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Trapping of ultracold atoms in a hollow-core photonic crystal fiber
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Ultracold sodium atoms have been trapped inside a hollow-core optical fiber. The atoms are transferred from
a free-space optical dipole trap into a trap formed by a red-detuned Gaussian light mode confined to the core
of the fiber. We show that at least 5% of the atoms held initially in the free-space trap can be loaded into the

core of the fiber and retrieved outside.

DOI: 10.1103/PhysRevA.78.033429

I. INTRODUCTION

Ultracold atoms in waveguides are being used for study-
ing quantum optics [1], performing atom interferometry
[2-5], and implementing schemes for quantum-information
science [6]. Of particular interest is the ability of waveguides
and microtraps to strongly confine atoms, providing high op-
tical densities, strong interactions with light, and mecha-
nisms for transporting atoms for further experiments.

Hollow-core optical fibers can guide and confine both at-
oms and light. Previous experiments have reported guiding
atoms in optical dipole traps (ODTs) formed by light guided
in hollow fibers [7-10]; these experiments used capillaries
which guide light in multiple modes in the cladding or core.
Such fibers are susceptible to speckle or inhomogeneous
fields causing uncontrolled guiding, heating, or loss due to
local absence of confinement. Recently developed alterna-
tives are photonic crystal fibers which propagate a single
Gaussian mode confined to a hollow core [11,12]. If ultra-
cold atoms are efficiently loaded into such a mode using
red-detuned light, the atoms might be held for long times or
controllably transported along the fiber. The first experiments
have succeeded in trapping ultracold atoms [13] or guiding
thermal [14] or laser-cooled atoms [15] through hollow-core
photonic band gap fibers.

This paper presents results [13] on the transfer of trapped
ultracold sodium atoms into a hollow-core fiber, and the re-
trieval of a significant fraction (at least 5%) back in the ex-
ternal trap.

II. EXPERIMENTAL PROCEDURE

We produce sodium Bose-Einstein condensates (BECs)
using laser cooling and rf evaporation in a dc loffe-Pritchard
magnetic trap, then load the BEC into a red-detuned ODT
formed by a focused laser. The ODT focus can be moved by
translating the focusing optics outside the vacuum chamber
[16]. This procedure typically delivers a condensate of 10°
atoms to a separate vacuum chamber holding a fiber. The
ODT is positioned 1 mm from the end of a hollow-core pho-
tonic crystal fiber (2 cm long, Blaze Photonics HC-1060-02)
which supports a red-detuned Gaussian mode in the core,
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hereafter called the hollow-core trap (HCT). The fiber has a
10 um hollow core that atoms can enter. By adjusting the
intensities of the two traps, the atoms can be controllably
transferred between them.

The light for the ODT and the HCT is produced by a
1064 nm Spectra-Physics J201-BL-106C diode pumped
solid state multimode laser. Intensities are controlled by us-
ing acousto-optical modulators. The beams are frequency
shifted such that they have 50 MHz relative detuning in or-
der to prevent static interference fringes in regions where the
traps overlap. The laser is coupled to the core mode by fo-
cusing the beam onto the fiber tip from outside the vacuum
chamber (Fig. 1). Using a retractable mirror, the light exiting
the other end of the fiber can be observed to determine how
well the core mode is coupled, as well as how much light has
coupled into other modes that can propagate in the cladding
or on the surface of the fiber.

Because the 1064 nm trapping light is far detuned from
the 589 nm *Na D, line, the light scattering rate, which
scales as 1/, is less than 10~ Hz. Therefore radiation pres-
sure, heating, and trap loss associated with scattering are
negligible in the experiment. In the far-detuned limit where
6> Qp, I, the potential is given by
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where [Qx(r)]* is the squared Rabi frequency, proportional
to the position-dependent beam intensity I(r), 6=w;—wy is
the laser detuning in rad/s, and I" is the natural linewidth. For
the sodium D, line, the saturation intensity /., =6 mW/cm?
and I'=27X 10 MHz. Note that the counter-rotating term
accounts for 25% of the potential.

The focus of the ODT has a waist wy=20 um, approxi-
mated by a Gaussian profile of

I — —2r21w(2)? 2
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where p is the radial coordinate, z is the axial distance
from the focal plane, w(z) is the beam radius
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FIG. 1. (a) Diagram of the optics setup. Note that both beams
used for trapping are first-order-diffracted beams from acousto-
optic modulators. (b) Closeup of the region near the fiber where the
atoms are held and transferred. The combined potential of the traps
with 150 mW in the ODT and 5 mW in the HCT is sketched.

w(z)=woV1+(\z/ ﬂTW%)2, and P is the beam power. The HCT
mode is approximately Gaussian in the radial direction with
a waist of 4.6 um. Assuming only the core mode is excited,
the mode is axially constant along the fiber and diverges at
the fiber tip according to the Gaussian formula, with the
appropriate P and wy,.
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FIG. 2. Time line for transferring atoms by ramping laser power.
The fiber light is ramped up while the atoms are in the ODT, and the
ODT is ramped down to transfer to the HCT (1), turned off for
holding (2), and ramped up to retrieve the atoms (3).
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FIG. 3. Images of atoms in the ODT during the experiment.
Also shown are sketches of the corresponding combined potential
of the HCT and ODT. (a) Atoms are held in the ODT near the fiber,
with no light coupled into the fiber. The dashed line indicates the
position of the 100 wm thick fiber. (b) Light is coupled to the fiber,
and as the ODT intensity is ramped down, atoms are depleted from
the ODT until (¢) no atoms remain outside the fiber when the ODT
power reaches zero. (d) After ramping the ODT back up, atoms that
were trapped in the HCT return to the ODT.

The calculated depths of the ODT and HCT are 5.8
X 1072 and 1.2 uK/mW, respectively [Fig. 1(b)]. The maxi-
mum power in the ODT is 150 mW. Potentials are qualita-
tively consistent with our observations if we assume a maxi-
mum power of 5 mW in the core mode of the fiber. Bench
tests suggested that three times more power could couple
through the fiber, but we believe that the extra power was in
surface or cladding modes and did not contribute to the core
intensity.

The ODT is positioned in front of the fiber, and the laser
intensities in the two traps are ramped to perform the transfer
(Fig. 2). As the ODT depth is reduced (step 1 in the figure),
atoms are pulled out of the trap and are accelerated into the
potential well of the HCT. The ODT is turned off completely
while the atoms are held within the HCT (step 2). After some
hold time the ODT is ramped up and atoms transfer back to
the ODT (step 3).

Absorption images are obtained during the loading and
retrieving process to measure the atom number in the ODT
(Fig. 3). From the final ODT number we determine the over-
all efficiency of the process.

III. RESULTS

Based on the analysis of absorption images we measure
5% 10* atoms in the ODT after retrieval, corresponding to
about 5% of the 10° atoms initially delivered at the start of
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the experiment. The successful transfer of atoms into the
HCT and their retrieval is the main result of this paper.

Images recorded while the ODT power is ramped down
reveal that the number of atoms is gradually reduced until
the ODT power reaches zero [see Figs. 3(b) and 3(c)]. Once
the ODT power drops to zero, any remaining atoms either
fall into the HCT potential well, or are lost from either trap.

The atoms are then held in the trap for up to 30 ms, sev-
eral hundred radial trapping periods. After this time, the
ODT intensity is ramped back up, and the atom number out-
side the fiber increases over 80 ms [Fig. 3(d)] until a maxi-
mum is reached. In varying the hold time, the retrieved num-
ber changed by at most 30%, indicating a lifetime longer
than 50 ms. Longer hold times were not explored in the cur-
rent setup. To rule out alternate trapping mechanisms, we
performed some experimental runs under identical param-
eters except with no light in the HCT, and found that no
atoms are recovered, indicating that the atoms indeed are
loaded into and retrieved from the HCT.

The initial and final cloud sizes were similar, implying
similar temperatures before and after the transfer. This tem-
perature may be estimated at a few microkelvins by assum-
ing evaporation continually occurs in the finite-depth optical
trap, leading to temperatures at a fraction of the trap depth.

IV. DISCUSSION

Our experimental scheme for transferring atoms between
the two traps was guided by the concept of adiabatic transfer
in a double-well potential, where the atoms always occupy
the deeper well. Our results are consistent with this picture.
We do not know whether the transfer of atoms involves tun-
neling, spilling over the barrier, or sloshing. This reflects that
the potential between the two traps is likely to be affected by
spurious modes traveling along the fiber surface or in the
cladding and interfering with the light in the core. In fact, we
frequently observed light coupled into the cladding leading
to distortions in the mode after the fiber. Without proper
alignment, the cladding modes prevented atoms from being
loaded into the fiber or trapped atoms in local maxima out-
side the fiber. The successful transfer was possible only with
great care in coupling to minimize light in the cladding
modes. In the future, a coupling lens inside the vacuum
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could replace the final lens (which was 10 cm away from the
fiber), resulting in more controlled and stable coupling of
light. We do not try to describe the exact dynamics of the
transfer without better knowledge of the potential between
the two wells.

Observation of the atoms inside the fiber would reveal the
dynamics of the loading and trapping process. Although the
fiber is transparent to resonant light, absorption imaging
from the side was not possible due to severe scattering and
refraction. However, resonant light could be propagated
along the core mode to provide information on the integrated
density of atoms inside the fiber.

We were unable to observe atoms being guided com-
pletely through the fiber, probably because of low atom den-
sity and the lack of an appropriate trap in which to collect
them after the fiber. It may turn out to be difficult to control
the light intensity along the fiber core sufficiently to avoid
undesirable accelerations of the atoms, to localize them in-
side the fiber, or to propagate them through the fiber in a
controlled way. In this case, it may be advantageous to use
the fiber mode for strong transverse confinement but add
magnetic confinement for the axial direction. This could be
accomplished with a quadrupole trap, where, by changing
the balance of currents in anti-Helmholtz coils, the axial
minimum could be swept across the fiber to controllably
propagate the atomic cloud. With this setup, one could obtain
detailed information on atom lifetime at different positions
within the fiber. Originally, we had the intention to take more
quantitative data with such an improved setup, but the pri-
orities of the laboratory changed. Therefore, we have pre-
sented our qualitative results in this paper.

In conclusion, we have shown that optical dipole traps are
well suited to load ultracold atoms into a hollow-core pho-
tonic crystal fiber. The reported retrieval efficiency of 5% is
a lower bound for the transfer efficiency, and can probably
be substantially increased with an improved setup.

ACKNOWLEDGMENTS

This work was funded by DARPA, NSF, and ONR. G.-
B.J. and S.W. acknowledge additional support from Samsung
Foundation and the Studienstiftung des Deutschen Volkes,
respectively.

[1] L Teper, Y.-J. Lin, and V. Vuletic, Phys. Rev. Lett. 97, 023002
(2006).

[2] G.-B. Jo, J.-H. Choi, C. A. Christensen, T. A. Pasquini, Y.-R.
Lee, W. Ketterle, and D. E. Pritchard, Phys. Rev. Lett. 98,
180401 (2007).

[3] S. Wu, E. Su, and M. Prentiss, Phys. Rev. Lett. 99, 173201
(2007).

[4] E. Andersson, T. Calarco, R. Folman, M. Andersson, B.
Hessmo, and J. Schmiedmayer, Phys. Rev. Lett. 88, 100401
(2002).

[5] Y.-J. Wang, D. Z. Anderson, V. M. Bright, E. A. Cornell, Q.
Diot, T. Kishimoto, M. Prentiss, R. A. Saravanan, S. R. Segal,

and S. Wu, Phys. Rev. Lett. 94, 090405 (2005).

[6] P. Treutlein, T. W. Hinsch, J. Reichel, A. Negretti, M. A. Cir-
one, and T. Calarco, Phys. Rev. A 74, 022312 (2006).

[7] M. J. Renn, D. Montgomery, O. Vdovin, D. Z. Anderson, C. E.
Wieman, and E. A. Cornell, Phys. Rev. Lett. 75, 3253 (1995).

[8] H. Ito, T. Nakata, K. Sakaki, M. Ohtsu, K. I. Lee, and W. Jhe,
Phys. Rev. Lett. 76, 4500 (1996).

[9TR. G. Dall, M. D. Hoogerland, K. G. H. Baldwin, and S. J.
Buckman, J. Opt. B: Quantum Semiclassical Opt. 1, 396
(1999).

[10] D. Miiller, E. A. Cornell, D. Z. Anderson, and E. R. I. Abra-
ham, Phys. Rev. A 61, 033411 (2000).

033429-3



CHRISTENSEN et al.

[11] R. F. Cregan, B. J. Mangan, J. C. Knight, T. A. Birks, P. S. J.
Russell, P. J. Roberts, and D. C. Allan, Science 285, 1537
(1999).

[12] P. Roberts er al., Opt. Express 13, 236 (2005).

[13] S. Will, diploma thesis, Universitat Mainz, 2006.

[14] T. Takekoshi and R. J. Knize, Phys. Rev. Lett. 98, 210404

PHYSICAL REVIEW A 78, 033429 (2008)

(2007).

[15] M. Bajcsy, S. Hofferberth, V. Balic, T. Peyronel, M. Hafezi, A.
S. Zibrov, V. Vuletic, and M. Lukin (unpublished).

[16] T. L. Gustavson, A. P. Chikkatur, A. E. Leanhardt, A. Gorlitz,
S. Gupta, D. E. Pritchard, and W. Ketterle, Phys. Rev. Lett. 88,
020401 (2001).

033429-4



