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Measurement and Simulation of Atomic Motion in Nanoscale
Optical Trapping Potentials

Signe B. Markussen · Jürgen Appel · Christoffer Østfeldt ·
Jean-Baptiste S. Béguin · Eugene S. Polzik · Jörg H. Müller

January 31, 2020

Abstract Atoms trapped in the evanescent field around
a nanofiber experience strong coupling to the light guided
in the fiber mode. However, due to the intrinsically
strong positional dependence of the coupling, thermal
motion of the ensemble limits the use of nanofiber trapped
atoms for some quantum tasks. We investigate the ther-
mal dynamics of such an ensemble by using short light
pulses to make a spatially inhomogeneous population
transfer between atomic states. As we monitor the wave
packet of atoms created by this scheme, we find a damped
oscillatory behavior which we attribute to sloshing and
dispersion of the atoms. Oscillation frequencies range
around 100 kHz, and motional dephasing between atoms
happens on a timescale of 10 µs. Comparison to Monte
Carlo simulations of an ensemble of 1000 classical parti-
cles yields reasonable agreement for simulated ensemble
temperatures between 25 µK and 40 µK.

1 Introduction

Efficient coupling of atomic ensembles to well defined
propagating optical modes is an important theme in
quantum optics. While for a single atom or ion a good
overlap between a controlled optical mode and the dipole
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emission pattern of the particle can be achieved with
high numerical aperture lens systems, it is less obvi-
ous how to achieve similarly strong coupling for atomic
ensembles with a limit on particle density. Over the last
decade several experimental groups developed nanofiber
traps, where atomic ensembles are trapped in the evanes-
cent part of light modes guided by an optical fiber care-
fully thinned to subwavelength diameter [1–9]. Here, a
focus condition for light is maintained over the whole
length of the nanofiber waist and the strong intensity
gradients in the evanescent field outside the fiber can
be harnessed to sculpt an extreme 1D dipole poten-
tial landscape for trapping atomic ensembles with far
detuned laser light. The coupling of atoms to near res-
onant light through the fiber, characterized by the op-
tical depth per atom, can reach values of OD = 10%

at the trap minima for well chosen fiber diameters and
trapping wavelengths [2].

Intrinsically, the coupling varies strongly with both
the distance of the atoms from the surface of the nanofiber
and with their azimuthal position with respect to the
polarization of the probe light mode. This entails clas-
sical noise in the coupling of the ensemble as individ-
ual atoms move thermally in the trapping potential at
any non-zero ensemble temperature. The statistics and
correlations of this coupling noise put restrictions on
the use of nanofiber trapped ensembles for quantum
tasks, e.g. quantum memories or heralded single pho-
ton sources [5, 10–12], and provide a strong incentive to
develop methods to cool the atoms as close as possible
to the motional ground state of the trapping potential
[13–15].

To characterize the limitations, it becomes interest-
ing to investigate experimentally the intrinsic thermal
motion in atomic ensembles trapped around a nanofiber.
To this end, we use short light pulses to make a spa-
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Fig. 1 (a) Trap potential around the fiber. Blue (red) indicates
negative (positive) potential energy. A 30µK ensemble of non-
interacting atoms can be seen as yellow dots. In experiments, a
similar ensemble exists on the other side of the fiber. (b) Intensity
variation of probe light along the x-direction (grey line in (a)). (c)
Radial trapping potential, cut along the x-direction. Teal areas
are inside the nanofiber.

tially inhomogeneous Raman population transfer be-
tween two stable electronic ground states of atoms. This
creates a wave packet of “tagged” atoms close to the
fiber; we then study the evolution of this wave packet
as time progresses. As the atoms move thermally, this
packet of atoms will slosh and spread in the trap po-
tential, and monitoring this will yield information about
the trap frequencies and motional dephasing of the atoms.
This experimental strategy is related to the echo spec-
troscopy technique presented in [16]. However, the faster
motional time scales for nano-scale atom traps require
us to work at much higher Rabi frequencies than is cur-
rently feasible for microwave echo spectroscopy.

Some care must be taken to not perturb the ensem-
ble while attempting the measurements, as this would
create extra motion that can not be attributed to the
thermal fluctuations. For this reason, the light fields
used for the population transfer are balanced in a way
that cancels out the differential and common mode Stark
shifts effected by the light[14], such that intensity gra-
dients do not cause classical dipole forces.

To gain additional understanding of the thermal mo-
tion, we run simulations of classical particles moving in
the trap potential. From the trajectory simulations we
can construct observables that correspond to the ones
we can extract from the experimental data. We find
reasonable quantitative agreement between measured
and simulated signals and can thus use the simulations
to determine parameters as the ensemble temperature
from the data.

2 Methods and Results

We trap atoms in the evanescent field of a standard op-
tical fiber tapered down with linear tapers to a nanosec-

tion with a diameter of ∅ = 470 nm. We create a dipole
trap for cesium (Cs) atoms using two counter-propagating
beams of red-detuned light (λ = 1056 nm, P ' 2 ×
1.5mW) and one beam of blue-detuned light (λ = 780 nm,
P ' 8mW) with the orthogonal quasi-linear polariza-
tion. The resulting potential forms two 1-dimensional
strings of trapping sites, one on each side of the fiber,
where atoms can be trapped in the anti-nodes of the red
standing wave. A transversal cross section of the result-
ing trapping potential at such an anti-node can be seen
in Figure 1 for one side of the fiber. Trap parameters are
such that we are within the collisional blockade regime,
where each site is occupied by at most one atom, which
means that the trapped atoms can be regarded as non-
interacting.

The atoms are loaded into the trap using a 6-beam
magneto-optical trap (MOT) followed by sub-doppler
optical molasses cooling. For the remainder of the ex-
perimental sequence, a magnetic bias field of B = 3G

is applied, leading to a frequency splitting of around
1MHz between adjacent mF states. Atoms are then
prepared in the state |F = 3,mF = 0〉 by optical pump-
ing before the measurements are performed. A typical
ensemble comprises N ' 1000 atoms.

For detection of the atoms, we employ a disper-
sive probing scheme as described in [11], using two co-
propagating probe beams going through the fiber, de-
tuned by ±62.5MHz from the |F = 4〉 → |F ′ = 5〉 tran-
sition of the Cs principal line. We detect the differen-
tial phase shift on the two beams using a homodyne
measurement with an external local oscillator tuned to
the average of the two probe frequencies and an ap-
propriately chosen local oscillator phase. The detected
differential phase shift is proportional to the number
of atoms in the |F = 4〉 state, with a proportionality
factor which only weakly depends on the ensemble tem-
perature.

Due to the strong spatial gradient of any light field
that propagates through the nanofiber (see Figure 1(b)),
it is important that the light used to monitor the atomic
motion does not itself exert a force on the atoms. In [14],
a dipole-force free scheme for driving Raman transitions
in a nanofiber trap is introduced. We use a single phase-
modulated beam, co-propagating with the probe light,
to drive coherently Raman transitions. The modulation
tone is tuned to the ground-state hyperfine splitting of
cesium, creating sidebands at ∆ = ±∆HFS, correspond-
ing to a two-photon detuning of δ = 0. See Figure 2(a)
for an illustration of the scheme. Using microwave Ram-
sey spectroscopy [13] as a monitoring tool, it is possible
to adjust the optical carrier frequency and the carrier-
to-sideband ratio such that the dipole forces caused by
the various frequency components of the beam cancel
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Fig. 2 (a) Simplified three-color scheme for dipole-force free Ra-
man transitions. See main text for further explanation of the
scheme. (b) Experimental sequence. The atoms are loaded and
prepared in |F = 3,mF = 0〉. A 1µs pulse with phase of the
modulation tone φ prepares a wave packet by making a position-
dependent pulse angle Θ. After a waiting time ∆t, another 1µs
pulse with phase 0 is applied to the atoms, and finally the probe
measures the population of |F = 4〉. This creates sinusoidal
fringes as can be seen in Figure 3.

out, and no net dipole force is exerted onto the atoms.
With this technique, we can monitor the thermal mo-
tion of the atoms in a minimally invasive way, without
perturbing the original trap potential.

In a single experimental run, a Raman-Ramsey pulse
sequence is employed. We use two pulses of light each
with a duration of 1 µs, much shorter than the motional
period of the atoms. The choice for this duration is
a compromise between gaining a good spatial resolu-
tion for the wave packet, while avoiding to drive Ra-
man transitions to adjacent mF levels by the Fourier
broadened spectrum of the pulses.

The first pulse creates some small population trans-
fer from |F = 3〉 to |F = 4〉 with a pulse angle Θ(r) that
is dependent on the radial and azimuthal position of the
atom. This creates a wave packet of atoms close to the
fiber that have a higher probability of transfer to the
|F = 4〉 state than atoms further away from the fiber
surface. We then let the wave packet slosh and disperse
in the trap potential for a waiting time ∆t, and after-
wards attempt to transfer atoms back to |F = 3〉 using
a similar second light pulse, now with the phase φ of
the modulation tone shifted by 180◦. For an idealized
case of immobile atoms, the second pulse completely
undoes the population transfer made by the first pulse.
However, for a finite temperature ensemble, atoms have
moved to a new constellation during the waiting time,
the strength of the coupling between the atoms and the
inhomogeneous light field has changed, and the second
pulse is unable to completely undo the first population
transfer.
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Fig. 3 Sinusoidal fringes recorded using the scheme seen in Fig-
ure 2 for three waiting times ∆t. The atomic phase shift signal
measured in radians is proportional to the number of atoms in
|F = 4〉. Points are averages over three measurements, errorbars
derived from the standard deviation. Dashed lines are fits ac-
cording to the model in Equation 1. Note that the bottom level
of the fringe (around φ = 180◦) changes with waiting time. This
indicates the movement of the wave packet of atoms.

There is no inherent reason to limit the pulses to be
180◦ apart in phase; repeating the sequence and scan-
ning the phase between the two pulses gives additional
information. The timing scheme for an experimental
run is shown in Figure 2(b). The first pulse of light has
a phase φ, while the second pulse has a fixed phase of
0◦. Measuring the net population transfer as a function
of the phase difference φ produces a sinusoidal fringe.
Examples of fringes for various waiting times are dis-
played in Figure 3. Note the behavior of the bottom
part of the fringe, for phases around φ ∼ 180◦. We see
that the bottom level of the fringe starts to rise, and
then fall again with increasing ∆t, indicating motion of
the atoms. We remark that fringe contrast and offset in
an equivalent Ramsey experiment with spatially homo-
geneous microwave pulse excitation evolves smoothly
and more than an order of magnitude slower.

In order to quantify the fringe behavior, we fit the
fringes to a model function

f(φ) = A · cos(φ− φ0) + k, (1)

where A is the amplitude, φ0 is a phase and k is an off-
set. We then define the fringe visibility V = A/k, and
plot it as a function of waiting time. This can be seen
in Figure 4, where a clear damped oscillatory behavior
with waiting time is evident. The total power of the
Raman laser light employed in this experimental run is
P = 26.3(4) nW. The choice of power and duration for
the transfer pulses allows to adjust the pulse angle dis-
tribution and hence the size and shape of the prepared
wave packet. Experimental runs with pulse powers be-
tween 24 nW and 42 nW display similar behavior of the
visibility with waiting time.
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Fig. 4 Fringe visibility V as a function of waiting time for the
data (dots) and the simulated particles for three ensemble tem-
peratures (dotted, full and dashed lines). Data and corresponding
simulations exhibit similar damped oscillations due to the motion
and dephasing of the atoms.

We calculate that for the highest used pulse power
of 42 nW, the pulse angle for an atom at the trap bot-
tom amounts to Θ(0.46 µm) ' 1.25 rad. In comparison,
atoms located at the top of the repulsive barrier expe-
rience a pulse angle of Θ(0.38 µm) ' 2.9 rad. While in
principle higher pulse powers can be applied, this would
lead to non-trivial shapes of the wave packet.

Fitting the extracted visibility data to a damped
harmonic oscillator model (fit not shown in Figure 4),
we find that the frequencies of oscillation for different
data sets range between 90 kHz and 110 kHz. This is
in good agreement with a trap frequency of around
100 kHz, expected from calculating the trapping poten-
tial from the fiber diameter and trap powers. The time
constant for the damping ranges between 8 µs and 14 µs.
We attribute this damping to motional dephasing be-
tween the atoms due to the anharmonicity of the trap
potential. In fact, different from the textbook case of
a harmonic oscillator potential, revivals of the spatial
atomic configuration are never complete in an anhar-
monic and nonseparable potential landscape.

3 Comparison to trajectory simulations

To facilitate comparison and interpretation of the mea-
surement results, we perform Monte-Carlo simulations
of thermal atomic ensembles with 1000 non-interacting
classical particles moving in the trap potential, for en-
semble temperatures ranging between 20 µK and 200 µK.
No external decoherence mechanisms (e.g. fluctuations
in magnetic field or trap powers) are taken into ac-
count. The motion of the ensemble members is tracked
for 119.5µs in steps of 0.1 µs, and for each step the
(x, y, z) position and velocity of each atom are recorded,
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Fig. 5 Snapshots of the simulated ensemble of classical particles
moving in the trap potential at different times after the end of a
1 µs pulse of light, making a population transfer on a packet of
atoms close to the fiber. Each particle (dots) is colored according
to the probability of the particle being in |F = 4〉. As time pro-
gresses, the shape of the packet gets less defined, and eventually
washes out. This particular ensemble is simulated at T = 30µK.
Color scale for the potential is the same as in Figure 1(a).

as is the coupling coefficient to the polarization com-
ponents of the Raman transfer light. To evaluate the
pulse angle for a Raman transfer pulse for individual
atoms, the coupling is integrated over the pulse dura-
tion. The trap laser powers used for the simulations
are Pred = 1.42mW and Pblue = 7.7mW. Snapshots of
the ensemble time evolution after the first pulse of the
sequence are illustrated in Figure 5.

From the classical simulation data, we can calcu-
late the expected fringe visibility, which lets us com-
pare the experimental data to the simulated ensembles
for various temperatures. Simulation results are shown
as dashed, dotted and full lines for different ensemble
temperatures in Figure 4.

Comparing to the classical simulation, we find rea-
sonable agreement between the oscillation frequencies
and damping times for the data and the simulations for
ensemble temperatures between 25 µK and 40 µK. This
temperature range fits with previous estimates of the
ensemble temperature [17]. However, we also note that
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the simulations consistently underestimate the depth of
the first drop in visibility after half a sloshing period.
The overall still reasonable agreement between experi-
mental data and simulation results gives confidence in
the simulation as a tool to understand the motion of
atomic ensembles at the present ensemble temperature.

When following individual simulated particles with
high thermal energy, we observe that the strong anhar-
monicity of the trap potential leads to particle trajec-
tories only rarely visiting regions close to the nanofiber
(see e.g. the two darkest green dots in Figure 5). This
behavior suggests that good motional averaging of the
noisy coupling strength in the ensemble takes far longer
than a single trap oscillation [11].

In a proper quantum mechanical description, de-
spite the cancellation of dipole forces, the localized tag-
ging operation changes the atomic momentum distri-
bution. This can be viewed equivalently as driving mo-
tional sideband transitions with the short Fourier broad-
ened Raman pulses. Such dynamics are not taken into
account in the current classical model, but will be rel-
evant for colder ensembles with only few initially occu-
pied motional states.

4 Conclusion

In summary, we have shown that the thermal motion
of an atomic ensemble trapped around a nanofiber can
be monitored using short pulses of light which is Stark-
shift compensated. The observed oscillation frequencies
in the signals match an expected radial trap frequency
of ∼ 100 kHz. The dephasing of the atomic wave pack-
ets leads to a damping of the signal on the time scale
of 10 µs. Corresponding signals can be calculated from
simulations of classical particles in the trap potential,
at various ensemble temperatures. Comparing data to
simulations, we find reasonable agreement for simulated
ensemble temperatures between 25 µK and 40 µK.

For ensemble temperatures that are not low com-
pared to the motional level spacing, a classical point
particle model is sufficient to describe atomic motion.
With the recent progress towards ground state cooling,
it will be relevant and necessary in future work to ex-
plicitly take the quantized motion and the back-action
of the tagging operation onto the particle momentum
into account.
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