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A. Emmert1,a, A. Lupaşcu1, G. Nogues1,b, M. Brune1, J.-M. Raimond1, and S. Haroche1,2

1 Laboratoire Kastler Brossel, ENS, CNRS, UPMC, 24 rue Lhomond, 75231 Paris Cedex 05, France
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Abstract. We have measured the trapping lifetime of magnetically trapped atoms in a cryogenic atom-chip
experiment. An ultracold atomic cloud is kept at a fixed distance from a thin gold layer deposited on top of
a superconducting trapping wire. The lifetime is studied as a function of the distances to the surface and to
the wire. Different regimes are observed, where loss rate is determined either by the technical current noise
in the wire or the Johnson-Nyquist noise in the metallic gold layer, in good agreement with theoretical
predictions. Far from the surface, we observe exceptionally long trapping times for an atom-chip, in the
10 min range.

PACS. 03.75.Be Atom and neutron optics – 37.10.Gh Atom traps and guides – 67.85.-d Ultracold gases,
trapped gases

1 Introduction

In atom-chip experiments, cold atoms are trapped in mag-
netic field gradients created by microfabricated current-
carrying wires [1] or ferromagnetic structures [2]. Micro-
fabrication techniques allow for the design of static or r.f.
fields in the close vicinity of the atoms. By adjusting these
fields, the atomic cloud can be manipulated in a very ver-
satile manner. The large achievable oscillation frequen-
cies in the traps pave the way to the quantum control of
the atomic motion. Moreover, ultracold atoms can be in-
tegrated on the chip with other microfabricated devices
like nanomechanical resonators [3], SQUIDs [4] or cavi-
ties [5,6]. To enhance the coupling to the latter, highly
excited atoms (Rydberg atoms) could be used in a cryo-
genic environment [7].

High trapping frequencies are achieved when the
atomic cloud is brought very close to the surface of
the chip. In these conditions, however, new loss mecha-
nisms are experimentally observed [8,9]. They originate
mainly from Johnson-Nyquist noise currents in the trap-
ping structure. They produce magnetic-field fluctuations
at the position of the trapped cloud, inducing Zeeman
transitions towards untrapped magnetic sublevels [10,11].

This difficulty might be overcome by operating the
atom-chip at low temperature, with superconducting ma-
terials. The magnetic field noise in the vicinity of a super-
conductor is expected to be drastically smaller than that
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of a normal metal. Hence, the trapping lifetime should
increase significantly [12–15], with interesting potential-
ities for coherent atom manipulations. Additionally, one
benefits from an extremely good vacuum due to cryogenic
pumping, as already demonstrated for magnetic traps with
centimetre-sized coils [16]. These promising features have
triggered experimental efforts to develop and operate cryo-
genic atom-chips [17–19].

Even in the vicinity of a normal metal, the use of low
temperature could improve significantly the trapping life-
time. As shown in [20], the lifetime in this case scales
as [σ(T ) T ]−1, where T is the temperature, proportional,
down to sub-Kelvin temperatures, to the mean number of
blackbody photons at the frequency of the Zeeman transi-
tions, and σ(T ) the conductivity of the metal. When T is
high, σ(T ) is inversely proportional to T and the lifetime is
temperature-independent. For low enough temperatures,
σ saturates to a value determined by the electron diffusion
on the impurities in the metal. The lifetime increases then
as 1/T .

We report here measurements of the trapping lifetime
in front of a gold surface at 4.2 K. The experiment is
performed in the cryogenic setup of references [17,19]. We
identify two loss mechanisms. The first is due to spin-flips
induced by technical current fluctuations in the trapping
wire. The second is due to the Johnson-Nyquist noise in a
thin gold layer of thickness h = 200 nm deposited on top
of the superconducting niobium atom-chip. Bringing the
atoms as close as 15 μm to the chip along two different
paths, we measure independently the loss rates associated
to both mechanisms.
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Fig. 1. (Color online) (a) Front view of the atom-chip used
in this experiment. The trapping Niobium wires (U-wire and
Z-wire) are covered by an insulating BCB layer and a gold mir-
ror. (b) Cut of the atom-chip structure in the yz plane (along
the dashed line in (a)). Atoms are trapped and approached to
a distance d from the surface, either directly over the Z-wire
(direct approach, solid arrow) or by maintaining a nearly con-
stant distance r (between 160 and 240 μm) to the wire center
(side approach, dashed arrow).

2 Experimental conditions

Our experimental setup is described in detail in refer-
ences [17,19]. The superconducting chip is cooled down to
4.2 K in a 4He cryostat with optical access. The current-
carrying wires are etched from a Nb superconducting layer
(thickness 960 nm) sputtered on a oxidized silicon sub-
strate (Fig. 1). The trapping structures are planarized
with a 1.5 μm thick layer of BCB resist. Finally, a 200 nm
thick gold layer is evaporated onto the chip. It reflects
the laser beams used for atomic cooling, manipulation
and imaging. Centimetre-sized superconducting coils gen-
erate a fully adjustable external bias magnetic field B in
the trapping region. 87Rb atoms are initially trapped in

a 2D-MOT in a UHV cell at room temperature. They
are then transferred in a slow atomic beam inside the
cryostat and recaptured in front of the atom-chip by a
mirror-MOT. After 2 s of loading, the atoms are com-
pressed in a MOT whose magnetic field is created by
the U-wire (Fig. 1) and an external bias field. They are
then cooled in an optical molasses and optically pumped
to the |F = 2, mF = 2〉 Zeeman sublevel of the ground
state. The cloud is finally transferred, 460 μm away from
the surface, to an Ioffe-Pritchard trap produced by a
current IZ = 1.32 A in the Z-wire (width 40 μm) and
a B = (Bx, By, Bz) = (0, 0, 4.4) gauss bias field.

In the Ioffe trap, the atomic cloud is compressed by
raising the magnetic bias field to (11.2, 0, 26.2) gauss in
20 ms. This increases the elastic collision rate and leads
to a fast thermalisation of the sample. We perform evapo-
rative cooling for 5 s using an r.f. field radiated by another
wire on the chip (not shown in Fig. 1). The temperature
after evaporative cooling is set by the final value of the
r.f. frequency ramp. This setting results from a compro-
mise between the total number of atoms and the size of
the cloud which must be smaller than the distance to the
surface. We do not cool down to quantum degeneracy in
order to avoid three-body collision losses. Atomic cloud
temperatures are always measured after an adiabatic de-
compression of the trap to B = (11.2, 0, 8.4) gauss [19].
They range from 3 to 25 μK.

The atomic cloud position is controlled by the y and
z components of the bias field. The bias field along x is
set to Bx = 3.0 gauss. Our choice of the bias field Bx

corresponds to a minimum of the technical magnetic-field
noise spectrum in our apparatus and is compatible with
a large trap depth at large distances. Neglecting the in-
fluence of the Z-wire current on Bx, the spin-flip Zeeman
frequency at the bottom of the trap is expected to be
2.1 MHz. By Zeeman spectroscopy, we have measured the
actual frequency ω/2π = 2.20(15) MHz. The uncertainty
on ω includes the spread of the Zeeman frequency due to
the Z-wire field for all atomic cloud positions of this ex-
periment. We have checked that the measured lifetimes do
not depend on ω within this uncertainty range.

The atomic cloud is imaged by the absorption of a
probe beam in the xy plane at an angle of 11◦ with respect
to the x axis. We thus view simultaneously the cloud and
its reflection in the gold surface. The distance between
these two images provides an accurate determination of
the distance d between the cloud and the surface. How-
ever, for d ≤ 50 μm, the two images merge because of the
elongated shape of the atomic cloud along the x direction.
The distance d is then evaluated by a linear extrapolation
of its variation with the control parameters (By and Bz),
with large error bars at short distances. Obviously, when
d is smaller than the transverse size of the atomic cloud,
additional losses occur due to the adsorption on the chip
surface. For the lowest cloud temperature, T = 3 μK, this
happens for d � 15 μm. Let us note also that the scat-
tering of the incoming laser on the edge of the Z-wire is
visible in the absorption image, giving us access to the z
coordinate of the cloud (Fig. 1).
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At the end of the evaporation, the atoms are at 60 μm
from the surface on the y axis. By changing Bz while keep-
ing By = 0, we can move the cloud within 400 ms adiabat-
ically along the y axis (Fig. 1). For this “direct approach”,
the distance d to the surface is equal to the distance r to
the current-carrying Z-wire. The loss rate due to the tech-
nical current fluctuations in the Z-wire obviously depends
on r. In order to measure independently the effect of the
gold layer, which depends only on d, we also use a “side
approach” in which r is nearly constant [21]. Starting from
the initial conditions, during 400 ms Bz is decreased and
By increased so that Bz + By is constant. The distance
d changes while r is always greater than 160 μm. We ap-
proach the surface on the side of the Z-wire opposite to
the U-wire. In this way, we avoid the trapping potential
perturbation due to the Meissner effect in the supercon-
ducting U-wire [22].

The final conditions at the end of the approach se-
quence are maintained for a variable duration t before
taking an image of the cloud, used to evaluate the number
of atoms remaining in the trap. By repeating the experi-
ment for different trapping times, we measure the trapping
lifetime.

3 Results

3.1 Direct approach measurements

We first describe the lifetime measurements in the case
of the direct approach, when the distance to the sur-
face, d, and the distance to the Z-wire, r, are equal. Fig-
ure 2a presents a typical measurement of the number of
atoms as a function of the trapping time t for a distance
d = 250 μm, together with a bi-exponential fit. Initially,
we observe a rapid decay attributed to evaporation of the
hottest atoms (time constant 8.90(15) s). This interpreta-
tion is confirmed by a simultaneous rapid decrease of the
cloud temperature, shown in the inset of Figure 2a. For
t > 30 s, this rapid evaporation comes to an end, and we
observe a very long lifetime τ = 350(70) s.

We present in Figure 2b a log-log plot of the life-
time τ , measured after the fast initial evaporation, as a
function of d. At large distances, we observe extremely
long trapping lifetimes, in the 10 min range, compara-
ble to the best results obtained with centimetre-sized su-
perconducting coils in a cryogenic environment [16]. Our
results are significantly better than those presented in
reference [17], where a lifetime τ = 115 s at a distance
d = 350 μm was reported. At the same distance we now
obtain τ = 560(100) s. This improvement is due to better
screening of the experiment from external r.f. radiation, to
the use of low-noise current power supplies, as well as to a
careful filtering of the d.c. currents in the wires connecting
the experiment to the outside. Note that the longest trap-
ping times observed set a limit to the maximum residual
4He pressure in the experimental cell P < 7×10−12 mbar.

The lifetime clearly decreases as the cloud is brought
closer to the chip and to the wire. Over a large distance
range, our observations follow a τ ∝ d2 variation, as shown
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Fig. 2. (Color online) (a) Number of atoms as a function of
the trapping time t for a cloud at a distance d = 250 μm from
the trapping wire. The solid line is a bi-exponential fit leading
to decay times of 8.90(15) s and 350(70) s. The inset shows the
temperature of the cloud as a function of time for the same
conditions. The temperature decreases during the rapid decay
of the atom number and then remains constant, supporting
our assumption that evaporation takes place during this initial
period. (b) Trap lifetime τ as a function of the distance d in the
case of the direct approach of Figure 1. The solid line τ ∝ d2

is a theoretical fit, in good agreement with the measurements
for d between 20 and 300 μm.

by the solid line in Figure 2b. The observed losses are much
faster than those expected to be due to the vicinity of a
normal or superconducting metallic surface [11,13]. We
thus attribute these fast losses to the spin-flips induced
by technical current noise in the Z-wire. The correspond-
ing spin-flip rate towards untrapped magnetic sublevels is
Γtech = (μBgF )2B2/�

2 [23], where μB is the Bohr magne-
ton, gF the Landé factor of the F = 2 manifold and B is
the spectral density of magnetic noise at the location of
the atoms. It is related to the current noise spectral den-
sity in the trapping Z-wire. Assuming an infinitely thin
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wire, we have:

τtech =
(

h

μ0μBgF

)2
d2

I2
, (1)

where I is the current noise spectral density. The solid
line of Figure 2b is a fit of the experimental points for
20 < d < 300 μm. It uses equation (1) and leads to
I = 1.3(3) nA Hz−1/2. Technical current noise is thus the
dominant loss source in the case of the direct approach.

Let us note that, for small and large distances, atoms
are lost significantly faster than expected by the previ-
ous analysis. In order to reach large distances, we lower
the external field Bz and accordingly reduce the depth of
the trap, leading to additional losses. At short distances,
the cloud size is of the order of d and surface adsorp-
tion comes into play. This effect could be enhanced by
the existence of screening supercurrents in the trapping
wire (Meissner effect) which flatten the trapping potential
for distances comparable with the width of the trapping
wire [22].

3.2 Side approach measurements

In order to reveal the effect of Johnson-Nyquist noise on
the trapping lifetime, we use the side approach. In this
case, the distance from the wire r remains nearly constant
(it varies between 160 and 240 μm). Using the results of
the previous section, the technical-noise-limited lifetime
is τtech > 200 s. Figure 3 presents the observed lifetimes
as a function of the cloud-surface distance d for the side
approach. It shows that τ decreases with d, well below
the limit set by the technical noise. We attribute these
additional losses to the effect of Johnson-Nyquist noise in
the gold layer.

Our experimental results can be compared with the-
oretical predictions. The three relevant length scales are
the distance d, the thickness h of the metallic film, and its
skin-depth δ =

√
2/(μ0σω), which characterizes the dissi-

pation in the material at the Zeeman transition frequency
ω (σ(ω) is the conductivity of the metal). The trapping
time can be calculated in the asymptotic regime corre-
sponding to our experimental parameters where h � δ �
d [11,12,24]:

τ ≈ τ0

nth + 1
32
9

(ω

c

)3 d2δ2

h

[
1 +

(
4dh

π2δ2

)2
]

(2)

where nth is the mean thermal photon number at the tran-
sition frequency ω and τ0 is the lifetime in free space at
T = 0 given by the Wigner-Weisskopf formula. In the
case of our experiment, h = 200 nm, ω = 2π × 2.2 MHz,
nth = 4.0 × 104 and τ0 = 1.9 × 1023 s.

In order to compare the theoretical prediction with the
measurements, we must also take into account the nearly
constant loss rate induced by technical current fluctua-
tions. The solid line of Figure 3 is a fit of the experimental
data based on this approach, keeping as free parameters
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Fig. 3. (Color online) Lifetime measurements as a function of d
for the side approach. The dotted line presents, for reference,
the lifetime observed for the direct approach. The solid line
results from a theoretical model for the Johnson-Nyquist noise-
induced losses, including the nearly constant contribution of
the technical noise (see text). Theory is in good agreement
with the observations.

the technical noise lifetime τtech, fit and the gold layer con-
ductivity σ. We get τtech, fit = 400± 200 s, consistent with
the results of the previous section. The conductivity is
found to be σ = 6.7 ± 4.0 × 109 (Ω m)−1, in excellent
agreement with standard values for thin films of gold at
4.2 K (σ = 5×109 (Ω m)−1 [25]). It corresponds to a skin-
depth δ = 4.1 μm. We are thus well within the asymptotic
limits of equation (2).

4 Conclusion and perspectives

We have observed extremely long trapping lifetimes above
a superconducting atom-chip in a cryogenic environment.
We get lifetimes in the 10 min range at large distances
(350 μm) from the chip surface. This is a considerable
improvement over previous experiments [17], which is due
to largely improved screening of magnetic field technical
noise.

A careful control of the position of the trapped atomic
cloud above the chip surface allowed us to explore the trap
loss mechanisms when the atoms are brought close to the
chip. At short distances to the trapping wire, the current-
noise induced losses are dominant. Far from the wire, but
at short distances from the thin gold layer covering the
chip, we observe the effect of Johnson-Nyquist noise. The
magnitude of this noise is in excellent agreement with
the theoretical predictions. This effect sets a fundamental
limit to the maximum achievable lifetime above a normal
conducting surface.
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The current-noise-induced losses could be considerably
reduced by using permanent superconducting currents as
realized in reference [18], since in that case the techni-
cal noise coming from the external power supplies could
be suppressed. The Johnson-Nyquist noise limit could be
overcome if the atoms are brought close to a supercon-
ducting surface. In our experiment, it requires a new chip
generation, where the atoms can approach a bare super-
conducting surface, which is not covered by a gold layer
as it is the case for these measurements. In this case, how-
ever, additional loss mechanisms, due to the presence of
Meissner-effect screening currents [22] could come into
play. We have preliminary observations indicating that
this effect is a limitation, when the atoms come very close
to the trapping Z-wire in the direct approach. This lim-
itation could be avoided by using a trapping wire whose
width is much smaller than its distance to the trapped
atoms. This would lead to long lifetimes and tight trap-
ping potentials, promising for the coherent manipulation
of atomic motion.
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