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Abstract. A large variety of trapping and guiding potentials  In order to investigate these concepts experimentally
can be designed by bringing cold atoms close to chargede chose to work with thin, free-standing wires and cold
or current-carrying material objects. Using a current-carryingdithium atoms. We present an overview of our experiments
wire we demonstrate how to build guides and traps for neutrah recent years investigating the atomic interaction with thin
atoms and using a charged wire we study/e? singularity.  charged [7, 8] wires and current-carrying wires [9—13] and
The simplicity and versatility of the principles demonstrateddiscuss the implications of our experiments on the creation of
in our experiments will allow for miniaturization and inte- mesoscopic atom optics [6], see Fig. 1. The paper is organized
gration of atom optical elements into matter-wave quantunas follows:

circuits. In Sect. 1 we study a neutral atom interacting with the
magnetic field of a current-carrying wire. Within this context
PACS: 03.75.Be; 03.65.Nk we demonstrate two different atom guides: atoms are guided

along the wire either circling in Kepler-like orbits around it or
by moving inside a potential tube on the side of the wire.

In electronics and light optics, miniaturization of components In Sect. 2 we describe the interaction between a neu-
and integration into networks lead to new very powerful tooldral polarizable atom and the electric field of a charged wire
and devices, for example in quantum electronics [1] or intewhich allows the study of a/t? singularity. By replacing
grated optics [2]. It is essential for the success of such desigtise charged wire by a charged optical fiber still another atom
that the size of the structures is, at least in one dimensiomuide can be constructed. The blue-detuned light propagat-
comparable to the wavelength of the guided wave. Similarly
we anticipate that atom optics [3] if brought to the micro-
scopic scale will give us a powerful tool to combine many a) b)
atom optical elements into quantum matter wave networks.

Microscopic-scale atom optics can be realized by bring
ing cold atoms [4,5] close to nanostructured material ob
jects [6]. These cold atoms can have typical deBroglie wave
lengths,Ags on the order ofA00 nmor larger which is in Fcurrent carrying
the regime where one can easily design and build structure wire
In this paper we concentrate on two ways to construct mi
croscopic potentials by using [6]: (i) the electric interaction
between a neutral, polarizable atom and a charged nan
structure Ve = —%aEz), and (ii) the magnetic interaction c)
between the atom’s magnetic momgnand a magnetic field
B, Vmag= —u - B. In addition these potentials can be com-
bined with traditional atom optical elements such as aton
mirrors and evanescent light fields. A variety of novel atom
optical elements for trapping and guiding can then be con
structed at the microscopic scale like quantum wells, quantut,
wires, and quantum dots for neutral atoms. These elemengéghtle?;gﬁ OSnChoef”;atri]zsu tr‘;fl gteourga(lm;:\tor:z?icinr;egﬁqcélr)lgwimt?h 2 n‘q*;"”n;"{:::e
can then further be combined to form more complex Strucffield B of a wire carrying a currenik. b%neutral atom and acharge% wire.
tures as, for example, coherent beamsplitters and registers fOgasic concept of constructing integrated atom optics by placing the wires
quantum computing. on the surface or on an atomic mirror
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ing in the fiber creates a short-range repulsive potential that (ii) For the magnetic moment pointing in the opposite
prevents the guided atoms from hitting the fiber surface.  direction of the magnetic field\eak-field-seekingtate) par-
Section 3 discusses the design of microscopic guides ariitles are trapped inminimumof the magnetic field. Because
traps by mounting thin charged or current carrying wires ora minimum of the magnetic field in free space is not forbid-
a surface. By combining different wires one can constructien by the Earnshaw theorem, weak-field-seeking traps are
beam splitters, interferometers, or more complex matter-waveost common for trapping neutral atoms. In Sect. 1.3 we de-
networks, creating mesoscopic atom optics. scribe how to design potentials for guiding and trapping of
low-field-seekers by combining the magnetic field generated
by a current-carrying wire with an external bias field [12, 13]

1 An atom and a current (Fig. 2b).

Neutral particles with a magnetic moment can be trapped-1 Experiment

using magnetic fields. A particle with total spihand mag- . . _
netic momentu = gepgF experiences the potentil = 10 study guides and traps created by a current-carrying wire
—u - B. In general the vector coupling- B results in a very We use laser-cooled lithium atoms from a magneto-optic trap
complicated motion for the atom. However, in our experi-(MOT) (see Fig. 3and [12, 13]). The cold atoms are subjected
ments the Larmor precessiom,() of the magnetic moment © the guiding potentials in which their motion is studied. Our

is much faster than the apparent change of direction of th@XPeriments are carried out in four steps (see Fig. 4):

magnetic field in the rest frame of the moving atomg)and 1.

an adiabatic approximation can be applied. The magnetic mo-
ment then follows adiabatically the direction of the field and
the atom can be described as moving in a scalar potential

V = —grus Fy B, whereF is the projection of on B. 2.

There are two possibilities to magnetically trap a particle
with a magnetic moment, depending on the orientation of
the magnetic moment relative to the direction of a static mag-
netic field.

(i) For the magnetic moment pointing in the same direc-
tion as the magnetic fielas{rong-field-seekingtate), a min-
imum of the potential energy is found atn@aximumof the
field. Since the Earnshaw theorem forbids a local maximum
of the magnetic field in free space [16, 17], a material source

of the magnetic field has to be located inside the trapping re3.

First we load abou x 10’ lithium atoms into a magneto-
optic trap (MOT), displaced typically mmfrom the wire

to prevent trap losses due to atoms hitting the wire (see
also Sect. 2.1 and [8]).

After loading the trap we shut off the slower beam and
within 5-30 mswe shift the atoms to the position where
they are loaded into the atom guide. This shifting is done
by applying an additional magnetic offset field and mov-
ing the center of the magnetic quadrupole field, which
defines the position of the MOT. Simultaneously the fre-
guency and intensity of the trapping lasers are changed to
control the size and temperature of the atom cloud (typ-
ically 1.6 mmdiameter (FWHM) and” ~ 200K which
corresponds to a velocity of abdb my/s).

We then release the atoms from the MOT by switching

gion. This is often regarded as a disadvantage because trappedoff the laser light, the MOT magnetic fields, and the shift-

atoms may hit the material object. A possible realization of
such atrapis a current-carrying wire [9—13, 18] with the atom
orbiting around it (Fig. 2a) as discussed in Sect. 1.2.

ing fields within0.5 ms At this point the current through
the wire (typicallyl A) and, if desired, an additional bias
magnetic field is switched on withihOOus. From then

a)

MOT laser

777
haset’?

cold atoms

slower

oven

Fig. 3. Experimental setup for the wire experiments. The atoms are loaded
into the MOT from an effusive thermal beam at a red laser detuning of
25 MHz and a total beam power of abol0 m\W. To increase the loading

rate by a factor of 5 an addition20 mW slower beam is directed through

the MOT into the oven. The atoms are observed with a photodiode and
two triggerable standard CCD cameras (Pulnix TM&Bit monochrome).

Fig. 2a,b. Guiding a neutral atom using a current-carrying waesuiding They permit us to take pictures from above (looking along the wire) and
the atoms in theihigh-field-seekingstate as they circle around the wire. from the side (looking onto the wire). In addition a lens images the cloud of
b Atoms can also be held in a 2-dimensional magnetic quadrupole fieldhe trapped atoms onto a photodiode that is used to measure the total atom
which is created by adding a constant bias field to the wire field number
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on the atoms move in the tailored guiding potential. StartExperimental realization of Kepler guidesing the experi-

ing from an initially well-localized atom cloud the density mental setup described in Sect. 1.1 we studied guiding of

distribution expands and changes shape according to tleoms while they circled around a current carrying wire (typ-

forces acting on the atoms. Only those atoms that are iical pictures are shown in Fig.5). The atoms are released
the correct spin state can be trapped and guided. from the MOT att = 0 in the center of &0 cmlong wire.

4. After a given guiding/trapping time, the spatial distribu-A fraction of these atoms will be bound by the guiding po-
tion of the atoms is measured by imaging the fluorescencential, the rest forms an expanding cloud that quickly fades
from optical molasses [4] using two CCD cameras. (look-away within aboul5 ms The bound atoms are guided along
ing in wire direction and in direction orthogonal to the the wire corresponding to their initial velocity component in
wire). This allows us to study both the radial confinementthis direction. Consequently, a cylindrical atomic cloud forms
and the guiding of the atoms along the wire. For thesehat expands along the wire. For long guiding times (we ob-
measurements the guiding fields (current through the wirgserved guiding up td0 mg the bound atoms leave the field
and bias field) are switched off and molasses laser beantd view, and the fluorescence signal of the atoms decreases.
are switched on for a short time (typicakyl mg. The top-view images of Fig. 5 show a round atom cloud that

is centered on the wire suggesting that atoms circle around the

wire.

The CCD pictures can be used for further analysis and de-
tailed measurements. We can extract quantitative information
Trapping a neutral particle with a magnetic moment in theabout the spatial distribution and the number of atoms that are
magnetic field of a current-carrying wire was first proposedound to the Kepler guide. Starting out with a sample of un-
by Vladimirskii in 1961 [18] for the spin A2 neutron. It is polarized atoms200uK and 1.6 mm FWHM diameter) we
atextbook example of an integrable system that is experime@btained a loading efficiency of aboli® for 1 A current
tally realizable as demonstrated in 1992 by guiding an effuthrough the wire, in very good agreement with Monte Carlo
sive beam of thermala atoms (mean velocityz 600 nys)  calculations. By optically pumping the atoms, and optimizing

1.2 Interaction between an atom and a rectilinear current:
the Kepler guide

along al-m-long current-carrying wire [9]. the trap size and current through the wire it should be possible
The interaction potential of a neutral atom in the field ofto guide overd0% of the atoms in a thermal cloud with the
a rectilinear current is given by: Kepler guide. The loading efficiency is limited to this amount,
|1 because atoms in highly eccentric orbits will hit the wire and
_ _ _ Kol 14 be lost.
Vipaa= —p-B=—-""8, -1, 1 .
mag = —H P @ We were also able to extract the momentum distribution

where &, is the circular unit vector in cylindrical coordi- Of the guided atoms, by studying the ballistic expansion of
nates. Using the adiabatic approximatiéig correspondsto (e bound atoms after switching off the guiding potentials.
a two-dimensional Coulomb potential, /¢ in which atoms Figure 6 shows a movie of how the atomic cloud expands as

move in Kepler orbits[19]. Typical parameters are given in & function qf time. Starting from a WQII-IocaIi;ed_cylﬁndrjcal
Table 1. cloud of guided atoms at= 0 the spatial atomic distribution

In the quantum regime, the system looks like a two-transforms into a doughnut-like shape. This is because in the

dimensional hydrogen atom in (nearly circular) RydbergKepler guide,_where atoms circle around the wire, there are
states. The wire resembles the “nucleus” and the atom noffP Z&ro-velocity atoms. In other words, in order to be trapped
takes the place of the “electron”. Considerable theoreticd[ St@Ple orbitaroundthe wire the atoms need sufficient an-
work has been published on the quantum mechanical treagular momentum and.therefo_re velocity. Atoms with too little
ment of this system showing a hydrogen-like energy spec@"gular momentum hit the wire and are lost.

trum, [11, 20-23].

1.3 Guiding atoms on the side of the wire: the side guide

oot T 16 Sl aton of . st hers e Coulommo_fle Ve NOW Show that just by adding a constant bias fdn
binding potential is corrected by a small repulsivér@ interaction [11]. a dlrectlpn OrthOQOnal to the wire (Flg. Zb) a another novel
As a result, the adiabatic orbits are Kepler-like, and show an additionaftOM guide can be constructed. The bias field cancels exactly
precession around the wire the circular magnetic field of the wire along a line parallel to
the wire at a distance, = (uo/27)(1/Bp). Around this line
the modulus of the magnetic field increases in all directions

. . o . and forms a tube with a magnetic field minimum in its center.
Table 1. Typical parameters for alkali atoms trapped in circular orbits on t in th k-field i tat be t din thi
a current-carrying wire. The upper part gives the values for the classicf‘ oms In the weak-Tield-seeking state can be trapped In this

regime L > 10Ch), the lower part for the quantum regime & 10Ch) two-dimensional quadrupole field and guided along the side
of the wire. In this configuration trapped atoms can be lost
Atom  Current  rop  Binding energy L wob  Vorb by Majorana transitions between the trapped and untrapped
wm nev h rad/s ¢S gpin states when they cross the central zero-field line. How-
_ ever, this problem can be circumvented by adding a small
Li 2A 100 120 201% 17800 178

B-field component along the wire direction. This illustrates

Rb 2A 100 120 691® 5096 51 X . SN -

L 258mA 5 ) 100 296800 45 that by choosing appropriate magnetic bias fields the guiding
i 58m _ s . o X .

Rb  021mA 5 06 100 18462 37 potential and its characteristics can be tailored at will. The

deeper reason for this freedom in creating a whole variety of
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Fig. 4a—d. Steps of the guiding and trapping experimerdsAtoms are  rig g Atomic distribution after free expansion of 1 fomsfor atoms that
loaded into the MOT displaced typicallymmfrom the wire.b Atoms are  haye heen guided in Kepler orbits around the wire. The expanded cloud is
then shifted onto the guiding position, the light and MOT fields are turnedyqo,ghnut-shaped due to the orbital motion of the atoms around the wire. In

off and the guiding/trapping fields are tured anWith the light off and e pictures for 1 an@ ms cross-shaped shadows in the atomic cloud can
the guiding fields on atoms move in the designed potentibisiter a given be seen that are cast into the laser beams by the wire

guiding/trapping time, the spatial distribution of the atoms is measured by
imaging the fluorescence from optical molasses using the CCD cameras
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| i § Fig. 7. With an additional bias field atoms in theeak-field-seekingtate are

h . 3 guidedon the sideof the wire 0 msguiding time). Choosing different cur-
5 ms 10 ms 15ms 20 ms rents through the wired(5 A and1 A for the left graph) the distance of the
Fig. 5. Guiding of atoms along a current-carrying wire in thsfrong-field- side trap from the wire can be controlled. Decreasing the current brings the
seekingstate (Kepler guide). Pictures of the atomic clouds taken from above-D trap closer to the wire and consequently makes it smaller and steeper
and from the side are shown. For times shorter th&msthe expanding
cloud of untrapped atoms is also visible. The location of the wire is indi-

cated by a line (dot). The pictures shov2-am-long section of the wire that . . .
is iIIumiBrllated b§/ tht)a Iaserpbeams 9 from the wire are given by the currehthrough the wire. At

the center of the trap the magnetic field gradient scales with

BZ/1. Here the paradoxical situation arises that the trap gets
microscopic trapping and guiding potentials (see Fig. 2b) isteeper fordecreasingcurrent in the wire. Having the trap
explained by the fact that the magnetic fi@dtself has vec- depth fixed by the bias field, a compression of the trap can
tor character but the effective potential an atom sees in thige accomplished bglecreasinghe current in the wire and an
adiabatic approximation is proportional to the modulus of theexpansion byncreasingthe current in the wire.
magnetic field B|. One has therefore an additional degree of  The right hand side of Fig. 7 shows an experimental study
freedom, the direction of an added field, to modify the trap-of this dependence. The position of the trap was measured
ping potential. from fits to the atomic distribution in the CCD images. The

predicted linear dependence of the trap position on the wire
ExperimentTo load the atoms into the side guide we proceedturrent (distances oc 1/Byp) is confirmed. Pushing the trap
exactly as for the Kepler guide, the difference being that alongloser to the wire while keeping its depth constant results in
with the wire current (typicallyl A) we also switch on a bias making the trap steeper with decreasing current. The small-
field of 2 Gauss The pictures in Fig. 7 show atoms that areest and steepest trap achievable by a fixed bias field is thereby
bound to the side guide aft@0 msof guiding time. In the given by the requirement that the potential minimum lies out-
given examples two different currents & and0.5 A) were  side the wire. A simple calculation shows that one can easily
sent through the wire. The distance of the guided atoms frorhave traps with gradients of ov&900 Gaus&mwith a mod-
the wire changes clearly with the current flowing through theerate current of abodt00 mAand an offset field 05 Gauss
wire. The guide would be then locatd®um from the wire.

The side guide has interesting properties: For a given ho- In the experiments shown in Fig. 7 ab&% of the atoms

mogeneous bias fielBy the trap depth is determined by the from an unpolarized atomic sample are loaded into the side
magnitudeof the bias field, while the trap size and its distanceguide, in good agreement with Monte Carlo calculations. By

1A 05A
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optically pumping the atoms and better ‘mode-matching’ thébe an alternative conventional magnetic trap designs where
temperature and the size of the cloud, one can obtain loadinick coils and high currents have to be used to produce high
rates of80% and higher for the side guide. gradients (see also Sect. 3).

In contrast to the Kepler guide, the velocity distributionin ~ Other three-dimensional wire traps can be created by
the side guide is Gaussian as expected for a trapped thernsdding bias fields of special symmetries to the field of
gas. a current-carrying wire. One such example is shown in

Fig. 8b: A current-carrying wire is used to “plug” the cen-

tral zero-field “hole” of a 3-D magnetic quadrupole trap. In
1.4 3-dimensional wire traps this way the 3-D quadrupole trap transforms into a torus-

shaped magnetic trap. We expect traps of this kind to be
The principles shown above can easily be extended in ordeiseful for experiments studying circular flow and vortices in
to build three-dimensional atom traps, simply by adding ‘endBose-Einstein condensates.
caps’ to the wire guide (Fig. 8a). The resulting trapping po- We realized such magnetic traps in our recent experiments
tential is very similar to a Joffe—Pritchard trap. Having theshown in Fig. 9. We built a Joffe—Pritchard-like trap by using
current in the endcap-wires flowing in the same direction aua Z-shaped wire (Fig. 9a), the upper and lower bar of the Z
tomatically removes the zero in the magnetic field, and theéaking over the roles of the two endcap wires in Fig. 8a. We
trap (if not too elongated) is stable against Majorana transieasily obtained field gradients in access560 G/cm with
tions. Producing the magnetic trapping potentials with wireonly a few Watt of power consumption [24]. In a different ex-
and a homogeneous bias field has the advantage that, coperiment we realized a plugged quadrupole trap (Fig. 9b): in
pared to common magnetic trap designs, only very smalbur setup the wire going through the center of the quadrupole
currents are necessary to produce very high gradients. Withap was orthogonal to the symmetry axis of the magnetic
magnetic traps built in a geometry like that shown in Fig. 8aguadrupole field. With the rotational symmetry of the trap-
it is easy to reach and even exceed trap parameters used in
recent Bose—Einstein condensation experiments [5] with only
a few Watt of power consumption. Wire traps might therefore a)

a) b) =5 A
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Fig. 9a,b.Experiments showing the trapping of atoms in 3-dimensional wire
traps.a Atoms are trapped in a Joffe—Pritchard-style trap created by a Z-
shaped wire and a bias field. The sideview picture shows the atoms in
Fig. 8a,b.Two examples of configurations for a three dimensional wire trap.a cigar shaped cloud hovering above the illuminated wire. The two light
a A side guide with endcaps resulting in a magnetic field configurationspots left and right are reflections off the bend wires that run along the
similar to a Joffe—Pritchard trap. Having the current in the endcaps flowdirection of view.b Atoms are trapped in a combination of a magnetic
ing in the same direction automatically removes the zero in the magnetiquadrupole trap and the magnetic field of the wire. The wire direction is
field, and the trap is stable against Majorana transiting& doughnut- orthogonal to the symmetry axis of the magnetic quadrupole field. The
shaped trap is created by placing a current-carrying wire in the center afsulting potential is therefoneot a symmetric ring, but exhibits two addi-

a 3-D quadrupole trap. The field of the wire closes the spin flip leak of thetional minima. In each case the configurations, the trapping potentials, and
quadrupole trap the fluorescence images of the trapped atoms are shown
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ping field broken, the resulting ring trap exhibits two addi-motion is

tional minima. The lithium atoms were mainly trapped in 5 ) 5 )

these minima [13, 14]. He P L _< 1 ) 20 q
A similar wire-based small magnetic trap was realized re- 2M  2Mr2 21eg re

cently by Fortagh et al. [25]. Even more elaborate designs P L2-L2

for traps than the ones described here can be envisioned.= =~ —Zz___ont 3)

See for example J.D. Weinstein, K. Libbrecht [26], or the 2™ 2Mr?

recent proposal by Hansch [29]. Similarly one can desigyhere| . = /M« 2q/27¢, is the critical angular momen-
guides and traps by replacing the current-carrying wires by, characteristic for the strength of the electric interaction.
adequately shaped permanent magnetic structures. Using Hifere exists no stable orbit for the atom around the wire. De-
field of a magnetic tip modified by a bias field allows the cre- ending on whethet , is greater or smaller thahgg the
ation of steep microscopic traps as recently demonstrated BY ., either falls into the center and hits the wite( < Lerit)

V. Vuletic et al. [27] and magnetic edges could be used tq, f the wire t ds infini Lo
build guides [28]. r escapes from the wire towards infinify_¢| > Lit).

2.1 Scattering experiments probing thé 2 singularity

1.5 Loading into the atom guides Even though stable trapping with a plain charged wire is not
possible, the interaction potential between a neutral atom and

In our experiments we used a pulsed source, the MOT, foa line charge is interesting in itself. It is an experimentally re-
loading the guides. Continuous loading can also be achievealizable example of a singulay® potential [7, 8] that so far

by choosing a different experimental setup from the one justvas only discussed in textbooks. Thérd potential is spe-
described. We here briefly discuss two possibilities: cial among all singular potentials because it lies on the border

n i i i -
1. Continuous loading can be done by using a (slow) atom.between Ir" potentials where the radial motion can be sta

beam that is directed along the current-carrying wire: folrﬁilized by angular momentunn (< 2) and those where this is
- : 4 > . i
example, by sharply bending the current-carrying wire, a not possiblerf > 2). The Yr® singularity has a very charac

“entrance facet” of the guide is created. An atomic bea "eristic way of capturing particles from the surrounding phase

X . . . . X pace. This can be experimentally demonstrated by measur-
aimed directly at this entrance will enter non-adlabatlcally.ng the “absorption” cross section for cold atoms impinging

into the guiding potential. This loading method was usedO :

. X - : . . n a charged wire [8].

in the first guiding experiment in 1992 [9,10] and Is also ™ % strate this let us consider a monochromatic atomic
similar to the one used for loading atoms into hollow OP-peam with momentunp = hk approaching an infinitely thin

2 %21922%5 [ig]éibilit is loading the quides uasi—continu—Charged wire. The atoms are attracted towards the wire and
) . P y gthe g q all those with angular momenturh;| < Lt will spiral onto
ously: atoms from a 3-D magnetic trap, that serves a

: . the wire where they are absorbed. Classically the absorption
a reservoir of cold atoms, leak out of the magnetic trag. oo ction of the charged wire is then simply given by
into the guide. This is accomplished by using a magnetic, largest impact parametby.x for which atoms hit the

trap configuration as displayed in Fig. 8a and lowering . e o _
one of the endcaps. Such a scheme can especially be%’e‘{lre (bmax= Lerit/ p). The critical angular momenturiicri

vorable for loading a BEC into the atom guide (see also
Sect. 3).

N

) photo
chargedwire 'S diode

=
o

[arb. units]

2 An atom and a charged wire

We now consider the interaction of a neutral polarizable atong
(polarizability ) with a charged wire (line chargg) inside £
a cylindrical ground plate [7, 8, 10, 31] (see also Fig. 1b). Thei;
electric field of the charged wire polarizes the atom creat

ing a small electric dipole. The electric field gradient then=
results in an attractive force between the polarized atom and

trap decay rate  [s7]
{52

(o]

o

Q

=
T

the wire. Theattractive interaction potential (in cylindrical 00 05 10 15 20 0 10 2
coordinates) is given by: time [g charge on wire [pClcm]
Fig. 10. aWhen moved onto the wire the atom trap decays exponentially,
1 1 2 20 q2 as can be seen by monitoring the atomic fluorescence signal. Charging the
Vool(r) = — s« B2 =— ( ) — (2)  wire (100 V~ 6.4 pC/cm) creates an attractive/d? potential and enhances
2 2meg r the decay ratelnsert: Steps a, b, and c are discussed in the text.

b Dependence of the trap decay rates on the wire charge for wires of dif-

. . ferent thickness. The decay rate for uncharged wires is proportional to their
It has exactly the same radial form/ (f) as the Cenmpetal actual diameters. For increasing charges the absorption rate becomes a lin-

; i > >
potential bar”er‘(/L = Ls/2Mr )Createq bY_angmar MOMEN- ear function of the charge, a characteristics of thie? Isingularity. The
tum L. VL is repulsive The total Hamiltonian for the radial slope is independent of the wire diameter
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Table 2. Typical parameters for the interaction of neutral atoms (polarizabil-easily reach a regime whekeR, ~ 0.1 and study the & ?
ity o) [32] with a charged wireAq is the charge that has to be added to singularity in the quantum limit.

the wire to capture one additiona_tl partial wave. This charge corresponds to For kR, < 1 we have to consider that the angular mo-

a voltageAU applied to al-um-diameter wire surrounded by a grounded . . . . .

cylinder with a diameter of cm mentum is quantized and the absorption cross section will
not simply increase linearly but rather in distinct steps [7].

Atom Polarizability « Aq AU Successive partial waves will be absorbed as the charge on
A34neo pC/cm v the wire is increased. Table 2 gives typical experimental pa-
rameters for absorbing single atomic partial waves. This is
Eie 02-2035 11(?4 02-157 illustrated by the more detailed quantum calculation of the
Na 241 058 010 absorption cross section for several wire diameters as shown
Rb 47.3 0.21 0.035 in Fig. 11. For thin wiresKR, < 1) the ‘quantization’ of the

absorption cross section is clearly visible but for increasing
wire diameters the steps gradually smear out. This can be un-
grows linearly with the applied voltage (charge) on the wirederstood in two ways. One contribution is due to reflection
and so does the classical absorption cross section. For wiras the centrifugal potential: partial waves that should be ab-
with a nonzero diameter the cross section at zero charge hasrbed as discussed previously can partially escape. The other
a positive offset which corresponds to the thickness of theontribution is due to tunneling of partial waves through the
wire. centrifugal barrier to the absorbing surface of the wire.

Figure 10 shows our recent experiments studying the ab-
sorption cross section of cold atoms from three different
charged wires with0.7 um, 1.8 um, and4.8 um radius [8].
After loading and cooling the atoms in a MOT, the trap Was\Norking with cold atoms in the direct vicinity of the wire,

shifted onto the charged wire and the trapping laser light in- . .
tensity turned down to very low light levels, just enough tomteractlons between the atom and the surface become im-

. ortant. Indeed, in our absorption experiments the Van der
hold the atoms. The decay of the trap fluorescence (Fig. 10%/aals interaction represents another attractive force besides

|Cshtahre2 dccv?rr:ciat(:gs{[rl]cefgétgi ;:r?gépgﬂ;]grt?gs Zi%téon rg'f eg‘%i Yr? potential of the charged wire. This leads to an in-
g P P y rease of the wire’s cross section for absorbing the lithium

a function of the voltage on the wire shows the character: i O . ,
istics of the Jr? singularity (Fig. 10b). The trap decay rate atoms: Theeffectivediameter of the wire will appear larger

. ; 4 : tf]an the geometrical cross section. Simple calculations show
increases linearly with the applied charge (voltage) and, fo hat for coldLi atoms the effective radius of a wire can be in-

sufficiently high charges, is independent of the wire diam- TR .
eter and atomic velocity. Measuring additionally the size an@ifgss?rib{s%)mmh 480 nm which is significant for thin

temperature of the atomic cloud allows the absorption cross We were able to observe this effect recently in our ab-

section to be calculated from the measured decay rates. Fgcr)rption experiments. For example &00-4.K coldLi atoms

the thick wire R, = 4.8 um) it agrees to withirb% of the . . . .
predicted cross sections calculated from the published valué%‘5 mys velocity) we found an increase in the apparent size
of the polarizabilityey; = 24.3[A%] [32] of a 1.8-pm-radius gold-coated quartz fiber in the range of
Even though thelemaIIést wires héd rafjj that were on 0.2pum. Our charged wire absorption experiments are sensi-
tive enough that quantitative measurements of the interactions

the order of the wavelength of light (abot#5 timeslarger P )
than the deBroglie wavelength, = 2r/k, of the cold Li lgﬁ)tl\‘/eveen cold atoms and thin wires< 1 um) should be pos

atoms), the above experiments are still in a classical regim
The characteristic scale here is given by the dimensionless

quantityk R, which corresponds to the angular momentum of2.3 Guiding atoms with a charged optical fiber

a atom with impact parametbr= R,,. In our present experi-

ments we findk R, ~ 30 or larger. Using thinner wires and As discussed above trapping in the attractiye?Ipotential
colder atoms (as obtained for example from a BEC) one cais not possible. To obtain stable orbits for motion of an atom

2.2 Van der Waals interaction

12t 60[- | 2101

| =8 4 208|

56 206} b

52

50"

481 198f Fig. 11. Theoretical absorption cross section for
5 26 27 28 29 30 100 10l 102 103 104 105 @ charged wire. The calculations are made for
several different relative thicknessekR|,) of

the wire h mgrit = Lrit

Line charge g in units of my;;
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guide modes will be excited. With a BEC, single-mode propa-
gation should then be possible and the miniaturized atom
guide can be considered a coherent wave guide for neutral
atoms.
Steep (microscopic) potentials can be realized using very
small material structures (for example thin filaments). The
extreme fragility of such structures would demand mounting
- guiding potertial them on a surface. Once mounted even thin wires can sustain
- evanescent wave strong electric forces and support sizable currents because
electric interaction ..
; they can be cooled efficiently [34].
o5 10 15 20 Mounting the charged aridr current carrying structures
redivs  [m] on a surface restricts th_e useful pote_ntlals to ng|gns where
the atoms are confined in traps or guides hovering above the
Fig-hlz- Té’pic\j" ra?.ia'l pmer;“a][.tfor 2 ”euigus atom .tt;‘aplpe‘flval‘.roﬁt”d surface. However, one has the advantage that nanofabrication
Znij Zr%?atu?lin)g (()prA“;?“ :qléa; 210'5I (?I'rhc(e Ieatitrtrrgctiv.e ‘E@t)emm gerr; is 'ge_ technqlog_les can be used in order to realize cor_nplex.atom op-
ated by the interaction of the induced dipole moment in the electric field ofical circuits on the smallest scale. The question arises how
the charged fiber. The repulsion is due to the evanescent wave from blughese atom optical circuits on a surface can be loaded with
detuneq light propagating in'the fiber. Close to the wire surface the Van dego|d atoms. A possible solution could be to load cold atoms
Waals interaction becomes important (or a BEC) into a free-standing wire-guide [9, 12], as demon-
strated in our experiments described in Sect. 1.3 which then
transports the atoms to the surface-mounted mesoscopic de-
around a line charge, the atom must be prevented from hitsices.
ting the wire by a strong repulsive potential near the surface Because of the similarity to quantum electronics [1] we
of the wire. Such a strong repulsion can be obtained by theill call structures that provide one dimensional confine-
exponential light shift potential of an evanescent wave thament, i.e. atoms are allowed to move freely along the surface,
is blue-detuned from an atomic resonance. This can be r@ quantum well Structures with two-dimensional confine-
alized by replacing the wire by a chargegtical fiberwith ~ ment, i.e. a microscopic atom guide, we will calfaantum
the cladding removed and the blue-detuned light propagatvire; three-dimensional confinement we will calljgantum
ing in the fiber [33]. The fiber itself has to be conducting ordot
coated with a thin < 1) conducting layer to allow for uni- We will now briefly discuss some options for matter-wave
form charging of the fiber. For the simple case of aBode  optics above surfaces for magnetic and electrical potentials.
propagating in the fiber the ac-Stark shift potential is indepen-
dhent of thet[))olar angle and the combined guiding potential ig.1 Current-carrying structures, the magnetic interaction
then given by:

[neV]

energy

The guides and traps realized by the magnetic field of current-

1 \2 2202 carrying wires modified by a bias field [12] (see Sect. 1.3
Vgua(r) = A K2(Br) — (2—> rg , 4)

TTEQ

where A and B are constants that depend on specifics of thd&able 3. Typical potential parameters for quantum wires createdtop)

- - : a thin current-carrying wire mounted on a surface with an added bias field,
optlcal fiber 0' Ru, - ) as well as “ght power, Wavelength’ and(bottom)a charged wire mounted on a magnetic atom mirror. The direc-

and atomic properties [33K is the modified Bessel function ions x andy refer to orthogonal and parallel to the surfazés along the
of the second kind. Figure 12 shows a typical example of suclire. The electric quantum wire potential is asymmetric and ground-state

a potential. Cold atoms are bound in radial direction by the efparameters are given farandy. In the case of the magnetic quantum wire
fective potential but free along thzedirection, the direction of the harmonic potential minimum is symmetric. See also figure Fig. 13
the charged optical fiber.

Quantum wires based on current-carrying wires

Furthermore, as we will show in the next section, in atom  wire Boias Potential Ground state
order to turn a charged wire into an atom guide the cylin- current y z depth distance freq.  size
drical geometry can be abandoned. An atom guide can also mA G G nev pm kHz ~ pm
be formed by mounting the charged wire into a planar atom

Li 10 10 5 29 2 100 0.12
Rb 1 1 0.5 6 2 9 0.11
Rb 10 10 2 29 2 45  0.051
3 Mesoscopic atom optics Charged wires mounted on a magnetic mirror
Um =6.4peV (Bo=1100G k = 1.5um
We will now investigate how the basic concepts demonstratedtom ‘r’]""re § Ptohte”tcif"t - Grg“”d state pr Op?r:“en?]
in the above experiments can be used to build mesoscopic Cp%ge e ;l?na ce Loae Cy‘jﬁz Seenu v
systems for neutral atoms [6]. To achieve this the guiding and
trapping potentials have to be “microscopic”, i.e. their trans- Li 5.2 -3.3 13 10 4.3 0.38 0.58
verse dimension has to be similar to the deBroglie wavelength Elb ig -Z% 172-25 265 ‘1136 %11% %1288
of the atoms. Because the trap frequencies will then be high R % Jpe g 15 1 009 oa1

compared to the atomic temperature, only a few transverse
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magnetic quantum wire electric quantum wire
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potential [ne' . . . .
potential [ngvl | o Fig. 13. Typical potentials for quantum wires

y y 0 created by(left) a thin current-carrying wire
20" 4 \// (10 mA) mounted on a surface with an added
X -50 1 bias field Bx =10G, B, =5G), and (right)
: ! ! ! ! . : ‘ L L ! ‘ a charged wire16 pC/cm) mounted on an atom

o 2 4 6 8 10 5 10 15 20 25 X mirror. The potentials shown are for the param-
distance from surface  prf] distance from mirror [m] eters given in Table 3 foti atoms

potent
potential

and 1.4) have favorable scaling properties and can easily becurrent is send through both arms the atom beam is split
miniaturized. Absorption of atoms at the surface is preventeahto two [14] (Fig. 14).
by locating the guidingtrapping potential above the surface A similar device can also be constructed that does not split
which can be achieved using thiele guidg12] (see also the and recombine atom beams but traps. For example let us con-
proposal [29]), that is by adding a homogeneous bias fieldider two wire traps (as in Sect. 1.4) that are placed next to
parallel to the surface and (almost) orthogonal to the wire. Aach other in a parallel way. Depending on the magnitude of
additional component of the bias field in the direction of thethe magnetic bias field the two traps merge together or sepa-
wire removes the zero in the magnetic field and makes thete as depicted in Fig. 15.
motion in the guidétrap be stable against spin flip transitions.  These design principles for mesoscopic magnetic poten-
Examples of typical guiding parameters are given intials are not restricted to current-carrying wires. Similar de-
Table 3 and on the left side of Fig. 13. For example gradisigns should also be possible using nanofabricated permanent
ents exceeding abo®d 000 Gause&m and curvatures larger magnetic structures [28] (see also Sect. 1.4).
then10® G/cn? leading forLi atoms to trap frequencies up
to 100 kHzcan be achieved with a moderate current of about
10 mAand a magnetic offset field, of 10 GaussThe guided 3.2 Charged structures, the electric interaction
atoms are then located a fewn above the surface.
Combining two wires one can easily imagine building Similarly, as described in [6], a large variety of mesoscopic
a beam splitter or even an interferometer. Atoms can be dipotentials can be created by placing a charged nanostructure
ected by switching the currents, or can be stopped and ren an atomic mirror [35, 36] (see Fig. 13). The electric field
leased by additional wires, similar to the endcaps of the Joffeef the charged structure creates an attractive potential (2). The
Pritchard trap described in Sect. 1.4. repulsive potential of the atomic mirror prevents the atoms
We recently performed experiments on such a beam splifrom reaching the surface. The combination of both creates
ter, although not yet in the quantum regime. The beamsplittarertical and transverse confinement.
consisted of two free-standing wires that were combined to For example by mounting a charged wire on an atomic
form a ‘Y'. By controlling the current through the arms of the mirror one can build a tube-like potential created by an in-
Y-shaped wire we can send cdld atoms along either of the terplay between the attractive potential/3d) created by
two arms of the Y and thus demonstrate a novel atom switctthe charged wire and the repulsion of the atomic mirror

right arm both arms . Bbi%f 1 IBbiaS:I l.2§

=
wire

. Fig. 15. Potential for two wire traps close together. By changing the bias
Fig. 14. Beam splitter for guided atoms (Kepler guide) using a Y-shapedfield we can split and recombine the two trageft) Applying a weak
current carrying wire. By controlling the current through the arms of the Y (compared to the current in the wire) bias field results in one ffraght)
we can send coldi atoms along either arms of the Y or split the beam into Applying a strong (compared to the current in the wire) bias field gives two
two separate traps close to the wires
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(Fig. 13) [6]: Coupling between atoms in different channels of a net-
work can be achieved using the atom—atom interaction, for

1\? 202 example by sending them on a beam splitter [6]. For example

V(X) = Vo exp(—«m2) — <F€O) 02 () the effect of atom-atom interaction on quantum statistics in

a waveguide beam splitter was recently discussed in [37].
where z is the distance above the mirror surfage=  Because it should be possible to entangle atoms by their mu-

/x2+y2 is the distance from the wire (in cylindrical co- tual interactions one should be able to construct quantum
ordinates) and /A, is the characteristic length scale of the gates using atoms confined to quantum dots (see for example
repulsive interactioh [38,39]) or propagating in these quantum wires.

Typical parameters for such guides formed by a magnetic This leaves the question of how to load these mesoscopic
mirrors and a charged wire are shown in Table 3 and on thguides and traps. The simplest solution would be to create
right side of Fig. 13. They can be very similar to the magnetic@ BEC as a reservoir of cold atoms directly in a surface-
quantum wires discussed above. Using the mirror paraménounted Z-trap as discussed in Sect. 1.4 and load the atoms
ters from T.M. Roach et al. [36] one can easily achieve deeffom there using surface-mounted atom guides. A different
and narrow guides with transverse level spacings in the kHRossibility would be to load cold atoms, possibly a BEC into
range, for both lightI(i) and heavy Rb) atoms. An esti- @ free-standing wire-guide (Sect. 1.3) which then transports
mate of the tunneling probability to the mirror surface givesthe atoms into the mesoscopic devices.
lifetimes of atoms in these quantum wires much longer than
1000 s Such a mesoscopic potential can be viewed@saan-
tum wirefor neutral atoms. 4 Conclusion

Similarly one can buildjuantum dotgsmall microscopic
traps) by mounting charged points (attractive“linterac-  In the early days of atom optics it was desirable to separate

tion) on the atomic mirror [6]: atoms as far as possible from material objects in order to ob-
tain pure and isolated quantum systems. Today cooling and

1\ 202 trapping techniques are so well developed that there is now an

V(X) = Vo exp(—«m2) — <F60) 4 (6) interest in bringing the atoms close to material macroscopic

objects where the proximity of the atoms to the object allows
wherer — \/m is the distance from the charged for the design of new cpntrollable potentlals.and atom optical
point. elements. In our experiments over the last five years, some of
them reported here, we have shown that such traps and guides
are feasible. Using these techniques miniaturization of atom

3.3 Outlook: creating mesoscopic quantum networks optical elements and later on integration of many atom optical
elements into one single quantum circuit should be possible in

These mesoscopic potentials and guides created by moutfi€ near future. . .
ing nanofabricated charged and current-carrying structures on _Nanofabricated atom optical elements on a surface will
a surface or an atomic mirror have many advantages whicfl!oW us to combine the best of two worlds: the tools of
make them promising for future applications. This is partlyduantum optics and the long coherence times and very high
due to the robustness and versatility of the electrical and ma%_remsmn of neutral atom manipulation, with the vast tech-
netic potentials which allows many degrees of freedom i ology oflntegrated pptlcal and electr_onlc eler_nents. Together
manipulating atomic wavefunctions. the_se techniques will be |_ntegrated in one singlem chip
The electric and the magnetic interactions can be com¥hich can be produced using nanofabrication technology. We
bined to tailor the potentials. For example additional supple€XPect this new technology to bring a very significant advance
mentary electrodes located close to a guiding wire can bi@ our ability to control and manipulate quantum systems. The
used to modify the guiding potential on demand. One ca tter will enable new fundamental experiments in quantum

easily imagine designing switches, gates, modulators, etc. f§Ptics and quantum information processing [39] and allow the
guided atoms. evelopment of novel devices using neutral atoms.

Similarly having the atoms trapped or guided, well local- cknowledgementsVe thank B. Hessmo, A. Haase, P. Kriger, and R. Fol
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additional fields using supplementary electrodes. Such inte-

grated optics devices for atom light manipulation might be

used to build quantum registers for quantum communicatioffeferences

and quantum computation. _ _
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