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Cold-Atom Physics Using Ultrathin Optical Fibers:
Light-Induced Dipole Forces and Surface Interactions
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The strong evanescent field around ultrathin unclad optical fibers bears a high potential for detecting,
trapping, and manipulating cold atoms. Introducing such a fiber into a cold-atom cloud, we investigate the
interaction of a small number of cold cesium atoms with the guided fiber mode and with the fiber surface.
Using high resolution spectroscopy, we observe and analyze light-induced dipole forces, van der Waals
interaction, and a significant enhancement of the spontaneous emission rate of the atoms. The latter can be
assigned to the modification of the vacuum modes by the fiber.
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Tapered and microstructured optical fibers count among
the most active fields of research in recent years [1,2]. In
such fibers, the propagation of light can, e.g., be tailored
such that it controllably depends on the light intensity.
These fiber-induced nonlinear processes play for instance
a major role in the generation of optical frequency combs
and often stem from the nonlinear response of the bulk
fiber material, subjected to extreme intensities. The low
intensity limit of nonlinear light-matter interaction is
reached when single photons already induce a nonlinear
response of matter. This situation is realized in cavity
quantum electrodynamics [3], where photons, typically
confined in space by an optical resonator [4], interact
with a single or a few dipole emitters.

In this context, ultrathin unclad optical fibers offer a
strong transverse confinement of the guided fiber mode
while exhibiting a pronounced evanescent field surround-
ing the fiber [5]. This unique combination allows to effi-
ciently couple particles (atoms, molecules, quantum dots,
etc.) on or near the fiber surface to the guided fiber mode,
making tapered optical fibers (TOFs) a powerful tool for
their detection, investigation, and manipulation: The ab-
sorbance of organic dye molecules, deposited on a
subwavelength-diameter TOF, has been spectroscopically
characterized via the fiber transmission with unprece-
dented sensitivity [6]. Furthermore, the fluorescence from
a very small number of resonantly irradiated atoms around
a 400-nm diameter TOF, coupled into the guided fiber
mode, has been detected and spectrally analyzed [7,8].
Finally, it has also been proposed to trap atoms around
ultrathin fibers using the optical dipole force exerted by the
evanescent field [9,10].

Here, we report on the observation of such dipole forces
induced by the evanescent field around a subwavelength
diameter TOF. By spectroscopically investigating the
transmission of a probe laser launched through the fiber,
we find clear evidence of the mechanical effects of these
dipole forces on the atoms, leading to a modification of the
atomic density in the vicinity of the fiber. A rigorous
analysis furthermore shows that a detailed description of
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the absorption signal must include the interaction of the
atoms with the dielectric fiber. In particular, this includes
the mechanical and spectral effects of the van der Waals
(vdW) interaction and a significant enhancement of the
spontaneous emission rate of the atoms due to a modifica-
tion of the vacuum modes by the fiber. A modified sponta-
neous emission in vacuo close to a dielectric was so far
only observed with atoms near a plane interface [11]. Here,
the atoms are interacting with a cylindrical ultrathin di-
electric fiber which, in difference to the plane geometry
above, also sustains a strongly confined guided mode. This
mode significantly contributes to the enhancement of the
spontaneous emission [7], an effect which, to our knowl-
edge, has never been observed before without a cavity.
Figure 1(a) shows the schematic experimental setup. A
cloud of cold cesium atoms, released from a magneto-
optical trap (MOT), is spatially overlapped with the waist
of a TOF in an ultra high vacaum (UHV) environment. The
MOT is geometrically aligned by means of a bias magnetic
field while monitoring its position with two CCD cameras.
A frequency scanned probe laser is launched through the

a

a) =

= ] frequency
scanned laser

cold atom cloud
photodetector

b) probe laser —l off on

1
cooler, repump,

magnetic field | on | off |,
S L Lo 424 MHz
probe laser ' ' 0
detuning E e - 24 MHz
"10ms " 10ms |

FIG. 1 (color online). (a) Schematic experimental setup. A
cloud of laser cooled cesium atoms is spatially overlapped
with the 500-nm diameter waist of a tapered optical fiber. The
transmission through the fiber is measured using a photodetector.
(b) Timing of the experiment.
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fiber and its transmission is measured with an avalanche
photodiode (APD). Typical powers of the probe laser used
in the experiment range from several hundred femtowatts
to one nanowatt.

We fabricate the tapered fibers by stretching a standard
single mode fiber (Newport F-SF) while heating it with a
traveling hydrogen/oxygen flame [12]. Our computer con-
trolled fiber pulling rig produces tapered fibers with a
homogeneous waist diameter down to 100 nm and a typical
extension of 1-10 mm. For TOFs with final diameter above
0.5 pum, we achieve up to 97% of the initial transmission at
852 nm. For the present experiment we used a 500-nm
diameter fiber with 93% transmission and a waist length of
5 mm, sustaining only the fundamental mode at the 852-
nm Cs D2 wavelength. During evacuation of the vacuum
chamber, the fiber transmission dropped to 40%, possibly
due to contamination with pump oil. After 1 d in UHV, the
transmission increased again to 80%.

We use a conventional Cs MOT with a 1//e-radius of
0.6 mm. We probe the atoms with a diode laser which is
frequency scanned by #*24 MHz with respect to the
6251/2, F=4 to 62P3/2, F =5 transition using an
acousto-optical modulator in double pass configuration.
While being linearly polarized before coupling into the
TOF, the probe laser polarization at the position of the fiber
waist is unknown. The probe laser linewidth of 1 MHz
allows to resolve the 5.2-MHz natural linewidth of the Cs
D2 line in Doppler-free spectroscopy.

Figure 1(b) shows the timing of the experimental se-
quence: During the first 10 ms, the atoms are captured and
cooled in the MOT while the probe laser is off. In the
following 10 ms, the MOT cooling- and repump-laser
and the magnetic field are off and the probe laser is on.
The atoms are thus not influenced by the MOT beams or
magnetic fields during the spectroscopy.

The APD signal is recorded with a digital storage oscil-
loscope and averaged over 4096 traces. Figure 2 shows the
measured (line graphs) and theoretically predicted
(squares) absorbance of the atoms (negative natural loga-
rithm of the transmission) versus the probe laser detuning
for three different probe laser powers. The theory assumes
an averaged atomic density distribution ps p(r, z) around
the fiber, where r is the distance from the fiber center and z
the position along the fiber waist. Note that, due to light-
induced dipole forces, p s p also depends on the detuning of
the probe laser with respect to resonance, §, and on its
power, P. The line shape is then given by

Ap(8) = [ pop(r, ITAp(, (), 8 + Sag(P)dV.,

P
D

where I'(Ip(r), v(r), 8 + S,qw(r)) is the scattering rate of
an atom in the evanescent field with intensity I(r), y(r) is
the longitudinal decay rate of the atom, and 8,qw/(r) is the
vdW shift of the atomic transition frequency.

The evanescent field intensity profile, Ip(r), can be
found in [5]. The polarization state of the evanescent field
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FIG. 2 (color online). Measured (line graphs) and simulated
(squares) absorbance of the atoms versus the detuning of the
probe laser. The effective number of atoms contributing to the
spectra [see Eq. (5)] is 107, 14, and 2 for (a) 1 nW, (b) 52 pW,
and (c) 6 pW of probe laser power, respectively. The decrease of
the peak absorbance with increasing power is due to the satura-
tion of the atoms.

has been assumed to be an incoherent, equally weighted
mixture of linearly and circularly polarized light. Under
these conditions, the Cs saturation intensity in free space is
18 W/m?. The longitudinal decay rate strongly depends on
the atom-fiber distance [13]. Given that the silica fiber is
transparent at the Cs D2 wavelength, y(r) has only two
contributions: emission into freely propagating modes and
emission into guided fiber modes

V(1) = Viree(r) + ’yguid(r)- (2

For an atom near a 500-nm diameter dielectric cylinder at
distances smaller than the emission wavelength, yg..(r) is
given in [13] while yguid(r) can be approximated as

'}/guid(r) = 0.3’)/0113(7')/]13(61). (3)

Here, 7y, is the spontaneous emission rate of a Cs atom in
free space, a denotes the fiber radius, and 0.3y, corre-
sponds to the spontaneous emission rate of an atom placed
on the surface of a 500 nm diameter optical fiber into the
guided mode [7]. On the surface of the fiber, Eq. (2) then
predicts a 57% increase of the spontaneous emission rate of
the Cs atoms, resulting in a broadening of the absorbance
line shapes.
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We calculated the vdW shift, 8,4w(r), for the D2 line of
Cs near a 500 nm diameter dielectric cylinder [14]. It stems
from the different polarizabilities of the 62§ 12 ground
state and the excited 62P3 Jp State of the Cs atoms when
interacting with the dielectric surface. According to
Eq. (1), 8,qw(r) thus inhomogeneously broadens the ab-
sorbance profile: Atoms at different distances from the
fiber surface will be unequally shifted while contributing
to Ap(8). Furthermore, we expect the center of the profile
to be red-shifted by at most —0.5 MHz. However, being of
the same order as the drifts of our probe laser frequency,
this shift is too small to be experimentally quantified using
the current setup.

Finally, we assume the following explicit form for the
density distribution of the atomic cloud:

Pa,P(h 7) = { .

n
We((’”Zz)/(Z"Z))}fa,p(r). 4)

Here, the term in curly brackets corresponds to a Gaussian
density distribution of the unperturbed atomic cloud with
o = 0.6 mm radius, containing n, atoms. The factor
fs,p(r) accounts for the perturbation introduced by the
presence of the fiber. We calculate f5p(r) with a
Monte Carlo simulation of 100 000 trajectories of thermal
atoms with a temperature of 125 uK, i.e., the Cs Doppler
temperature. This simulation includes the attractive vdW
force between the fiber surface and the atoms and the
saturating dipole force induced by the probe laser [15].

Figure 3(a) shows f5 p(r) as a function of the distance
from the fiber surface for P =1 nW and 6 = —3, 0, and
+3 MHz (dotted, solid, and dashed line). The frequency
dependency of f5 p(r) due to light-induced dipole forces is
clearly apparent. In all three cases f5 p(r) decays to zero at
the surface of the fiber due to the vdW force.

Ap(8) from Eq. (1) can now be adjusted to the experi-
mental line shapes, the only fitting parameters being n, and
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FIG. 3 (color online). (a) Simulations of the relative density of
the MOT for different detunings 6 of the probe laser versus the
distance from the fiber surface; solid line 6 = 0 MHz, dotted
line 6 = —3 MHz, dashed line § =3 MHz. The following
parameters have been used for the simulations: Fiber diameter
500 nm, probe power 1 nW and a 3D Maxwellian velocity
distribution of the Cs atoms at a temperature of 125 uK. (b)
and (c) show several atomic trajectories for 6 = +3 MHz and
6 = —3 MHz, respectively, with a fixed atom velocity of
10 cm/s.

an experimental frequency offset. Figure 2 shows three
examples for P ranging over 3 orders of magnitude. The
agreement between theory (squares) and experiment (line
graphs) is excellent. In particular, in addition to the line
width, our model reproduces well the asymmetry of the
line shape observed for larger powers.

Figure 4 shows the width of the measured absorbance
profiles versus the probe laser power (squares). The line-
widths predicted by our model are also shown (open circles
with a b-spline fit as a guide to the eye). We recall that the
effects of light-induced dipole forces and surface interac-
tions have been included in the model. For comparison, we
also show the expected linewidths in absence of these
effects (dashed line). While the full model agrees very
well with the experimental data, the reduced model
strongly deviates both for high and low powers.

For probe laser powers larger than 100 pW, the measured
lines are considerably narrower than what would be ex-
pected in absence of dipole forces and surface interactions;
see Fig. 4(a). For 1 nW of probe laser power this narrowing
exceeds 40%. The narrowing can be explained by the effect
of the light-induced dipole forces on the density of the
atomic cloud; see Fig. 3(a). For distances smaller than
370 nm, i.e., in the region that contains more than 75%
of the evanescent field power, the largest integrated density
of the atomic cloud is predicted in the case of zero detuning
(6 = 0 MHz). For blue (6 = +3 MHz) and red (6 =
—3 MHz) detunings, this integrated density is lowered
due to the effect of the light-induced dipole forces. This
results in a reduced absorbance and leads to an effective
line narrowing. Figures 3(b) and 3(c) show several simu-
lated atomic trajectories with fixed initial velocity. For the
case of blue detuning, (b), the atoms are repelled by the
fiber due to the repulsive light-induced dipole force. For
the case of red detuning, (c), the atoms are accelerated
towards the fiber. Naively, one might assume that this
increases the density close to the fiber. However, this effect
is counteracted by the shorter average time of flight of the
atoms through the evanescent field due to their higher
velocity and by the higher atomic loss rate [16]. In fact,
for distances up to 100 nm both effects cancel almost
perfectly. For larger distances, however, the effects reduc-
ing the density dominate. The net effect is therefore also a
reduction of the absorbance.

Figure 4(b) shows the linewidths for the limit of low
probe laser powers, i.e., low saturation and negligible light-
induced dipole forces. The measured linewidths approach
6.2 MHz for vanishing powers. This result exceeds the
natural Cs D2 linewidth in free space by almost 20%.
This broadening can be explained by surface interactions,
i.e., the vdW shift of the Cs D2 line and the modification of
the spontaneous emission rate of the atoms near the fiber,
see Eq. (1). Both effects have the same magnitude and only
their combination yields the very good agreement between
our model and the experimental data.

Finally, we estimate the effective number, Np, of fully
saturated atoms contributing to the signals in Fig. 2. From
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FIG. 4 (color online). Linewidth of the absorbance profiles
versus probe laser power. (a) full power range and (b) low power
range. The squares correspond to the experimental data and the
open circles are the simulated values. The continuous line is a
guide to the eye (b-spline) of the simulated values. The dashed
line is the reduced model not taking into account light-induced
dipole forces and surface interactions.

the adjustment of the height of the absorbance profiles, we
extract the total number of atoms in the cloud, n, and infer
a maximum atomic density of 4.4 X 10'° atoms/cm? us-
ing Eq. (4). This value is slightly smaller than typical peak
densities of unperturbed Cs MOTs [17]. We now estimate
Np according to

Ny =2 / ps—0.p(r, DTUp(r), y(1), Byaw(r)dV,  (5)
Yo

where we follow the notation of Eq. (1). Note that Np is
power dependent and can be lowered by reducing P. We
calculate Np to be 107, 14, and 2 in Figs. 2(a)-2(c),
respectively. Furthermore, due to the saturating scattering
rate I' in the integrand of Eq. (5), the mean distance of the
probed atoms from the fiber surface is also power depen-
dent and can be adjusted down to 248 nm.

Summarizing, we have shown that subwavelength di-
ameter optical fibers can be used to detect, spectroscopi-
cally investigate, and mechanically manipulate extremely
small samples of cold atoms. In particular, on resonance, as
little as two atoms on average, coupled to the evanescent
field surrounding the fiber, already absorbed 20% of the
total power transmitted through the fiber. These results
open the route towards the use of ultrathin fibers as a
powerful tool in quantum optics and cold-atom physics.
By optically trapping one or more atoms around such fibers

[9,10], it should become possible to deterministically
couple the atoms to the guided fiber mode and to even
mediate a coupling between two simultaneously trapped
atoms [ 18], leading to a number of applications, e.g., in the
context of quantum information processing. In addition,
high precision measurements of the modification of the
lifetime of atomic energy levels near surfaces and of the
van der Waals potential [19] are also within the scope of
such glass fiber quantum optics experiments.
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