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ϕ = 1
ℏ ∫ (U2(t) − U1(t)) dt

= 1.5 rad/feV in 1s

Matterwave
Interferometry

= 13 rad/nm in 1s
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Figure3.IonchipproducedatBen-GurionUniversitybefore
installationinthevacuumchamberatMainz.Inset:Twoions
trappedonthechip.CourtesyofFerdinandSchmidt-Kaler
(Mainz)andadaptedfrom(1),withpermissionfromSpringer
Science+BusinessMedia.

hybriddevices(54),superconductors(55–58),exoticma-
terialsandgeometriesaffectingeverythingfromJohnson
noisetoCPforcesandvacuummodes(59–63),double-
wellpotentialsandmatter-waveinterferometry(64–67),
matter-wavepulseshaping(68),atomtronics(69–71),
andsoon.Twomoreexamplesconsistofasimulator
forquantumpumpingofelectronsinmesoscopiccircuits
(72)andtheinvestigationofbosonicsuperflow(73).The
lastthreetopicsaregoodexamplesofthepossibleusesof
tunnellingbarriersonatomchips.

Thispaperisstructuredasfollows:afterthisbrief
introduction,Section2focusesonthewiderangeof
particlesthatarenowusedwithatomchips.Whilethe
firstchipswereplannedforground-stateneutralbosons,
atomchipshavesincebeendesignedtotrapandma-
nipulateRydbergatoms,fermions,molecules,ionsand
electrons.Figure3presentsanexampleofanatomchip
operatedwithcoldions.Atomchipsarenowbeingpro-
posedfortrappingantiprotons,positronsandantihydro-
gen.Ourreviewdoesnotdealwithatomchipsforroom
temperatureatomicvapouralthoughimpressivework
hasbeendonehereaswell(74–77),norwithatomchips
forsolid-state‘atom-like’systems(78,79).Wemainly
focusoncoldneutralatomswhere,again,thestarting
pointofmostexperimentsistheBEC.

Section3dealswiththetechnology.Whilethefirst
atomchipsweremainlybasedonasurfacewithcurrent-
carryingwires,theyhavediversifiedsignificantlyand
nowincludepermanentmagnets,electrodesforelectric
fields,antennasforradio-frequencyandmicrowavepo-
tentialsandphotonics.Superconductorsarealsobeing
usednow.Proposalsexisttomakeuseofexoticmaterials
suchasalloys,crystallinematerials,nanowires,carbon
nanotubes(CNTs)andsoon.Thevacuumchamberhas

alsoevolved.Someatomchipsareutilizedasafacet
ofthechamberitselfsuchthatthesubstrateholdsthe
vacuum.Otheratomchipshavethevacuumwithinthe
substrate.Theseareimportantstepstowardsthevision
ofafullyself-containedatomchipwhichwillhavewithin
thesubstrateitsownvacuum(includingpumps),particle
sources,lightsourcesandmagneticandelectricfield
sources.Integratedreadoutsviaphotodiodesandcavities
willbetransmittedfromthechipbywayofelectronics
andfibres(Figure1).

InSection4,wefocusoninteractionsbetweenthe
atomsandthesurface.Theseinteractionsincludeforces
suchastheCPforce,andeffectsduetonoisesources
suchasJohnsonnoise.Herewealsodescribelimitations
ofatomchipsduetoimperfectionsinmaterialorfab-
rication.Weemphasizethatwhiletheatomchipwas
designedtoserveasabaseformatter-waveoptics,it
mayalsobeusedtoprovidenewinsightsonmaterials,
surfaces,andsearchesforsucheffectsasthehypothesized
fifthforce.

Asanexampleofmatter-waveopticsmadepossibleby
theatomchip,wefocusoninterferometryinSection5.
Wediscussfree-space,guidedandtrappedinterferome-
try,includingMach–Zehnderinterferometersaswellas
Sagnacs.

InSection6,wedescribepotentialapplicationssuch
asclocks,sensorsandquantuminformationprocessing
(QIP).Inaddition,weexpectthatprogressinatomchips
willopennewpossibilitiesforthenascentfieldofatom-
tronics.Wealsodiscusstheuseofatomchipsforrapid
productionofBECs.

Wegivesomeconcludingremarksandperspectivesin
Section7.

Lastbutnotleast,letusnotethatweexplicitlymention
thenamesofthosewholedmanyoftheatomchipand
relatedefforts.Thisisdoneinordertohonourthese
peopleandtomakeavailableamoreintimateperspective.
However,itisofcoursepossiblethat,althoughwehave
madeconsiderableefforts,wemayhaveinadvertentlyne-
glectedtomentionsomeadditionalpeople.Weapologize
foranysuchoversights.

2.Chip-trappablespecies

Initsearliestdays,theatomchipwasusedforthecon-
trolandmanipulationofground-stateneutralbosons
only,andthealkalimetalsWEREthebosonsofchoice.
Althoughitremainstruethattheworkhorseofatom
chipexperimentsandtechnologyis87Rb,morerecent
developmentshaveexpandedtoincludeamuchwider
rangeofultracoldneutralparticles,includingRydberg
atoms,fermionsandmolecules.Atomchipsareeven
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Figure 3. Ion chip produced at Ben-Gurion University before
installation in the vacuum chamber at Mainz. Inset: Two ions
trapped on the chip. Courtesy of Ferdinand Schmidt-Kaler
(Mainz) and adapted from (1), with permission from Springer
Science+Business Media.

hybrid devices (54), superconductors (55–58), exoticma-
terials and geometries affecting everything from Johnson
noise to CP forces and vacuum modes (59–63), double-
well potentials and matter-wave interferometry (64–67),
matter-wave pulse shaping (68), atomtronics (69–71),
and so on. Two more examples consist of a simulator
for quantumpumping of electrons inmesoscopic circuits
(72) and the investigation of bosonic superflow (73). The
last three topics are good examples of the possible uses of
tunnelling barriers on atom chips.

This paper is structured as follows: after this brief
introduction, Section 2 focuses on the wide range of
particles that are now used with atom chips. While the
first chips were planned for ground-state neutral bosons,
atom chips have since been designed to trap and ma-
nipulate Rydberg atoms, fermions, molecules, ions and
electrons. Figure 3 presents an example of an atom chip
operated with cold ions. Atom chips are now being pro-
posed for trapping antiprotons, positrons and antihydro-
gen. Our review does not deal with atom chips for room
temperature atomic vapour although impressive work
has been done here as well (74–77), nor with atom chips
for solid-state ‘atom-like’ systems (78, 79). We mainly
focus on cold neutral atoms where, again, the starting
point of most experiments is the BEC.

Section 3 deals with the technology. While the first
atom chips were mainly based on a surface with current-
carrying wires, they have diversified significantly and
now include permanent magnets, electrodes for electric
fields, antennas for radio-frequency and microwave po-
tentials and photonics. Superconductors are also being
used now. Proposals exist to make use of exotic materials
such as alloys, crystalline materials, nanowires, carbon
nanotubes (CNTs) and so on. The vacuum chamber has

also evolved. Some atom chips are utilized as a facet
of the chamber itself such that the substrate holds the
vacuum. Other atom chips have the vacuum within the
substrate. These are important steps towards the vision
of a fully self-contained atom chip which will have within
the substrate its own vacuum (including pumps), particle
sources, light sources and magnetic and electric field
sources. Integrated readouts via photodiodes and cavities
will be transmitted from the chip by way of electronics
and fibres (Figure 1).

In Section 4, we focus on interactions between the
atoms and the surface. These interactions include forces
such as the CP force, and effects due to noise sources
such as Johnson noise. Here we also describe limitations
of atom chips due to imperfections in material or fab-
rication. We emphasize that while the atom chip was
designed to serve as a base for matter-wave optics, it
may also be used to provide new insights on materials,
surfaces, and searches for such effects as the hypothesized
fifth force.

As an example ofmatter-wave opticsmade possible by
the atom chip, we focus on interferometry in Section 5.
We discuss free-space, guided and trapped interferome-
try, including Mach–Zehnder interferometers as well as
Sagnacs.

In Section 6, we describe potential applications such
as clocks, sensors and quantum information processing
(QIP). In addition, we expect that progress in atom chips
will open new possibilities for the nascent field of atom-
tronics. We also discuss the use of atom chips for rapid
production of BECs.

We give some concluding remarks and perspectives in
Section 7.

Last but not least, let us note that we explicitlymention
the names of those who led many of the atom chip and
related efforts. This is done in order to honour these
people and tomake available amore intimate perspective.
However, it is of course possible that, although we have
made considerable efforts, wemay have inadvertently ne-
glected tomention some additional people.We apologize
for any such oversights.

2. Chip-trappable species

In its earliest days, the atom chip was used for the con-
trol and manipulation of ground-state neutral bosons
only, and the alkali metals WERE the bosons of choice.
Although it remains true that the workhorse of atom
chip experiments and technology is 87Rb , more recent
developments have expanded to include a much wider
range of ultracold neutral particles, including Rydberg
atoms, fermions and molecules. Atom chips are even
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Atomtronics
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Atomtronics  
Wave Guides

Boshier Criteria of Atomtronics• Loop  
• Smooth  
• Dynamic

• Dipole Traps 
- Guides 
- Lattices 
- Paintings 
- Fibres

LSD 
LSD 
LSD 
LSD

- TAAPsLSD

• Magnetic Fields 
- IP-Trap 
- Atomic chips 
- Mini-traps 
- Adiabatic (LSD)

LSD 
LSD 
LSD 
LSD

Time-Averaged 
Adiabatic Potentials  .  

Benasque 2015 ?







A k, z( )∝ exp −kz( ) kz
For kz≫1

Jones, et al. J. Phys. B 37, L15 (2004)Gauthier et al. Optica 3:10 1136 (2016) Y. J. Wang et al. PRL  94: 090405 (2005)



A k, z( )∝ exp −kz( ) kz ≈ 10−275

For kz = 2π
0.5mm

×50mm!630

Topology
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BEC in a Ring

1) MOT  
2) Quadrupole-Trap  
3) BEC in Dipole Trap 
4) BEC in Ring



BEC in a Ring
1) MOT  
2) Quadrupole-Trap  
3) BEC in Dipole Trap 
4) BEC in Ring 
5) Accelerate

Bang-Bang Scheme of 
Optimal Control Theory
Chen et al. Phys. Rev. A 84, 43415 (2011). 
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using the bang-bang scheme of optimal control theory

Chen et al. Phys. Rev. A 84, 43415 (2011). 
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BEC Guiding at 10Hz

nlm(vara)
T = 113 nK

 v = Mach 16 

Hypersonic BEC  
in an accelerator ring

v = 30 mm/s
vc = μ/m

S. Pandey et al. Nature, in press

No extra 
heating !



Expansion of a rotating BEC in the ring

Ring Accelerator



Effective Flatness of the waveguide:  
189 pK = 2 nm

Ring Accelerator
80 000 atoms with 40 000     / atom!

~ 1 mm



Static vs Supersonic atoms
g)

1mm

a)

1mm

Flatness < 250 nK Flatness < 189 pK 



Optimal Control 
Atom-Optics

Free expansion Delta Kick



2 nK48 nK

Optimal Control 
Atom-Optics

Free expansion Delta Kick



Loading Rotating BECs in to a Shell

BECs in a shell  
at 50nK 

Adiabatic!
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•Matterwave accelerator ring

•Lossless Hypersonic flow of BECs

•Optimal Control

•Ultra-high angular Momentum

•Atomtronics (Delta-Kick)

•State dependent control of 
multi-component BECs

Summary

BEC rings  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Atomtronic Ring Physics
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