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Metrology with atom position measurements
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Atom detection techniques

High Resolution Imaging of Single Atoms in a Quantum Gas

Tatjana Gericke, Peter Würtz, Daniel Reitz, Tim Langen, and Herwig Ott⇤
Institut für Physik, Johannes Gutenberg-Universität, 55099 Mainz, Germany

(Dated: April 30, 2008)

Our knowledge on ultracold quantum gases is
strongly influenced by our ability to probe these
objects [1, 2, 3, 4]. In situ imaging combined with
single atom sensitivity is an especially appealing
scenario as it can provide direct information on
the structure and the correlations of such sys-
tems [5, 6, 7]. For a precise characterization a
high spatial resolution is mandatory. In partic-
ular, the perspective to study quantum gases in
optical lattices [8, 9, 10] makes a resolution well
below one micrometer highly desirable. Here, we
report on a novel microscopy technique which is
based on scanning electron microscopy and allows
for the detection of single atoms inside a quan-
tum gas with a spatial resolution of better than
150 nm. Imaging a Bose-Einstein condensate in
a one-dimensional optical lattice with 600 nm pe-
riod we demonstrate single site addressability in a
sub-µm optical lattice. The technique o↵ers excit-
ing possibilities for the preparation, manipulation
and analysis of quantum gases.

Ultracold atoms can be visualized by various tech-
niques. Absorption imaging [11] is the workhorse in most
experiments and is typically applied in time of flight in
order to increase the cloud size and reduce the optical
density. While phase contrast imaging [1, 12] is well
suited for trapped quantum gases, fluorescence imaging
[13, 14, 15, 16, 17, 18] is especially attractive as it allows
for single atom detection with almost 100% e�ciency. It
has been applied to isolated thermal atoms at low den-
sities but has not yet been extended to single atom de-
tection in quantum gases. The best achievable resolution
of these optical techniques is ultimately limited by half
the wavelength of the used light field - in practice, the
best reported resolution is about 1 µm [14]. Direct parti-
cle detection of metastable atoms in time of flight [2, 19]
and outcoupling of single atoms from a condensate with a
radio frequency field [3] are alternative techniques which
have been developed. However, they either cannot be ap-
plied to trapped samples [2, 19] or are restricted to one
spatial dimension [3]. Whereas each of those techniques
has its specific advantages and applications, a versatile in
situ detection of single atoms in a quantum gas is lack-
ing. Moreover, a spatial resolution of below 1 µm which
opens the intriguing perspective to resolve single sites in
a sub-µm optical lattice has not yet been achieved.
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FIG. 1: Working principle. The atomic ensemble is prepared
in an optical dipole trap. An electron beam with variable
beam current and diameter is scanned across the cloud. Elec-
tron impact ionization produces ions which are guided with
an ion optical system towards a channeltron detector. The
ion signal together with the scan pattern is used to compile
the image.

In our experiment we have transferred the principles
of scanning electron microscopy to the detection of ultra-
cold atoms (Fig. 1). A focused electron beam with 6 keV
electron energy, a full width half maximum (FWHM)
diameter of 100-150 nm and a current of 10-20 nA is
scanned across a Bose-Einstein condensate of rubidium
atoms which is prepared in an optical dipole trap [20].
The atoms are ionized by electron impact ionization, ex-
tracted with an electrostatic field and subsequently de-
tected by an ion detector. The small diameter of the
electron beam ensures a high spatial resolution, whereas
the ion detection provides single atom sensitivity. The
total ionization cross section at 6 keV electron energy for
rubidium is �

ion

= 3.5 ⇥ 10�17cm2 [21] and represents
40% of all scattering events [22, 23]. Elastic and inelastic
electron-atom collisions constitute the remaining events
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Estimation from the average density

Measurement

⇢(x|✓) = h 
out

(✓)| ̂†(x) ̂(x)| 
out

(✓)i

i)   Imprint the true value ✓

ii)   Measure the density averaged over m repetitions 

iii)   Infer by a least-squares fit

Estimation Protocol
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Estimation sensitivity

Fisher Information - single particle

Two-particle correlation

J. Chwedenczuk,  P. Hyllus, FP, A. Smerzi, arXiv :1108.2785

C =

Z
dxdy g2(x, y|✓) @✓⇢(x|✓)@✓⇢(y|✓)

g2(x, y|✓) =
h ̂†(x) ̂†(y) ̂(y) ̂(x)i
h ̂†(x) ̂(x)ih ̂†(y) ̂(y)i
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Estimation sensitivity

Fisher Information - single particle

Two-particle correlation

J. Chwedenczuk,  P. Hyllus, FP, A. Smerzi, arXiv :1108.2785

Quite general result  : • two and many modes
• bosons and fermions

• T=0 and T>0
• any interferometer

C =

Z
dxdy g2(x, y|✓) @✓⇢(x|✓)@✓⇢(y|✓)

g2(x, y|✓) =
h ̂†(x) ̂†(y) ̂(y) ̂(x)i
h ̂†(x) ̂(x)ih ̂†(y) ̂(y)i
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Two-mode interferometry - Mach-Zehnder

✓

Measurement

hn̂1 � n̂2i
Heisenberg limit

for spin-squeezed
states
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Implementation with Ultracold Bosons

C. Gross, J. Phys. B  45(2012)
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Heisenberg limit

for spin-squeezed
states

Implementation with Ultracold Bosons

C. Gross, J. Phys. B  45(2012)

Experiments
Ramsey-spectroscopy

No MZI yet
Double-well

J. Esteve, et al., Nature 554(2008)

Twin-atom beams
R. Buecker, et al., Nat. Phys. 7(2011)
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Two-mode interferometry - Interference pattern
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Two-mode interferometry - Interference pattern
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Two-mode interferometry - Interference pattern

✓

✓

Phase squeezing Contrast

J. Grond, et al., NJP 12(2010)

Realistic phase squeezing

Phase Shift + Expansion

Tuesday, June 12, 12



8 Lyon, 8th June 2012Metrology & Spatial Detection

Two-mode interferometry - Interference pattern

✓

✓

Phase squeezing Contrast

J. Grond, et al., NJP 12(2010)

Realistic phase squeezing

Include technical noise

Least-squares fit to fluorescence density
5 bins / fringe 

sub-shot noise preserved for 
10 photons/atom

Phase Shift + Expansion
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Multimode interferometry - BEC inside a lattice
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Multimode interferometry - BEC inside a lattice
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Multimode interferometry - BEC inside a lattice
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Particular SU(M) interferometer
Implementation of Beam Splitter, is not obvious !

A Vourdas, et al., PRA 71(2005)

Interference Pattern does it “automatically” !

Improves for Phase Squeezed

Creation of number-squeezing C. Gross, et al., PRA 84 (2011)
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Summary & Outlook

1. General expression for the sensitivity of parameter estimation from 
one-body density

• Two/Multi-mode, any interferometer, bosons/fermions
2. Measurement on interfering BEC

• SSN sensitivity in double-wells fitting the interference density

• “Heisenberg” scaling with number of lattice sites
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Summary & Outlook

1. General expression for the sensitivity of parameter estimation from 
one-body density

• Two/Multi-mode, any interferometer, bosons/fermions
2. Measurement on interfering BEC

• SSN sensitivity in double-wells fitting the interference density

• “Heisenberg” scaling with number of lattice sites

Next...
1. SU(M) interferometers: general sensitivity bounds

• Two/Multi-mode, any interferometer, bosons/fermions

• Useful entangled states in optical lattice (see C. Gross, et al. PRA 84(2011))
2. Temperature estimation (Poster J. Chwedenczuk)
3. Look for useful correlation in other systems (low dimensions, fermions,...)
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