and a = 1 mm, we obtain
B(Z)max ~ 9 G and the corresponding potential U (x)max
is ~600 uK, and the point of zero B-field is gone up
from 0.28 mm to 2.5 mm when the width a is increased
from 1 mm to 10 mm, and the corresponding coefficient
k =~ 0.259.

In combination of equation (7) with equation (8), we
have a general equation to describe the relationship be-
tween the position (zg) of zero B-field point and the pa-
rameters (a and ) of the V-CCC as follows

20~ (A1 + A2 e—(@—@g)/w) a. (9)

From Figures 3b, 4b and 6b, we found that there are two
maximum points of the B(z), one is at the bottom of the
V-CCC, and another is above the zero point zy of the
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Fig. 7. The contours (z—z-plane) of the magnetic field gen-
erated by the V-CCC (a) without and (b) with a finite radius
(r = 0.3 mm) of curvature in the bending point of the V-
shaped conductor for § = 45°, a = 3 mm, and I = 10 A. The
corresponding magnetic field values (in Gauss) are shown in
contours.

magnetic field. When I > 25 A, § > 30°, and a < 5 mm,
we have B(2)max > 15 G and U(2)max > 1 mK, which
is far higher than the maximal gravity potential of 3"Rb
atoms in the magnetic guiding tube formed by the V-CCC.
This shows that even if the V-CCC as shown in Figure 1
is inverted horizontally, it can also be used to guide cold
atoms along the y-direction in the gravity field.

Similarly, we also studied the relationships between
two components (Fy, F,) of the gradient force of the mag-
netic field B and the parameters (I, § and a) of the
V-CCC, and found that the larger the current [ is, or
the bigger the angle 6, the smaller the side width a is,
the stronger the B-field gradient force is. When 6 = 45°,
a =5 mm, I =50 A and above the point zy of zero B-
field, we obtained F, . > 2 x 10722 N, which is about
100 times of the gravity force exerted on 8"Rb atom. This
shows that F, is strong enough to counteract the action of
the gravity force on the guided atoms. Moreover, due to
imperfect manufacture of the V-shaped conductor, there
may be a finite radius of curvature in the bending point
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Fig. 8. (a) The scheme of atom funnel formed by the VCCC (3D view). (b) and (c) Layout (2D vertical view) and the magnetic
field or potential for an atom funnel. Contours are drawn at 1 Gauss intervals and the first contour shows 1 Gauss.

of the V-shaped conductor. We studied the influence of
such a finite radius of curvature on the magnetic guiding
properties, and the calculated results are shown in Fig-
ure 7. Comparing Figure 7a with Figure 7b, we can find
that a finite radius of curvature in the bending point of
the V-shaped conductor only results in the elevation of
magnetic guiding center (0, zg) along the z-axis and slight
increase of magnetic-field gradient, but this doesn’t affect
other magnetic guiding properties of cold atoms.

From the above analysis, we know that when the cur-
rent [ is higher, the angle # is bigger, and the side width a
is smaller, the transverse confinement for the cold atoms
will be more tight, then the averaged diameter (i.e., the
mean transverse moving range) of the guided cold atoms
in the magnetic tube generated by the V-CCC will be-
come very small. In particular, when this diameter is
close to the mean wavelength of de Broglie wavelength
A = /27h?2/(mkT) of cold atoms, it seems possible to re-
alize a single-mode atomic waveguiding. So under the cer-
tain conditions, the V-CCC can be used to realize single-
mode atomic waveguiding. For example, when I > 50 A,
0 > 30°, and ¢ = 1 mm, the diameter of a potential
contour with ~20 pK is smaller than 1 pm, this shows
that a single-mode waveguiding for the cold atoms with
a temperature of lower than 20 uK may be realized un-
der the above conditions. Moreover, the gradient of the
magnetic field in the z-direction is smaller than that in
the z-direction, so in the analysis on the interaction of
the guided atoms with the magnetic field B, we only
need in fact to consider the distribution of the magnetic
field, trapping potential and the dipole force in the z-
direction, i.e., ones only need to consider B(z), U(x) and
F, = 0B/0x|y=z,-

4 Applications of V-CCC

Atomic funnel, or atomic beam-splitter, or atom inter-
ferometer and so on, are one of the basic atom-optical
elements (or devices), and they have wide and important
applications in the experiments with cold atoms or cold
atomic beam. So the design of various atom-optical ele-
ments is one of very interesting subjects in atom optics.
In this section, we will discuss the potential applications
of the V-CCC in atom optics and give some interesting
and practical atom optical elements.

4.1 Atomic funnel

From Figures 4 and 5, the V-CCC with a fixed angle 6
and a linearly increased width a along the y-direction can
be used to form an atomic funnel, which is shown in Fig-
ure 8. In which, (a) and (b) are the three-dimensional (3D)
view and 2D vertical view of atomic funnel respectively,
and (c) is the corresponding B-field contours or atomic
funnel potentials. It is clear from Figure 8c that when the
side width a of V-CCC is linearly decreased, the radius
of the magnetic-field contour with an identical Gaussian
value will also be reduced. This shows that the guiding
potentials have different modes in atomic funnel and it is
possible to realize the transformation of atomic waveguid-
ing mode from a multimode state to a single-mode one
in our funnel when the part of the V-CCC below the
cross-section (C) satisfies the conditions of single-mode
waveguiding.
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Fig. 9. (a) VCCC layout and (b) the magnetic field or poten-
tial for a Y-shaped beam splitter using a VCCC. In which, B
and Bg, are two additional bias fields and setting B; = —Bs.
Contours are every 1 Gauss (beginning at 1 Gauss).

4.2 Atomic beam-splitter

The simplest atomic beam-splitter (ABS) is a Y-shaped
one with one input arm and two output arms, which
can be constructed by a Y-shaped V-CCC and two
bias fields with an equal but opposite directional B-field
(i.e., B; = —B>) orthogonal to the x—y-plane (see Fig. 9).
If without two bias fields, the points of the zero magnetic
fields in two output guiding arms will be shifted to the cen-
ter of the Y-shaped ABS respectively and may be close to
two middle conductor-walls of Y-shaped V-CCC due to
the superposing each other of two magnetic fields gener-
ated by the currents (I1, Iz, and Iy = Iy = I/2) in two
output arms of the Y-beam splitter. Therefore, we have to
add two inverse bias fields (B; = —Bs) near the splitting
range of the Y-shaped ABS so as to shift two points of the
zero B-fields back to their self center of two output arms
in the Y-shaped ABS, respectively. Of course, when two
output arms of the Y-beam splitter are separated to be
large enough, this Y-beam splitter will give two indepen-
dent output guides and no need to add two inverse bias
fields (Bl = —Bg).

It is clear from Figure 9B that when a current I is sent
to an input arm of the Y-beam splitter, the atoms will be
guided in this arm and the atomic wave function can be
split after the splitting point of the Y-beam splitting po-
tential, and the atoms are guided in both output arms,
respectively. Moreover, the Y-shaped beam splitting po-
tential is completely symmetric with respect to its input
guide, so it can be used to realize coherent splitting for
many waveguiding modes, which is similar to the case of
two-wire Y-beam splitter [25].

Similarly, by using two Y-beam splitters, an X-shaped
beam splitter with two incoming channels and two outgo-
ing channels will be formed, which is shown in Figure 10.
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Fig. 10. (a) VCCC layout and (b) the magnetic field or po-
tential for an X-shaped beam splitter. Where the meaning of
B, B, and their relationship are the same as that in Figure 9.
Contours are drawn at 1 Gauss intervals and the first contour
shows 1 Gauss.

The symmetry of the Y-beam splitter with respect to the
incoming guide is broken and it will be much harder to
obtain coherent splitting for many waveguiding modes at
the same time, which is similar to the case of two-wire
X-beam splitter [25].

4.3 Atom interferometer

When two Y-shaped beam splitters with coherent splitting
as shown in Figure 8 are connected by mouth to mouth
of two Y-shaped forks, an atom interferometer will be set
up (see Fig. 11). Tt is clear from Figure 11b that two Y-
beam splitting potential are completely symmetric and
can ensure coherent splitting at the first splitting point
and coherent superposition at the second splitting point,
and coherent propagation between two splitting points (in
two guiding channels) for many waveguiding modes. So
this configuration gives a superposition of atomic inter-
nal states and can be applied in many experiments on
atomic interferometry, particularly in single-mode atom
interference.

Next, we will briefly discuss the possible loading of
cold atoms from an atomic beam (or a standard MOT)
into our V-CCC. From the above analysis and discussion,
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Fig. 11. (a) VCCC layout and (b) the magnetic field or poten-
tial for an atom interferometer. In which, the meaning of B1,
B2, and their relationship are the same as that in Figure 9.
Contours are every 1 Gauss (beginning at 1 Gauss).

to choose a current I (due to heating effect) as small as
possible and obtain a higher transversely-trapped poten-
tial for the guided atoms, the side width a of V-shaped
conductor should be a value as smaller as possible. In par-
ticular, in order to realize a single-mode atomic waveguide,
the side width a must be smaller than 1 mm. In this case,
an atomic optical funnel with a dark hollow beam [26]
or an atomic magnetic funnel with the V-shaped CCC as
shown in Figure 8 can be used to load cold atoms from
an atomic beam (or a standard MOT) into the V-shaped
CCC, and then our V-shaped guide will be realized. When
the V-CCC is placed along the horizontal direction, we can
use a cold atomic beam and an atomic funnel to load our
V-shaped guide, whereas as the V-CCC is placed along
the vertical direction, a standard MOT above the top of
the V-shaped conductor can be used to load cold atoms
from the MOT into our V-shape guide passing through an
atomic funnel under the action of the gravity field. More-
over, because the heating effect of current in the conductor
is rather serious when I = 10 ~ 100 A, it is necessary to
cool the conductor by using semiconductor cooler or water
cooling (in this case, the used conductor should be a hol-
low V-shaped one and the cycled cool water will be flowed
in the hollow region of this special V-shaped conductor).

5 Conclusions

We have proposed a novel atomic guiding scheme based on
the interaction of a magnetic dipole moment of the guided
atom with a magnetic field generated by a V-shaped cur-
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rent carrying conductor (V-CCC). We have calculated the
contours of | B| field, the transverse trapping potential and
force for the guided 8"Rb atoms, and analyzed the rela-
tionships between the resulting magnetic field (including
the potential and force) and the parameters of the V-CCC,
and found that there is a point of the zero magnetic field at
the z-axis, and the magnetic field will be increased rapidly
as the position r(z, z) is away from the zero point (0, zp)
of the magnetic field, which is like a magnetic tube with
an axis of zero B-field along the y-direction, and then
guided cold atoms will be reflected by magnetic mirror ef-
fects from the tube. So our V-CCC can be used to guide
cold atoms along the conductor direction, and to realize
single-mode atomic waveguiding under certain conditions.

Our magnetic guide for neutral atoms is different from
the wire guide and has some interesting characteristics,
such as the position of the zero magnetic field in the guide
using the V-shaped CCC only depend on the V-angle 6
and the side length a of the conductor, and its B-field gra-
dient is tuned with the angle # and side length a. In par-
ticular, to form an atomic funnel, only a V-shaped CCC is
needed, whereas as using wire guide, two current-carrying
wires are needed at least. So our V-CCC can be conve-
niently used to form various atom optical elements, such
as atomic funnel, Y- or X-shaped beam splitters, and atom
interferometer. In addition, some other shaped current-
carrying conductors, such as U-shaped, semicircle-shaped
or W-shaped and so on, can be used to realize single- or
double-channel atomic guiding.
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