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Quantum gases

LASER COOLING, OPTICAL/MAGNETIC TRAPPING, EVAPORATIVE 
COOLING OF ALKALI AND OTHER ATOMS ARE NOW ESTABLISHED 
TECHNIQUES
COLD (DEGENERATE) GASES FUNCTION AS HIGHLY CONTROLLED 
QUANTUM SYSTEM

Thursday, 21 August 14



Atom chips
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Activities

Non-equilibrium 
phenomenta

Analog models/ 
quantum simulators

Bose-Fermi mixtures 
(L. Hackermuller)

Atom-surface 
interfaces

Rotation sensors 
(T. Fernholz)

Atom-light inter-
faces (T. Ferholz) Portable devices
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Outline
Atom chip applications

Shaping quantum gas environments on a 
(sub)micron scale

Supersonic motion

Bosonic transport

Challenges on the way to submicron trapping

Approach to overcome limitations
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Applications of atom 
chips: Interferometry
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in situ absorption image • STABLE FRINGES SHOW THAT 
SPLITTING IS COHERENT

• COHERENCE PROPERTIES AND 
EVOLUTION OF 1D GAS

• DIFFERENTIAL FORCES CAN BE 
MEASURED

SCHUMM ET AL, NATURE PHYS. 2005
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Applications of atom 
chips: 1d dynamics
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A radio-frequency based integrated atom interferometer and the 1d Bose gas

P. Krüger
Midlands Ultracold Atom Research Centre, School of Physics & Astronomy,

University of Nottingham, Nottingham NG7 2RD, United Kingdom

Microfabricating metallic structures onto semiconductor surfaces allows to manipulate cold atoms in complex
trapping geometries in the vacuum only microns away from the surface. Numerous tools have been developed
for preparation, manipulation and detection of atoms in such integrated atom chip circuits. Micro-engineering
of static magnetic [1–3] and electric [4] fields facilitates shaping local trapping environments for (ultra)cold
atoms in virtually arbitrary ways. More recently, the addition of AC fields, in the optical [5], microwave [6],
and radio-frequency (rf) [7] has increased the scope of fundamental experiments and applications.

Here, we focus on the use of rf fields to shape and dynamically alter the micro-trapping environments. We
introduce the concept of a coherent matterwave beam splitter that is integrated on an atom chip. This beam
splitter is based on coupling different spin states of the atoms in such a way that a smooth splitting of a trap
into a double well can be achieved for dressed states. We show that this method can be used as a building block
for an atom interferometer [7] and discuss applications.
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FIG. 1: (left) Interference pattern formed by two time-of-flight expanded degenerate 1d Bose gases at low (high)
temperature T [top (bottom)]. (center) Fourier transforming the images visualizes the density distribution of the whole
cloud (left) and the interfering part (right). (right) Gaussian fits model the data well and show that the interfering
ground state population (dashed line) expands independent of T while the thermal cloud (solid line) is wider for the
higher T (bottom). At low T both widths are equal, so that kT < !ω⊥ can be inferred.

As an example application, we will focus on studies of one-dimensional (1d) Bose gases utilizing chip based
atom interferometry. When the temperature and chemical potential of a Bose gas are comparable to, or even
smaller than, the transverse trap excitation frequency (kT, µ ! !ω⊥), a distinction of (quasi)condensate and
thermal fraction of the gas are no longer as straightforward as in the usual three dimensional (3d) environment.
The 1d gas does not exhibit a clear bimodal structure that has become the hallmark signature of quantum
degeneracy in 3d Bose-Einstein condensation. Rf interferometry helps in the 1d case as it allows for a dis-
tinction between coherent, i.e. interfering, condensed fraction from the thermal cloud (Fig. 1). Furthermore,
this interferometric technique provides means to perform thermometry of 1d systems to kT < !ω⊥ and to test
thermalization through binary elastic collisions of the gas in this regime.

Finally, we describe routes to extend our experiments to multiply connected topologies where homogenous one-
and two-dimensional systems with periodic boundary conditions can be realized in rf dressed state environments.
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INTERFERENCE ALLOWS FOR SEPARATION OF CONDENSATE 
FRACTION IN 1D
DECREASED EFFICIENCY OF THERMALIZING COLLISIONS CAN BE 
OBSERVED

PK AT EL, PRL 2010
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Applications of atom 
chips: Portable devices

Atom source for 
integrated sensor 
device (total volume 
< 100 l)

Chip in combination 
with mm-cm sized 
mini-traps (not 
micro)

EU-collaboration 
iSense

PICCARDO-SELG ET AL., IN PREP 2014
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COLD ATOMS 
IN VACUUM

PLACING ATOMS AND BUILDING 
MOLECULES ON SURFACES

IBM

Isolated (closed) 
quantum system, cm 
away from solids

Atoms & surfaces

Surface-mounted atoms become 
part of solid with intimate coupling 
on Angstrom scale

WHAT ABOUT THE GAP IN  BETWEEN?
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Closer surface approach
Quantum gases can be structured with high 
spatial (and temporal) resolution; spatial frequency 
k is damped exponentially with char. length 1/k

Small defects, rough disorder, proximity effects

High resolution, high sensitivity microscopy

Backaction onto surface: detectors, quantum 
interfaces

Thursday, 21 August 14



BEC microscope
ATOMIC PROBE 

PROVIDES UNIQUE 
COMBINATION OF 
HIGH SENSITIVITY 
(NANOTESLA) AND 
HIGH RESOLUTION 

(MICRONS)

WILDERMUTH ET AL, NATURE 2005
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Magnetic sensing

BEC
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BEC sensor
Single shot image (~10us) contains large field-of-
view (>100 um) 1d information

Resolution in scanning direction given by precisely 
controllable position and small size (< 100nm) of 
1d qBEC

Good for snapshots of dynamic processes with 
high resolution & sensitivity over large fields-of-
view
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Inhomogeneous 
interactions

TRANSITION TEMPERATURE TO 
BEC DEPENDS ON INTERACTIONS

G1 G2 G1 EXAMPLE: STEPS IN THE 
COUPLING CONSTANT

INTER-ATOMIC INTERACTIONS CONTROLLED BY MAGNETIC FIELDS 
(FESHBACH RESONANCES)
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Dynamical effects
STATICALLY HOMOGENEOUS SYSTEM (NONLINEAR AND LINEAR 
POTENTIALS CANCEL) CAN ONLY BE DISTINGUISHED IN DYNAMICAL 
SITUATIONS

NUMERICAL EXPERIMENT: DRAGGING A DEFECT THROUGH A GAS

WITH STEP IN NONLINEARITY WITHOUT STEP
PORTER ET AL, PRA 2013
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Dynamical effects

CONSTANT VELOCITY FLOW 
IN A POTENTIAL TUBE WITH 
INHOMOGENEOUS SPEED 

OF SOUND

PHONON PAIR PRODUCTION AT 
BOUNDARY ANALOGOUS TO 

HAWKING RADIATION EMERGING 
FROM BLACK HOLE EVENT 

HORIZON
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Landau criterion

vc = min
p

✏(p)

|p|

FOR BEC LANDAU CRITICAL VELOCITY IS SPEED OF SOUND

THIS TYPE OF ENERGETIC INSTABILITY ARISES WHEN 
EXCITATIONS BECOME ENERGETICALLY FAVORABLE, 
THE GROWTH WITH TIME IS POLYNOMIAL
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Linear case: Ramsauer-
Townsend Effect

ARE THERE CONTINUATIONS OF 
BASIC QUANTUM EFFECT INTO NON-

LINEAR REGIME ?
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Interacting gas: Do 
resonances persist ? 

CASE STUDY: (SLOWLY) RAISE RECTANGULAR 
BARRIER INTO FLOWING GAS

D =

Z
dx

�
| (x, t)|2 � | v=0|2

�
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Numerical experiment
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Bounded growth rates
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Velocity dependence
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Interaction dependence

PARIS-MANDOKI ET AL, IN PREP 2014

LANDAU 
CRIT. VEL.

INTERACTIONS

K
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1d transport of bosons
ΦL J J

ΦR

TWO 3D RESERVOIRS ARE CONNECTED VIA 1D CHANNEL WITH 
WEAK LINK CONNECTIONS
PHASE DIFFERENCE AT EQUAL CHEMICAL POTENTIAL DRIVES 
CURRENT
JOSEPHSON LIKE BEHAVIOR FOR BOSONS?

SIMPSON ET AL, PRL 2014
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Predictions

2

ies of di↵erent regimes of the bosonic superflow that we
investigate theoretically in this Letter. We will show how
the results described above are obtained from a mean-
field approach and prove it to be robust against fluctua-
tions.

We consider a system comprising two bulk reservoirs,
each containing a BEC, which are coupled via a 1D chan-
nel separated from the reservoirs by weak tunnelling bar-
riers, see Fig. 1. The BEC in the left and right reservoirs
is described by order parameters  L,R =

p
NL,Re

i�L,R .
Without loss of generality, we choose �L = ��R ⌘ �.
We assume that the reservoirs have been equilibrated to
the same chemical potential and thus have equal parti-
cle densities, nL = nR, so that the current through the
channel is driven only by the phase di↵erence 2�.

The N bosons in a 1D channel of length L form
a quasi-condensate described by an order parameter
 (x, t) =

p
n+ ⇢(x, t)ei'(x,t), where ' is a phase field

and ⇢ denotes density fluctuations around the mean den-
sity n = N/L. As ⇢ and � are canonically conjugate, the
imaginary-time action describing phonon-like low-energy
excitations can be written via ' alone and, assuming that
L � ⇠, has the standard Luttinger-liquid form [24]

SLL =
K

2⇡c

Z
�

0
d⌧

Z
L/2

�L/2
dx

⇥
(@

⌧

')2 + c

2(@
x

')2
⇤
. (1)

Here ⇠ ⌘ 1/mc is the healing length [25], c is the sound
velocity, m is the bosonic mass, K⌘⇡n⇠ is the Luttinger
parameter: K > 1 for bosons with a short-range repul-
sion, with K = 1 corresponding to the Tonks-Girardeau
gas of hard-core bosons equivalent to the ideal Fermi gas
[24]. For typical experimental situations, ⇠ is much larger
than the distance between bosons, so that K�1.

L

R

FIG. 2. (Color online) Phase profile along the channel: the
solid line, '0(x) is a typical (symmetric) configuration made
up of a linear superfluid contribution and phase jumps, �, at
each tunnel barrier. The dashed line represents a fluctuation
around the phase profile. Here we have chosen the phases of
the BEC reservoirs as �L = ��R ⌘ �. The phase profile
shown above corresponds to a phase di↵erence of 2� < ⇡.

We model the coupling of the reservoirs to the chan-
nel by a tunneling action, assuming for simplicity[26] the
tunneling energies at both barriers being equal to J :

ST = 2J

Z
�

0
d⌧

⇥
cos�R + cos�L

⇤
, (2)

where �L,R are the expected phase drops at the barriers
(x = ±L/2). As usual, the tunneling action is valid when
the overlap of the wavefunctions across the barrier is
small, which imposes the requirement J ⌧ cK/⇠ ⌘ ⇡nc.
A second order in J perturbational calculation of the

bosonic supercurrent gives a result divergent at T ! 0 for
the values of K pertinent to bosonic systems. So, unlike
superconducting systems [21], for which the perturbative
approach is fully adequate, a non-perturbative treatment
is required here.
We start our analysis with finding a non-trivial mean-

field (MF) configuration for the model (1)–(2). The phase
field '(x) in the channel is related to the phase drops at
the barriers by the boundary conditions:

�L = �� '(�L/2) , �R = �+ '(L/2) . (3)

Then we minimize the action (1)–(2) by a stationary so-
lution satisfying the above boundary condition:

'0(x) = ��a � 2(�� �s)
x

L

, �s,a ⌘ 1

2
(�L ± �R) . (4)

It describes a constant superflow, I = nv, between the
reservoirs, with a velocity v = �2(�� �s)/mL. The
energy E is the sum of the supercurrent kinetic energy,
1
2mNv

2, which arises from the Luttinger action Eq. (1)
on substituting ansatz (4), and the Josephson energy,
�2J(cos�R + cos�L) . The total dimensionless energy,
" ⌘ E/Jc, can be written via the phase drops �s,a as

" = 2(�� �s)
2 � 4↵ cos�s cos�a , ↵ ⌘ J/Jc (5)

where Jc ⌘ n/mL ⌧ ⇡nc so that ↵ can vary from 0
to values � 1 within the region of applicability of the
tunneling Hamiltonian, Eq. (2).
All possible MF solutions are obtained by minimizing

" with respect to �s and �a at a fixed � which gives

�� �s = ↵ sin�s cos�a , (6a)

cos�s sin�a = 0 . (6b)

Since energy (5) is a 2⇡-periodic function of �a, we study
two solutions of Eq. (6b), corresponding to the symmet-
ric phase drops, �a = 0 so that �R = �L = �s, and
asymmetric ones, �a = ⇡ so that �L = �s + ⇡. Solutions
corresponding to cos�s = 0 are always unstable (saddle
points). For these symmetric and asymmetric branches
Eq. (6a) is reduced to �� �s = ±↵ sin�s. Each of these
equations has at least one stable solution in some interval
of � and, remarkably, these intervals always overlap.
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FIG. 4. (Color online) (a) The MF energies (5), spread in the
interval �4↵ 6 " 6 2↵2, as functions of the external phase
di↵erence, 2�, at di↵erent values of ↵. Thick (thin) solid lines
represent symmetric (asymmetric) stable or metastable solu-
tions, the latter lying in the continuum of phononic excita-
tions. (b) The dependence of the superflow on 2�, with thick
(thin) lines representing stable (metastable) flow. Dashed
lines represent unstable solutions drawn as a guide to the
eye.

uncorrelated, this is similar to the results for tunneling
through a single barrier [10], as well as to the results for
superconducting systems [21] in a geometry similar to
that under consideration here.

A remarkable feature is that for K � 1, characteris-
tic of ultracold bosonic systems with the healing length
much bigger than the interatomic distance, ↵ flows to
larger values. This means that the washboard potential
becomes more pronounced so that the fluctuations are
irrelevant in the low-energy limit and the MF solution,
described above, is robust. In particular, since the fluc-
tuations do not connect di↵erent MF branches, the level
crossings are not avoided and the characteristic cusps in
energy, Fig. 4, and the corresponding jumps in the su-
perflow remain. Alternatively, this can be seen using in-
stanton techniques similar to those of Ref. [27]. Namely,
the probability of an instanton connecting two degener-

ate configurations, like in Fig. 3(b), can be shown to be
vanishingly small for K > 1/2.

Experimental data about the superflow can be ex-
tracted from images taken of the atomic density distri-
bution in the channel at di↵erent times throughout the
evolution of the system. The phase imprinting can be
implemented in two di↵erent ways. First, we can im-
print the phase di↵erence before connecting the reservoirs
thus mapping the lowest, stable branches of the energy
(Fig. 4), and measuring jumps in the superflow direction.
Secondly, we can gradually modify the phase di↵erence
in vivo, with the weak link already present, thus being
able to explore the metastable branches by observing a
hysteretic behavior in the superflow.

Complementary direct measurements of the phase pro-
file are possible by keeping part of the bulk BEC as a
homogenous phase reference. Then a readout can be ob-
tained from an interference pattern between this refer-
ence and the quasicondensate in the channel [23].

In conclusion, we have demonstrated that bosonic su-
perflow driven by a phase di↵erence between two BEC
reservoirs has spectacular features without any analogy
in geometrically similar superconducting systems. The
superflow, which is proportional to the first (rather than
second) power of the tunneling energy, periodically flips
direction and, moreover, has metastable branches, Fig. 4.
The corresponding energy levels intersect, and fluctua-
tions do not lead to avoided crossings. The bi- and multi-
stability associated with the existence of metastable
branches can only be accessed dynamically. A theoretical
description of the kinetics of such a process, while going
beyond the scope of this Letter, remains ad interesting
open question. Experimentally, the multi-stability can
be revealed by gradually adjusting the phase di↵erence
between the reservoirs at finite tunneling.

We gratefully acknowledge support from the Lever-
hulme Trust via the Grant No. RPG-380 (I.V.L.) and
from the EPSRC.
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EXAMPLE OF PHASE PROFILE IN THE 
CHANNEL 

CURRENT AS A FUNCTION OF 
IMPRINTED PHASE

Mean field treatment 
(not perturbative) 
leads to linear (in J) 
scaling of current

Spontaneous flip of 
direction, 
metastable states 
and hysteresis 
instead of sinusoidal 
current

SIMPSON ET AL, PRL 2014
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Experimental realization
Double layer 
trapping wires with 
varying width

Third layer barrier 
wires on micron 
scale

Direct or 
interferometric 
readout

SIMPSON ET AL, PRL 2014
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Challenges

Potential corrugation

Attractive surface forces

Johnson noise

ATOM CHIP @ 300K

COLD ATOMS 
@ ~0K ~1-100 MICRONS 
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Geometries & materials

Graphene

Trap Trap

tens of nanometers

Few Hundreds of micronsMetallic wire
creating the trap

Silicon or other 
materials

ksp

BEC (87Rb)Plasmon

F. INTRAVAIA ET AL, IN PREP 2014
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Summary

Atom chips have been demonstrated to be 
versatile tools for fundamental studies on complex 
quantum systems and for device applications alike

Further miniaturization opens new prospects for 
engineered environments for quantum gases, for 
microscopic sensing, and ultimately for atom-
surface interfaces
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