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Abstract: Using the unique detection properties offered by metastable
helium atoms we have produced high resolution images of the transverse
spatial profiles of an atom laser beam. We observe fringes on the beam,
resulting from quantum mechanical interference between atoms that start
from rest at different transverse locations within the outcoupling surface
and end up at a later time with different velocities at the same transverse
position. Numerical simulations in the low output-coupling limit give good
quantitative agreement with our experimental data.
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1. Introduction

Atoms coherently output-coupled from a Bose-Einstein condensate (BEC) form a coherent
beam of matter waves, or ‘Atom laser’ [1]. Like its optical counterpart, the atom laser has the
potential to revolutionise future atom interferometric sensors [2, 3, 4], in which a high flux
of collimated atoms is required. The ultimate performance of such sensors will rely on the
signal-to-noise ratio with which atoms in the atom laser beam can be detected. In the case of a
metastable helium atom laser, its constituent atoms are not in their true electronic ground state,
but rather in an excited state containing 20 eV of energy. This large internal energy is enough to
liberate electrons from a surface when struck by the atom, making detection of single metastable
atoms possible. It is this single atom detection property that makes a metastable atom laser not
only a promising candidate for future atom laser applications but also as a high resolution probe
of fundamental atom laser properties.

Unlike an optical laser, the particles in an atom laser interact with each other by scattering.
At ultracold temperatures this scattering can be characterised by a single parameter, the s-wave
scattering length. In most cases these interactions are small since the average density in a typical
continuous wave (cw) atom laser beam is low. However, as the atoms in the beam are coupled
out, they probe the high density of the BEC via the same interactions, and experience a large
repulsive force (so-called ‘mean field’ repulsion). These interactions heavily distort the atom
laser beam, resulting in a profile that exhibits a double peaked structure due to classical effects,
referred to as ‘caustics’ [5].

Besides these large-scale classical effects, it has been predicted that interference fringes
should be present on an atom laser beam. Atoms starting from rest at different transverse loca-
tions within the outcoupling surface can end up at a later time with different velocities at the
same transverse position, leading to quantum mechanical interference [6, 7].

A few previous experimental studies of atom laser profiles, all using rubidium atom lasers,
have been carried out. Riou et al. [5] observed the appearance of caustics in their atom laser
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beam profile, as predicted theoretically by Busch et al. [6]. Kohl et al. [8] used a curved mir-
ror to ‘magnify’ the transverse density distribution of their atom laser beam to produce high
resolution absorption images. In this paper we make use of the unique detection capabilities
offered by metastable atoms [9, 10, 11, 12] to image the two-dimensional transverse profile of
our radio-frequency (RF) output-coupled atom laser beam. Moreover, we observe for the first
time interference fringes on an atom laser beam, demonstrating the transverse coherence of an
atom laser.

Compared to previously produced rubidium atom lasers, our condensate is large compared
to the gravitational sag of the magnetic trap. This is due to the relatively large s-wave scattering
length [13] and low mass for 4He* in combination with the tight confinement that is possible.
For such a system, RF output coupling leads to output-coupling surfaces that are oblate spheres
rather than planes, as is the case of previously studied atom lasers [15]. This output-coupling
geometry leads to a ‘fountaining’ effect (see Fig. 1), in which atoms output coupled above the
trap centre experience an upward force. Since the output-coupling surface is almost symmetric
around the centre of the magnetic trap, the result is that initially the output-coupled atom cloud
contains atoms traveling up and down. This creates unusual dynamics, in which some atoms
‘fountain’ up and then drop back through the condensate. The resulting transverse atom laser
profiles exhibit a shadowed region, cast by the condensate, since atoms attempting to pass back
through the condensate are pushed off axis due to the dominant mean field repulsion.

2. Theory

Rubidium atom laser beam profiles are typically modelled [5] using a two-step process where
the wavefunction is first found on the edge of the condensate using the WKB approximation,
and then propagated through free space using a Kirchoff-Fresnel diffraction integral over the
surface of the condensate. In both of these steps, the nonlinear beam-beam interactions are
neglected. In He* experiments, the nonlinear interaction strength U is 28 times larger than for
Rubidium (due to the larger scattering length and the smaller atomic mass), so the nonlinear
beam-beam interactions cannot be neglected inside the condensate, although sufficiently far
below the condensate, the atom laser beam density will have reduced sufficiently for it to be
negligible. From this point down, the nonlinear beam-beam interactions can be neglected and a
Kirchoff-Fresnel diffraction integral used.

To model our experiment we use a two-step method where we first solve the 3D Gross-
Pitaevskii (GP) equation for the atom laser beam wave function in the volume between the
classical turning point of the atom laser beam above the condensate down to a point far enough
below the condensate such that the nonlinear beam-beam interaction becomes negligible. This
wavefunction is then used to solve for the atom laser beam density on the detector by per-
forming a Kirchoff-Fresnel diffraction integral over a plane below the condensate. The Gross-
Pitaevskii equations describing an outcoupled atom laser are

ih̄
∂Ψt

∂ t
=− h̄2∇2

2m
Ψt +Vtrap(x)Ψt −mgzΨt +U(|Ψt |2 + |Ψu|2)Ψt + h̄ΩΨu, (1)

ih̄
∂Ψu

∂ t
=− h̄2∇2

2m
Ψu−mgzΨu +U(|Ψt |2 + |Ψu|2)Ψu + h̄ΩΨt , (2)

where Ψt and Ψu are the trapped and untrapped fields respectively, Vtrap(x) = 1
2 m(ω2

x x2 +
ω2

y y2 + ω2
z z2) is the trapping potential, ωx, ωy, and ωz are the trapping frequencies, U is the

nonlinear interaction strength, and Ω is the Rabi frequency of the RF outcoupling. In this work,
we have assumed that the outcoupling rate is sufficiently low such that the beam’s back-action
on the condensate can be neglected, allowing us to set the terms involving Ψu Eq. 1 to zero
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Fig. 1. Near field simulations of atom laser profiles, showing vastly different output dynam-
ics depending whether output-coupling takes place on (A) planes or on (B) oblate spheres.
The output-coupling regions (dashed line), relative to the BEC (circle), used to create these
plots are shown diagrammatically in the upper left corner of each plot. In both cases the
BEC is located at the origin, with radial trapping frequencies of 50 Hz and 460 Hz for (A)
and (B) respectively. The resulting far field atom laser profiles as calculated at our detector
for (A) and (B) are shown in (C). The green profile results from the near field distribu-
tion shown in (A). The blue and red profiles result from the near field distribution shown
in (B) and are calculated using the Gross-Pitaevskii equation and classical mechanics re-
spectively. The classical simulation treats the atoms as classical particles that begin on the
outcoupling surface and are pushed from the BEC due to a potential that is given by the
mean field repulsion; the resulting two-lobe caustic structure is clearly visible.

in our simulations. Consequently any effects such as local condensate depletion and excitation
of higher-order condensate modes are ignored in our model. These equations were integrated
numerically with an adaptive fourth-fifth order Runge-Kutta algorithm using the open source
package XMDS [16].

Once the steady state for the atom laser beam has been found from the GP equations, the
wavefunction at the detector is found by using a Kirchoff-Fresnel diffraction integral over an
infinite plane below the condensate,

Ψ(r) =
∫

S
dS′ · [GE(r,r′)∇′Ψ(r′)−Ψ(r′)∇′GE(r,r′)

]
, (3)

where GE(r,r′) is the time-independent Green’s function for energy E, and potential V =
−mgz [17]. Although the integral in Eq. 3 is a surface integral, for simplicity we follow [5]
and neglect divergence in the weak trapping direction and only consider lines along the plane
of the strong trapping axes, making the integral one dimensional.

The complicated dynamics of an atom laser with an output-coupling surface that is an oblate
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sphere is predicted by our model to produce atom laser profiles with two sets of interference
fringes. The first set of fringes are due to interference between atoms that initially go upwards
and those that go downwards. These are high spatial frequency fringes since the transverse ve-
locity difference of these atoms is relatively large. Interestingly, analogous interference effects
have been observed in photodetachment experiments [14]. This fringe pattern is modulated by
a second set of fringes with a smaller spatial frequency that are due to interference between
atoms starting with slightly different transverse positions. This contrast in dynamics is shown
in Fig. 1(c) where the results of a numerical simulation of a He* atom laser beam profile gen-
erated from condensates with different radial trapping frequencies is plotted.

3. Experiment and Results

To study the atom laser profile, we use atoms RF output-coupled from a He* BEC. Our experi-
mental setup for creating a He* BEC has been reported elsewhere [18]. Briefly, we use a cryo-
genic beamline to produce a He* MOT. Atoms are extracted from this low vacuum magneto-
optic trap (MOT) into a high vacuum MOT via an LVIS+ setup [19]. Atoms are transfered from
the MOT into a BiQUIC magnetic trap, where a BEC is produced using forced RF evaporative
cooling. Using this setup we are able to create almost pure BECs containing up to 5×106 atoms.
Our experimental apparatus allows us to smoothly change the radial trapping frequencies from
100 Hz to 1020 Hz, while the axial frequency is a constant 55 Hz. To ensure the stability of our
atom laser a number of experimental techniques are employed. Firstly, we stabilise the currents
through our magnetic trap coils to 1 part in 105, which amounts to less than 10 µG of magnetic
field noise. Secondly, active compensation of stray background magnetic fields [20] is used to
reduce the amplitude of stray AC fields to below 20 µG and long term DC drifts to 10 µG.
Finally, to minimise shot-to-shot variations, temperature controlled water is used to thermally
control the magnetic trap.

Coherence is an important property of any laser. For an atom laser both first [21] and second
order coherence [22] in the longitudinal direction have been demonstrated. Transverse coher-
ence of weakly outcoupled atom laser beams has not, due to the difficulty of resolving the small
scale fringe structure and the magnetic trap stability required. Our experiments are analogous to
diffraction of light through a single slit, where interference results from waves emanating from
an extended source taking different paths to the same point on a screen. When looking at a cross
section of a beam of light, the length over which the phase is correlated is called the transverse
coherence length. To demonstrate the transverse coherence of our atom laser beam we image
the atom laser beam profile 4 cm below the BEC using a double stacked multi-channel plate
(MCP) in combination with a phosphor screen. We image the phosphor screen with a CCD
camera, resulting in an imaging resolution of approximately 150 µm. Although this resolution
is too low to observe the fast fringes predicted by our simulations, it is more than adequate to
detect the slower fringes. To remove any uniformities caused by spatial variations in the gain
of our MCP, we devide all our images by a flat field image, produced by dropping atoms from
a MOT onto our detector. Since the MOT temperature is of order ∼ 1 mK, the spatial profile of
the MOT uniformly illuminates our MCP.

For these measurements we use a trap with radial frequency fr = 1020 Hz, tune our output-
coupling frequency to the centre of the BEC, and produce cw atom lasers with a duration of
20 ms. Fig. 2 (upper plot) shows the full two-dimensional raw atom laser profile on our MCP
when a Rabi frequency of 500 Hz is used. The image is taken over the full duration of the atom
laser, and thus is integrated over time. Also shown is the theoretical line profile (lower trace)
which is in good agreement with experiment (middle trace). Note that the symmetry of the atom
laser beam allows us to average our experimental profile by reflection through the origin. This
tends to average out any structure that does not occur on both sides of the atom laser beam.
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Fig. 2. Comparison of theory and experiment. Upper trace shows an experimental 2-D MCP
image of the transverse profile of an atom laser (image size is 13 mm by 3.4 mm). Middle
trace is an averaged profile taken through the centre of the 2-D image. Lower trace is the
expected theoretical profile corresponding to the experimental conditions.

We have also averaged the theoretical profile, using the resolution of our detection system. At
this relatively low output-coupling power, we observe only one interference maximum, located
at ±4.6 mm. We also observe a dark area in the central region, caused by the BEC casting a
shadow in the atom laser beam.

While most of the salient features are predicted well by the theoretical model (i.e. width,
position of the interference fringes, and observed shadow) there is some disagreement in the
general shape probably due to back-action [23] of the atom laser on the BEC. These differ-
ences become more obvious at higher output-coupling powers, where back-action effects are
more pronounced. As a single simulation of the experiment takes 2000 hours of CPU time on
a supercomputer, it is currently not feasible to include back-action effects as this would signifi-
cantly increase the simulation time required. Despite this limitation, our model predicts higher
visibility interference fringes for higher Rabi frequencies, which is a trend observed in the ex-
periment. Fig. 3 shows the appearance of high contrast interference fringes on our atom laser
profile when a output coupling Rabi frequency of 1 kHz is used.

Let us now turn our attention to the beam quality of an atom laser beam, in the context of
its application to future technologies. It is clear that the complicated mode structures exhibited
by our He* atom laser are far from ideal when one considers possible applications. However,
the atom laser profiles previously shown are at the extreme of non-ideal, since we have output-
coupled from the centre of the condensate and used relatively tight radial trapping frequencies.
In principle, both these effects can be minimised by reducing the trapping frequency and by
output-coupling from the very edge of the condensate where the density is lower and where
the effects of mean field repulsion will be less [8]. Fig. 4 shows a series of 2-D atom laser
profiles with axial and radial magnetic trap frequencies of (A) fa = 55 Hz, fr = 460 Hz and
(B) fa = 55 Hz, fr = 113 Hz in which we have varied the position of the output-coupling surface
inside the BEC. The resulting profiles display the same basic shape, converging to almost a
gaussian as the output-coupling surface is tuned to the very edge of the condensate. This series
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Fig. 3. Experimental MCP image (upper plot) and cross-section (lower plot) showing in-
terference fringes. Upper trace is the raw 2-D image, while the lower trace is an averaged
profile.

of measurements demonstrates that it is possible to obtain a less structured mode profile for
a He* atom laser, although operating at such low trapping frequencies and operating near the
edge of the condensate is not ideal since this is where we have the highest degree of technical
noise. A better alternative is to output-couple using optical Raman transitions, which have been
shown to produce atom laser beams with higher mode quality for rubidium atom lasers [24].

4. Conclusion

In summary, we have taken high resolution 2-D images of a He* atom laser beam profile.
For low output-coupling powers, we see good agreement between the experimental data and
theoretical simulations of our system. In particular, the interference fringes predicted by the
theory are observed. For higher output-coupling powers, we see multiple high contrast fringes,
demonstrating the transverse coherence of our atom laser beam. The dynamics of our atom
laser is markedly different to others previously studied, and give rise to quite unique beam
profiles which are far from gaussian. We demonstrate, however, that by reducing the radial trap
frequency and output-coupling from the edge of the condensate that the beam profile can be
significantly improved, and may yet be useful for future atom optic devices.
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Fig. 4. Experimental two-dimensional images of a He* atom laser beam. Successive images
are plotted in which the detuning of the RF, shown to the left of each image, is moved from
the central high density region of the condensate to the edge of the condensate. For compar-
ison two configurations are shown for which the radial trapping frequency is significantly
different (A) fa = 55 Hz, fr = 460 Hz and (B) fa = 55 Hz, fr = 113 Hz.
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